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ABSTRACT Enterococcus faecalis, a member of the commensal flora in the
human gastrointestinal tract, has become a threatening nosocomial pathogen
because it has developed resistance to many known antibiotics. More concern-
ingly, resistance gene-carrying E. faecalis cells may transfer antibiotic resistance
to resistance-free E. faecalis cells through their unique quorum sensing-medi-
ated plasmid transfer system. Therefore, we investigated the role of probiotic
bacteria in the transfer frequency of the antibiotic resistance plasmid pCF10 in
E. faecalis populations to mitigate the spread of antibiotic resistance. Bacillus
subtilis subsp. natto is a probiotic strain isolated from Japanese fermented soy-
bean foods, and its culture fluid potently inhibited pCF10 transfer by suppress-
ing peptide pheromone activity from chromosomally encoded CF10 (cCF10)
without inhibiting E. faecalis growth. The inhibitory effect was attributed to at
least one 30- to 50-kDa extracellular protease present in B. subtilis subsp. natto.
Nattokinase of B. subtilis subsp. natto was involved in the inhibition of pCF10
transfer and cleaved cCF10 (LVTLVFV) into LVTL plus VFV fragments. Moreover,
the cleavage product LVTL (L peptide) interfered with the conjugative transfer
of pCF10. In addition to cCF10, faecalis-cAM373 and gordonii-cAM373, which
are mating inducers of vancomycin-resistant E. faecalis, were also cleaved by
nattokinase, indicating that B. subtilis subsp. natto can likely interfere with van-
comycin resistance transfer in E. faecalis. Our work shows the feasibility of
applying fermentation products of B. subtilis subsp. natto and L peptide to miti-
gate E. faecalis antibiotic resistance transfer.

IMPORTANCE Enterococcus faecalis is considered a leading cause of hospital-acquired
infections. Treatment of these infections has become a major challenge for clinicians
because some E. faecalis strains are resistant to multiple clinically used antibiotics.
Moreover, antibiotic resistance genes can undergo efficient intra- and interspecies
transfer via E. faecalis peptide pheromone-mediated plasmid transfer systems.
Therefore, this study provided the first experimental demonstration that probiotics
are a feasible approach for interfering with conjugative plasmid transfer between
E. faecalis strains to stop the transfer of antibiotic resistance. We found that the
extracellular protease(s) of Bacillus subtilis subsp. natto cleaved peptide pheromones
without affecting the growth of E. faecalis, thereby reducing the frequency of conju-
gative plasmid transfer. In addition, a specific cleaved pheromone fragment
interfered with conjugative plasmid transfer. These findings provide a potential pro-
biotic-based method for interfering with the transfer of antibiotic resistance between
E. faecalis strains.
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E nterococcus faecalis is a hardy Gram-positive bacterium commonly found in the
gastrointestinal tracts of humans and other mammals (1, 2). Most E. faecalis strains

are considered harmless, and some can even be used as probiotics in feed additives to
prevent diarrhea or to improve growth in animals (3, 4). However, this bacterium is
also an opportunistic pathogen causing nosocomial bacteremia, surgical wound infec-
tion, endocarditis, and urinary tract infection (5–7). In recent decades, E. faecalis has
gradually become a leading cause of health care-associated infections because it has
developed resistance to multiple clinically used antibiotics, such as macrolides, tetracy-
clines, aminoglycosides, and glycopeptides, including vancomycin, which was previ-
ously used as the antibiotic of last resort for enterococcal infections (8–10). The emer-
gence of vancomycin resistance has made the treatment of infections with E. faecalis a
major challenge for clinicians, because it means that few or no treatment options are
available (10, 11). Currently, in the United States, vancomycin-resistant enterococci
(VRE) are the fourth most common pathogens causing death from antibiotic-resistant
infection (11). It is estimated that more than 20,000 infections with VRE occur and that
more than 1,300 patients die from these infections each year (11).

