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Abstract Subtilosin, the cyclic lantibiotic protein produced by
Bacillus subtilis KATMIRA1933, targets the surface receptor
and electrostatically binds to the bacterial cell membrane. In this
study, subtilosin was purified using ammonium sulfate
((NH4)2SO4) precipitation and purified via column chromatogra-
phy. Subtilosin’s antibacterial minimum and sub-minimum in-
hibitory concentrations (MIC and sub-MIC) and anti-biofilm ac-
tivity (biofilm prevention) were established. Subtilosin was eval-
uated as a quorum sensing (QS) inhibitor in Gram-positive bac-
teria using Fe(III) reduction assay. In Gram-negative bacteria,
subtilosin was evaluated as a QS inhibitor utilizing
Chromobacterium voilaceum as a microbial reporter. The results
showed that Gardnerella vaginalis was more sensitive to

subtilosin with MIC of 6.25 μg/mL when compared to Listeria
monocytogenes (125 μg/mL). The lowest concentration of
subtilosin, at which more than 90% of G. vaginalis biofilm was
inhibited without effecting the growth of planktonic cells, was
0.78 μg/mL. About 80% of L. monocytogenes and more than
60% of Escherichia coli biofilmwas inhibited when 15.1μg/mL
of subtilosin was applied. Subtilosin with 7.8–125 μg/mL
showed a significant reduction in violacein production without
any inhibitory effect on the growth ofC. violaceum. Subtilosin at
3 and 4 μg/mL reduced the level of Autoinducer-2 (AI-2) pro-
duction in G. vaginalis. However, subtilosin did not influence
AI-2 production by L. monocytogenes at sub-MICs of 0.95–
15.1 μg/mL. To our knowledge, this is the first report exploring
the relationship between biofilm prevention and quorum sensing
inhibition in G. vaginalis using subtilosin as a quorum sensing
inhibitor.
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Introduction

Subtilosin A, a cyclic lantibiotic protein produced by Bacillus
subtilis, was firstly isolated by Babasaki et al. [1]. Subtilosin is
distinctively different from other bacteriocins that have a
net cationic charge. The overall anionic properties guided
researchers to a possible suggestion that subtilosin mainly
targets surface receptors rather than electrostatic binding
to bacterial cell membrane. The sulfide bridges may hold
this binding in a conformation to target these receptors
[2]. In addition to antimicrobial potential of subtilosin
against Listeria monocytogenes and Gardnerella
vaginalis, its biofilm bactericidal activity alone and in
combination with natural antimicrobials against G.
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vaginalis was recently reported [3–5]. Since many studies
noticed that some cyclic peptides [6, 7] mediated biofilm
formation by downregulation of quorum sensing (QS)-as-
sociated gene expression, we hypothesized that subtilosin
similarly inhibits QS signal production in bacterial cells.

In this study, subtilosin was evaluated as a QS inhibitor
in Gram-positive, Gram-negative, and Gram-variable bac-
teria. Chromobacterium violaceum was used as a micro-
bial reporter for QS inhibition in Gram-negative bacteria
[8], while Fe(III) reduction method was utilized for Gram-
positive microorganisms [9]. By conducting quantitative
analyses to measure the quorum sensing effects of
subtilosin on bacteria could lead to improved efficacy of
the antimicrobial and implementation as an alternative to
antibiotics.

Materials and Methods

Bacterial Strains and Growth Conditions

L. monocytogenes ScottA, Escherichia coli O157:H7, and G.
vaginalis ATCC 14018 strains were utilized in this study as
representatives of Gram-positive, Gram-negative, and Gram-
variable bacteria. These strains were grown in brain-heart infu-
sion (BHI) medium (Difco, Sparks, MD) supplemented with 3%
(v/v) of horse serum (sBHI) (JRH Biosciences, KS) and incubat-
ed according to their requirements, aerobically for L.
monocytogenes and E. coli and anaerobically (10% H2, 5%
CO2, and 85% N2) for G. vaginalis, using the anaerobic glove
box (Coy Laboratory Products, Inc., Grass Lake, MI). BHI me-
dium supplemented with 1% glucose (w/v) (BHIG) was used for
biofilm inhibition assay. C. violaceum ATCC 12472 was grown
in Luria-Bertani (LB) broth (ACROS, Miller, NJ) at 26 °C for
48 h aerobically. Pseudomonas aeruginosa ATCC 14213 was
aerobically grown in LB broth at 37 °C for 24 h and used as
positive control for QS inhibition in Gram-negative bacteria.

Chemical and Antimicrobial Compounds

Subtilosin was isolated and purified according to Sutyak
Noll et al. [10]. For auto-inducing peptide, the AI-2 detec-
tion in Gram-positive/variable bacteria, a working solution
of Fe(III) was prepared following instructions reported by
Wattanavanitchakorn et al. [9]. To prepare a 10 mM 1,10-
phenanthroline/3.32 mM Fe(III) solution, 0.198 g of 1,10-
phenanthroline was dissolved in 50 mL of distilled water
(DW) and adjusted to pH 2 using 1 M HCl, followed by
the addition of 0.16-g ferric ammonium sulfate. The final
volume of the solution was completed to 100 mL with the
addition of DW.

Subtilosin Isolation

Previously described procedure [10] was followed with mi-
nor modifications. Briefly, B. subtilis KATMIRA1933 was
inoculated in de Man, Rogosa and Sharpe (MRS) [11] broth
(Difco BD, Franklin Lakes, NJ) and incubated aerobically
for 24 h at 37 °C. After incubation, the cell-free supernatant
was saturated with ((NH4)2SO4) at 4 °C for 24 h, followed
by subtilosin precipitation with 95% (v/v) methanol. The
protein of interest was separated based on its assumed
hydrophobic nature by column chromatography using
Sep-Pak® Light C18 Cartridges (Waters, Milford, MA).
The methanol from the fractions was removed using a
Savant SC110 Speed Vac with UVS400 Universal
Vacuum System (Savant Instruments, Farmingdale, NY).
The protein concentration in the sample was quantified
using a protein kit (Micro BCA Protein Assay Kit;
Thermo Scientific, Rockford, IL) and was evaluated to
be 6 mg/mL.

Determination of Minimum Inhibitory Concentration

To determine the MIC of subtilosin against tested patho-
gens, broth micro-dilution assay was performed following
Algburi et al. [5]. Briefly, the overnight cultures were
diluted 1:1000 (v/v) into fresh BHI broth supplemented
with 3% (v/v) horse serum (sBHI) to achieve approxi-
mately 106 CFU/mL (the number of bacterial cells was
confirmed by spot-plate method [4]). Subtilosin from the
stock solution was serially diluted with sBHI in triplicates
using a 96-well non-tissue culture microplate (Falcon,
Corning Inc., Corning, NY) with 100 μL as the final
volume. A 100-μL aliquot of the prepared bacterial sus-
pension (106 CFU/mL) was added to each well in the 96-
well microplate-treated with different concentrations of
subtilosin. After incubation in the microplate reader for
24 h, a statistical analysis of the kinetic readings of bac-
terial growth in the microplate was performed in order to
determine the MICs and sub-MICs of subtilosin.

Biofilm Inhibition Assay

Biofilm inhibition assay was performed following Toole
[12]. An overnight-grown culture of microorganisms were
diluted into sBHI to achieve approximately 106 CFU/mL.
Subtilosin was twofold diluted with sBHI (for E. coli and
L. monocytogenes) or with sBHIG (for G. vaginalis) in
the 96-well tissue culture microplates (Falcon, Corning
Inc., Corning, NY). A 100-μL aliquot of the bacterial
suspension (106 CFU/mL) was added and mixed with
the pre-determined dilutions of subtilosin. The microplate
was incubated for 24 h at 37 °C. After incubation, the
unattached cells were counted using the spot-plate
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method. To prepare the biofilm mass for quantification,
each well was washed with fresh broth to remove the
remaining unattached cells. After washing, the biofilm’s
biomass was quantified according to Borucki et al. [13]
with minor modifications. Once the intact biofilm was
fixed using an incubator (New Brunswick Scientific Co.,
Inc., NJ) at 60 °C for 60 min in an inverted position, each
well in the microplate was stained with 125 μL of 0.1%
(w/v) crystal violet (CV). After the allotted incubation
time of 15–20 min at room temperature, each well was
rinsed three to four times with 200 μL of DW. Two hun-
dred microliters of 95% (v/v) ethanol was added to solu-
bilize the CV, and the micro-titer plate was incubated at
4 °C for 30 min. After incubation, 100 μL of solubilized
CV were transferred to a flat 96-well microplate to quan-
tify the absorbance of each sample using plate reader at
595 nm (Model 550, Bio-Rad Laboratories, Hercules,
CA).