Even more concerningly, antibiotic resistance genes can undergo both intra- and
interspecies transfer through pheromone-inducible conjugative plasmid transfer sys-
tems of E. faecalis (12). For example, transfer of pCF10 between E. faecalis bacteria is
controlled by two counteracting peptide pheromones, where chromosomally encoded
cCF10 secreted by pCF10-free E. faecalis (recipients) serves as a mating inducer to trig-
ger conjugative plasmid transfer, and pCF10-encoded iCF10 acts as an inhibitor that
prevents self-induction of pCF10-carrying E. faecalis (donors) (13, 14). As pCF10 is trans-
ferred, antibiotic resistance genes, such as the tetracycline resistance gene tet(M), may
be carried and horizontally transferred to recipients concurrently (15). Such a system
facilitates the dissemination of antibiotic resistance genes, which leads to ineffective-
ness of antibiotics and considerable loss of life (16–18).

Discovering and developing new antibiotics is one way to effectively control and pre-
vent the threat of such highly antibiotic-resistant E. faecalis strains. One drawback to this
approach, however, is the unavoidable possibility of a new selection pressure favoring
genetic variants with resistance to the new antibiotics, thus rendering the new antibiotics
ineffective over time (19). Perhaps a more viable solution is to interfere with the phero-
mone-inducible conjugative plasmid transfer systems of E. faecalis. In addition to being
involved in the dissemination of antibiotic resistance genes, these systems are also
involved in the formation of aggregation substances that increase the adherence of E. fae-
calis to host tissues and enhance their ability for biofilm formation (14). By repressing pher-
omone-inducible conjugative plasmid transfer systems, we may simultaneously attenuate
the fitness, virulence, and antibiotic resistance transfer of E. faecalis.

In recent decades, an increasing number of researchers have focused on preventing
and treating gastrointestinal disorders or infections with probiotics, which are live
microorganisms such as bacteria and yeast that could provide benefits to the host
when administered in adequate amounts (20–22). Because of the long consumption
history and assured safety of probiotics, probiotic-based therapies have been proposed
as alternate, safe, and cost-effective treatments compared to ongoing therapeutic regi-
mens (23). Studies have also revealed that many strains of probiotics play a key role in
preventing the colonization and overgrowth of pathogens in the human intestine via
actions such as competing for space or nutrients with pathogens, modulating the
immune system of the host, or enhancing the intestinal epithelial barrier (24–26).
Collectively, this evidence indicates that probiotic treatment may be a feasible strategy
for combating E. faecalis.

Therefore, in the present study, six probiotics were selected and their effects on the
transfer frequency of the tetracycline resistance plasmid pCF10 between E. faecalis
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FIG 1 Effect of pH-treated or heat-treated probiotic spent culture supernatants on growth and pCF10 transfer of E. faecalis. Spent culture supernatants (SCS) of
aerobically cultured B. subtilis subsp. natto, B. coagulans, L. reuteri, and L. rhamnosus were first treated with pH adjustment (pH adjusted to 6.5 with NaOH) or
heat (80°C water bath for 30min) and were then added to the E. faecalis mating culture. After a 4-h mating assay, the concentrations of donors, recipients, and
transconjugants were determined by plate counting. (A) Effect of pH-adjusted probiotic SCSs. (B) Effect of heat-treated probiotic SCSs. In panels A and B, the
concentrations of donors, recipients, and transconjugants are presented as log10(CFU/ml) values. The data are presented as the means 6 standard deviations
(SDs) (n=3). (C to F) Effects of untreated, pH-treated, or heat-treated probiotic SCSs on the number of transconjugants per donor (T/D ratios). Each dot in
the figure represents a replication. The red diamonds with red lines indicate the means 6 SDs (n=3). Multiple comparisons were evaluated using Duncan’s
multiple-range test. The different uppercase letters above the bars or dots indicate the significance of differences between groups (P , 0.05). Ctrl, negative
control (the group treated with fresh M9B medium; no SCS treatment); B. sub, B. subtilis subsp. natto; B. coa, B. coagulans; L. reu, L. reuteri; L. rha, L. rhamnosus;
NS, no significant difference.
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bacteria were investigated. Plasmid pCF10 was selected because it has been used as a
model system for analyzing pheromone-inducible conjugative plasmid transfer in
enterococci for decades (27). Here, we conducted a modified E. faecalis conjugation
assay in combination with treatment with probiotic supernatants to screen for potent
pCF10 transfer-inhibiting probiotic strains. We further characterized the pCF10 trans-
fer-inhibiting substances in the supernatants and attempted to clarify the mechanisms
by which these substances affect the conjugative transfer of pCF10. Via this study, we
aimed to identify promising probiotics and fermentation products that could be used
clinically to combat E. faecalis by interfering with pheromone-inducible conjugative
plasmid transfer to save the lives of people infected with multidrug-resistant E. faecalis.