Quorum Sensing Inhibition Assay in Gram-Negative
Bacteria

This assay was performed according to Zhu et al. [14] with
minor modifications. Briefly, the overnight-grown cells of
C. violaceum were diluted in fresh LB broth to achieve
106 CFU/mL. Subtilosin was serially twofold diluted with
LB into a 48-well microplate (BD, Franklin Lakes, NJ). A
bacterial suspension (500 μL) (106 CFU/mL) was mixed
with 500 μL of pre-determined dilutions of subtilosin.
Once the samples were prepared, the plate was aerobically
incubated at 26 °C without shaking for 36–48 h. The cell-
free supernatant (CFS) of P. aeruginosa grown in LB was
used as a control, preventing violacein production by C.
violaceum. After incubation, 750 μL from each well (test
and control wells) was transferred to a 1-mL centrifuge tube
and centrifuged at 8000g for 5 min in order to collect
violacein and the producer cells. The supernatants were
discarded and the pellets were vigorously vortexed with
750 μL of 100% DMSO to dissolve the insoluble violacein.
The samples were centrifuged again at 8000g for 5 min
in order to precipitate C. violaceum cells. To evaluate
violacein production, 200 μL of violacein-containing su-
pernatants was added into a 96-well microplate (Falcon,
Corning Inc., Corning, NY) in triplicate and the OD585

was measured using the plate reader (Model 550, Bio-
Rad Laboratories, Hercules, CA). To ensure that the QS
inhibition occurred without killing the targeted microor-
ganisms by the subtilosin’s sub-MICs, the precipitated
bacterial cells were re-suspended in 750 μL of DW
(pH 7.0) and the absorbance was measured at OD595.
The ODs of cells treated with sub-MICs of subtilosin
were compared against the non-treated cells (positive
control).

Quroum Sensing Inhibition Assay in Gram-Positive
Bacteria

This assay was performed using the methods described by
Wattanavanitchakorn et al. [9] with minor modifications. The
bacterial species, including G. vaginalis (tested microorganism),
S. aureus, L. monocytogenes (controls, AI-2+), and E. coli (neg-
ative controls, AI-2−) were used in this study. The bacterial
strains were inoculated into sBHI and incubated for 24 h at
37 °C according to their individual growth requirements. After
incubation, bacterial suspensions were diluted in sBHI broth to
achieve 106 CFU/mL. The AI-2 production was measured after
0, 2, 4, 6, 8, 11, and 24 h of incubation in order to determine the
time point at which the highest QS signals are produced.
Subtilosin at its sub-MICs was prepared in sBHI and mixed with
106 CFU/mL of each bacterial strain. The prepared mixtures
were incubated for pre-determined time intervals at which the
highest amount of AI-2 is produced. After incubation, tested
strains were centrifuged (8000g for 5 min), 1 mL of their CFS
were mixed with 1 mL of working solution (mentioned above)
and left at room temperature for 15 min. After incubation, the
volumes of mixtures were adjusted to 5 mL with the addition of
DWandwere centrifuged (8000g for 5 min). Aliquots of 200 μL
were transferred to 96-well microplates (Falcon, Corning Inc.,
NY) and the absorbance was measured at OD510 using a micro-
plate reader. The absorbance of subtilosin-treated samples was
compared against the non-treated control in order to evaluate the
QS inhibition.

Statistical Analysis

Each experiment was conducted at least three times in dupli-
cate. The standard deviation in the figures is represented by
error bars. All the calculations were performed in Microsoft
Excel and then the statistical analysis was shaped with
SigmaPlot 11.0 (Systat Software Inc., Chicago, IL).

Results

Determination of MIC and Sub-MICs of Subtilosin

Broth micro-dilution method was used to determine the MIC
and sub-MICs of subtilosin against three tested bacterial
strains. The results illustrated that G. vaginalis was more sen-
sitive to subtilosin with MIC of 6.25 μg/mL (Fig. 1a) as com-
pared to L. monocytogenes (125 μg/mL) (Fig. 1b). The
subtilosin concentration as high as 250 μg/mL was insuffi-
cient in inhibiting growth of E. coli cells (Fig. 1c). The sub-
MICs of subtilosin against tested pathogenic strains were also
identified in order to be utilized in the biofilm inhibition assay.
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Biofilm Inhibition

In this assay, we determined biofilm integrity percent of
each bacterial strains when the sub-MICs of subtilosin
were applied. For G. vaginalis, the tested concentrations
of subtilosin ranged from 3.31 to 0.19 μg/mL, and for
both L. monocytogenes and E. coli, they ranged from
15.1 to 0.95 μg/mL (Fig. 2a–c). The lowest concentration
of subtilosin, at which more than 90% of G. vaginalis
biofilm was inhibited without impacting the growth of
planktonic cells, was 0.78 μg/mL. In addition, about
80% and more than 60% of L. monocytogenes and E. coli
biofilm, respectively, were inhibited when 15.1 μg/mL
(sub-MIC) of subtilosin was applied without any effect
on bacterial growth in planktonic population.

Quorum Sensing Inhibition

Inhibition of Violacein Production by Subtilosin

Inhibition of violacein production of C. violaceum, the
bacterial reporter, is used as an indicator of quorum sens-
ing inhibition in Gram-negative bacteria. Subtilosin at
sub-MICs ranged from 7.8 to 125 μg/mL showed signifi-
cant reduction in violacein production by C. violaceum
without any inhibition of bacterial growth (Fig. 3). For
E. coli, 15.1 μg/mL of subtilosin was enough to prevent
about 60% of biofilm formation and inhibited 85% of
violacein production as compared to the control. These
data suggest that quorum sensing was probably inhibited
by subtilosin.

Inhibition of AI-2 Production in Gram-Positive
and Gram-Variable Bacteria

The AI-2 production by G. vaginalis in the presence of
subtilosin was evaluated. The sub-MICs of subtilosin (3
and 4 μg/mL) showed strong inhibition of AI-2 production

in G. vaginalis compared to the positive control (untreated
bacteria) (Fig. 4a). These concentrations did not affect the
bacterial growth.

The effect of subtilosin on AI-2 production in L.
monocytogenes was different from what we observed in G.
vaginalis. Subtilosin at sub-MICs 0.95–15.1 μg/mL did not
influence the AI-2 production by L. monocytogenes (Fig. 4b).
In addition, the AI-2 production correlated with bacterial
growth.

Discussion

Emergence of antibiotic resistance and infection recur-
rence are urging the need for finding alternative antimi-
crobials instead of the commonly used and prescribed
antibiotics. Antimicrobial proteins (AMPs) have been pro-
posed as an alternative targeting the antibiotic-resistant
pathogens [15–17]. AMPs are naturally produced by eu-
karyotes and prokaryotes [18] attacking pathogens either
by pore-formation mechanism or perturbation of bacterial
cellular membrane [19]. Some studies referred to the anti-
biofilm activity of AMPs which are preventing and/or
eradicating biofilm by binding to extra-cellular DNA
and facilitating biofilm detachment [20, 21] or by down-
regulating the genetic expression of quorum sensing sys-
tem, rhamnolipids synthesis, and type IV pili formation [22,
23]. Subtilosin, the cyclic peptide produced by B. subtilus
KATMIRA1933, showed antibacterial and anti-biofilm activ-
ity against pathogens such as L. monocytogenes and G.
vaginalis [3, 4]. The safety of subtilosin to the human tissues
[24, 25] and the selectivity of its bactericidal potential [4]
attracted our attention to study its anti-biofilm potential as a
QS inhibitor.

In this study, we identified MIC of subtilosin against
tested L. monocytogenes and G. vaginalis at 125 and
6.25 μg/mL, respectively. The MIC of subtilosin against
L. monocytogenes was reported by van Kuijk et al. [3] to
be 19.56 and 7.21–9.22 μg/mL against G. vaginalis by
Turovskiy et al. [4] and Sutyak Noll et al. [26]. The
difference of subtilosin’s MIC values among other studies
is possibly because of the variability of antimicrobial’s
preparations, experimental designs, and strategies used
in each study.

In order to identify quorum sensing inhibitory effect of
subtilosin, the sub-MICs were determined and used as con-
centrations that did not inhibit the growth activity of plank-
tonic cells. Interestingly, we found that sub-MICs of
subtilosin which were required to inhibit biofilm formation
of tested pathogenic bacteria were much lower than its
MICs. In addition to avoid bacterial mutations which lead
to antibiotic resistance, using sub-MICs of antimicrobials

Fig. 1 aAntimicrobial activity of subtilosin againstG. vaginalis growth.
Subtilosin concentrations are as follows: 6.25 μg/mL (closed circles),
3.12 μg/mL (open circles), 1.56 μg/mL (closed reverse triangles),
0.78 μg/mL (increments), 0.39 μg/mL (closed squares), 0.19 μg/mL
(open squares), 0.097 μg/mL (closed diamonds), 0 μg/mL (lozenges). b
Antimicrobial activity of subtilosin against L. monocytogenes growth.
Subtilosin concentrations are as follows: 250 μg/mL (closed circles),
125 μg/mL (open circles), 62.5 μg/mL (closed reverse triangles),
31.25 μg/mL (increments), 15.6 μg/mL (closed squares), 7.8 μg/mL
(open squares), 3.9 μg/mL (closed diamonds), 1.9 μg/mL (lozenges),
0 μg/mL (closed triangles). c Antimicrobial activity of subtilosin
against E. coli growth. Subtilosin concentrations are as follows: 250 μg/
mL (closed circles), 125 μg/mL (open circles), 62.5 μg/mL (closed
reverse triangles), 31.25 μg/mL (increments), 0 μg/mL (black squares)
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may assist with increasing of the viability of the eukaryotic
host’s beneficial microbiota.