RESULTS
Effect of probiotic spent culture supernatants on pCF10 transfer. Each probiotic

spent culture supernatant (SCS) was added to the mating culture of E. faecalis to exam-
ine its effect on the frequency of pCF10 transfer (as evaluated by the transconjugants
per donor [T/D] ratio, an index for assessing bacterial conjugation efficiency). As shown
in Fig. S1 and S2 in the supplemental material, the frequency of pCF10 transfer was
markedly reduced by treatment with some probiotic supernatants. In addition to inhib-
iting pCF10 transfer, some supernatants also strongly inhibited the growth of E. faecalis
donors and recipients. Even though the SCS of aerobically cultured Bacillus subtilis
subsp. natto did not inhibit the growth of donors or recipients, both the concentration

FIG 2 At least one 30- to 50-kDa protein in B. subtilis subsp. natto supernatant inhibits pCF10 transfer. (A) Mating culture of E. faecalis treated with
different MW fractions of B. subtilis subsp. natto supernatant. In this picture, the turbidity of the culture on the left, which was treated with the fraction
with a MW less than 30 kDa appears higher than that of the culture on the right, which was treated with the fraction with a MW greater than 30 kDa. (B)
Effect of different MW fractions of B. subtilis subsp. natto supernatant on the conjugative transfer of pCF10. The y axis indicates the T/D ratio, and the x
axis indicates different MW (kDa) fractions of B. subtilis subsp. natto supernatant. Ctrl, negative control (the group treated with fresh M9B medium; no SCS
treatment); untreated, the group treated with unfractionated B. subtilis subsp. natto supernatant. Each dot in the figure represents a replication. The red
diamonds with red lines indicate the means 6 SDs (n= 3). Multiple comparisons were evaluated using Duncan’s multiple-range test. The different
uppercase letters above the dots indicate the significance of differences between groups (P , 0.05). (C) SDS-PAGE of B. subtilis subsp. natto supernatant.
Lanes 1 and 7, protein marker; lane 2, B. subtilis subsp. natto supernatant (5 ml); lane 3, B. subtilis subsp. natto supernatant (10 ml); lane 4, M9B medium (5
ml); lane 5, M9B medium (10 ml); lane 6, BSA.
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of transconjugants and the T/D ratio decreased, and the T/D ratio in this culture was
100-fold lower than that in the negative-control group to which no SCS was added.
Based on its inhibitory effect on pCF10 transfer, the SCSs of aerobically cultured B. sub-
tilis subsp. natto and aerobically cultured Bacillus coagulans, Lactobacillus reuteri, and
Lactobacillus rhamnosus were selected for further investigation.

At the end of the culture period, the SCSs of these four probiotic bacteria had very
different pH values (aerobically cultured B. subtilis subsp. natto, pH 6.196 0.03;