The antimicrobial action of bacteriocins, such as nisin,
against pathogenic bacteria is associated with membrane
perturbation after their interaction with bacterial receptors
[27]. Subtilosin has been noticed to deplete the transmem-
brane pH gradient (pH), disrupting the portion of the pro-
ton motive forces (PMF) and then killing the targeted
cells due to the leakage of intracellular ATP, essential
ions, and metabolites in G. vaginalis [28]. However,
subtilosin has been reported to have a species-specific
mode of action against L. monocytogenes [3] which is
different from what Noll et al. [28] had reported. Van
Kuijk et al. [3] noticed that subtilosin has a slight effect
on the transmembrane electrical potential (ΔΨ) and pH
gradient (ΔpH), but no significant effect on the efflux of
intracellular ATP in L. monocytogenes. In the same study,
subtilosin was found to embed itself in the phospholipid
bilayer of the cellular membrane, causing intracellular
damage and killing of bacterial cells.

The sub-MIC of subtilosin is not enough to kill or inhibit
the growth of pathogens but it possibly downregulates some
of their chemo-physiological activities such as quorum sens-
ing systems. Disruption of PMF has been reported to inhibit
quorum sensing in the pathogenic E. coli cells [29]. Since

subtilosin has been reported as proton pump inhibitor in
G. vaginalis [28], it is possible for subtilosin to interfere
with PMF in E. coli which may lead to inhibition of quo-
rum sensing system without killing the bacterial cells.
However, we have noticed that subtilosin did not influ-
ence the level of AI-2 production by L. monocytogenes.
Several studies referred to the inconsistency regarding
luxS and AI-2 effect on biofilm formation [30–32].
Some investigators showed that mutation in luxS gene
increases both the mass and thickness of biofilm more
than the wild strains [33–35]. In agreement with these
findings, the data of Sela et al. [36] indicated the role of
luxS gene in repression of biofilm formation by L.
monocytogenes; the more LuxS and AI-2 are produced,
the more biofilm formation is prevented/repressed. In ad-
dition, it has been reported that bacterial cells have
species-specific AI-2 [37]. Based on our data, we specu-
late that perhaps, subtilosin inhibits cell-to-cell communi-
cation signals, Bthe competitor’s intracellular communica-
tion^ rather than L. monocytogenes specific AI-2, and thus
inhibits biofilm formation. In the same regard, Pearson
et al. [38] found that inhibition of proton efflux pumps
led to the accumulation of intracellular autoinducers which
possibly interfere with the biofilm formation of bacterial
cells by downregulation of quorum sensing genes. The
perturbation of the lipid bilayer of bacterial membrane
by sub-MICs of subtilosin [3] may also inhibit the attach-
ment of bacterial cells, the first step of biofilm develop-
ment. The antimicrobial properties of subtilosin including
its anionic charge, selectivity, and synergistically acting
feature alongside its safety should attract the attentions
of researchers to study this bacteriocin as alternative anti-
microbials in food and pharmaceutical applications.
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Conclusion

Biofilm control is still a big challenge urging the need to find a
reasonable method for avoiding infection recurrence and antibi-
otic resistance. Prevention of biofilm formation, which is a more
advantageous strategy than biofilm killing, is achieved either by
stopping cell-cell communication (quorum sensing inhibition) or
inhibiting cell-cell/cell-surface attachment. Advantages of bio-
film prevention include using lower doses of antimicrobials
which is ultimately minimizing the cost, reducing the bacterial
mutation frequency, and enhancing the viability of beneficial
microbes. The role of quorum sensing inhibition in microbial
biofilm preventionwas reported in several studies. To our knowl-
edge, this is the first study showing the relationship between

inhibiting quorum sensing and biofilm prevention using
subtilosin which is reported as a QS inhibitor in Gram-positive,
variable, and Gram-negative bacteria inhibiting their biofilm for-
mation. Our data suggests the use of subtilosin as an anti-biofilm
agent in future food and medical applications to avoid persistent
infections—associated with biofilm.
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