FIG 3 Influence of B. subtilis subsp. natto supernatant on the cCF10-inducible GFP reporter harbored on pCF10. (A) Under confocal microscopy, E. faecalis
OG1Sp/pCF10-iGFP-p23-tdTomato (donor) appears red, and E. faecalis OG1RF::p23cfp (recipient) appears cyan. In the middle of the image, donor and
recipient cells were close together, indicating that mating was likely happening. (B) When donor cells were induced with cCF10, they expressed the GFP
reporter and exhibited green aggregates. (C to F) Donor cells were induced with 2.5 ng/ml cCF10 and harvested at 0, 60, and 120min. Next, the expression
of the GFP reporter was quantified using flow cytometry. Blue peak, wild-type E. faecalis OG1RF that would not express the GFP reporter, used as the
negative control. Red peaks, donor cells induced with 0 ng/ml cCF10 for 0min (C), 2.5 ng/ml cCF10 for 60min (D), 2.5 ng/ml cCF10 for 120min (E), or
2.5 ng/ml cCF10 plus B. subtilis subsp. natto SCS for 120min (F). The numbers shown in the middle of panels C to F are the percentages of GFP-positive
cells after gating. (G) Mean GFP intensity of GFP-positive donor cells after gating. Donor cells were induced with 0 ng/ml cCF10 for 0min (C-0), 2.5 ng/ml
cCF10 for 60min (C-1), 2.5 ng/ml cCF10 for 120min (C-2), or 2.5 ng/ml cCF10 plus B. subtilis subsp. natto SCS for 120min (N-2). The data are presented as
the means 6 SDs (n= 3). Values with different uppercase letters were significantly different according to Duncan’s multiple-range tests (P , 0.05).
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aerobically cultured B. coagulans, pH 4.686 0.02; L. reuteri, pH 4.946 0.04; and L. rham-
nosus, pH 4.696 0.05). To eliminate the possibility that the observed effect on the T/D
ratio was caused by different pH values, the pH of these SCS was adjusted to an initial
value of 6.5 with 1 N NaOH. After pH adjustment, the SCSs of aerobically cultured

FIG 4 B. subtilis subsp. natto supernatant affects the activity of cCF10. (A) Modified E. faecalis mating
experiment. The SCS of B. subtilis subsp. natto was first treated separately with donor cells, recipient cells, or
pheromone cCF10 at 37°C for 1 h. Next, donor cells were incubated with cCF10 at 37°C for 30min and then
mixed with recipient cells for one round of conjugation (10min). Through this method, we were able to clarify
the factor that is actually affected by the SCS of B. subtilis subsp. natto. (B) T/D ratios after separate treatment
of pheromone cCF10, recipient cells, or donor cells with B. subtilis subsp. natto SCS. The y axis indicates the
T/D ratio. Ctrl (control), not treated with SCS, P1N: pheromone cCF10 treated with B. subtilis subsp. natto SCS;
R1N, recipient cells treated with B. subtilis subsp. natto SCS; D1N, donor cells treated with B. subtilis subsp.
natto SCS. The data are presented as the means 6 SDs (n= 3). Values with different uppercase letters were
significantly different according to Duncan’s multiple-range tests (P , 0.05). (C) The effect of B. subtilis subsp.
natto SCS on cCF10 increased over time. Donor cells were induced with cCF10 that was first treated with B.
subtilis subsp. natto SCS for 0, 1, 2, and 4 h. Then, recipient cells were added and allowed one round of
conjugation. The y axis indicates the T/D ratio. Ctrl (control), not treated with SCS; P1N, pheromone cCF10
treated with B. subtilis subsp. natto SCS. The data are presented as the means 6 SDs (n= 3). *, P , 0.05; **,
P , 0.01; ***, P , 0.001 compared with each negative control group (Student’s t test).
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B. coagulans, L. reuteri, and L. rhamnosus lost their inhibitory effects on growth and
pCF10 transfer. The concentrations of donors and recipients were not significantly dif-
ferent from those in the negative-control group to which no SCS was added (P . 0.05)
(Fig. 1A). The T/D ratios were significantly increased compared with those in cultures
exposed to untreated SCSs (P , 0.05) (Fig. 1D to F). However, the SCS of aerobically
cultured B. subtilis subsp. natto lost its inhibitory effect on pCF10 transfer after heat
treatment (80°C water bath for 30min) but not after pH adjustment. As shown in
Fig. 1B and C, both the concentration of transconjugants and the T/D ratio were mark-
edly increased by the heat treatment. Thus, the pCF10 transfer-inhibiting substance(s)
in the SCS of aerobically cultured B. subtilis subsp. natto is likely heat labile.

At least one 30- to 50-kDa protein in B. subtilis subsp. natto supernatant
inhibits pCF10 transfer. Since the factor that reduced the transfer of the conjugative
plasmid pCF10 was heat labile, it was likely a protein molecule. The supernatant was frac-
tionated using a series of membranes with molecular weight cutoffs (MWCOs) of 3, 5, 30,
and 50 kDa. Fractions with different molecular weight (MW) ranges were then added to

FIG 5 An extracellular protease of B. subtilis subsp. natto cleaves cCF10 and inhibits pCF10 transfer. (A and B) HPLC chromatograms of probiotic
supernatant-treated peptide pheromone cCF10. The synthetic peptide pheromone cCF10 (100 ng/ml) dissolved in M9B medium (150ml total) was treated
with 50ml of probiotic SCSs or M9B medium at 37°C for 30min. Next, the assay mixtures were analyzed using HPLC. The peak of cCF10 is at 15.2min. (A)
cCF10 was degraded when treated with B. subtilis subsp. natto SCS (Natto). (B) cCF10 was not degraded in M9B medium over time (0 to 2 h) or when
treated with the SCS of L. rhamnosus (Lrha) or L. reuteri (Lr). (C) Conjugation assays with exogenously added B. subtilis 168 DaprE SCS, B. subtilis KO7 SCS,
and purified nattokinase (final conc., 1mg/ml). Donor and recipient cells were mixed 1:1 in M9B medium with and without treatment described above and
allowed to grow for 4 h. The entire culture was then plated on selective medium for transconjugants and donors. The y axis indicates the T/D ratio. The
data are presented as the means 6 SDs (n= 3). Values with different uppercase letters were significantly different according to Duncan’s multiple-range
tests (P , 0.05).
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the E. faecalis mating culture. Only the fraction with a MW of greater than 30 kDa exerted
an inhibitory effect on pCF10 transfer in E. faecalis (Fig. 2A and B). The T/D ratio was signifi-
cantly lower (P , 0.05) than that in the negative-control group to which no SCS was
added but similar to that in the group treated with unfractionated SCS. Moreover, the frac-
tion with a MW of greater than 50kDa clearly showed no inhibitory effect on pCF10 trans-
fer in E. faecalis. Hence, the MW of the pCF10 transfer-inhibiting substances was likely
greater than 30 kDa and less than 50 kDa. The total protein concentration in the SCS of B.
subtilis subsp. natto was determined to be 162.06 30mg/ml, while that in fresh M9B me-
dium (background) was 25.86 1.8mg/ml. Furthermore, several bands with MWs ranging
from approximately 30 to 66kDa were observed on Coomassie brilliant blue-stained gels
(Fig. 2C). These results were consistent with the estimated MW of the pCF10 transfer-inhib-
iting proteins.

Inhibitory effect of B. subtilis subsp. natto supernatant on the conjugative
transfer of pCF10. Under a confocal microscope, E. faecalis OG1RF::p23cfp (recipient),
which constitutively expresses the cyan fluorescent protein (CFP) reporter, appears
cyan, and E. faecalis OG1Sp/pCF10-iGFP-p23-tdTomato (donor), which constitutively
expresses the tdTomato reporter, appears red (Fig. 3A). Upon induction with phero-
mone cCF10, donor cells expressed the green fluorescent protein (GFP) reporter, and
green aggregates were observed (Fig. 3B). Here, the cCF10-inducible GFP reporter on
pCF10 was used to evaluate the induction status of donor cells. Donor cells were incu-
bated with 2.5 ng/ml cCF10 (more closely resembling the levels of cCF10 naturally pro-
duced by recipients [28]) for 120min, and the expression of the GFP reporter was
quantified using flow cytometry. As the induction time increased (0 to 120min), the
percentage of GFP-positive donor cells gradually increased from 14% to 81.0% (Fig. 3C
to E). In addition, the mean GFP intensity increased over time (Fig. 3G). However, in the
donor cell culture treated with the SCS of B. subtilis subsp. natto, both the percentage
of GFP-positive donor cells and the mean GFP intensity were markedly decreased (Fig.
3F and G). The mean GFP intensity was not significantly different (P . 0.05) from that
in the negative-control group (induced with 0 ng/ml cCF10 for 0min) (Fig. 3G).
Therefore, the SCS of B. subtilis subsp. natto can likely interfere with the ability of donor
cells to sense cCF10 or can even affect the activity of the pheromone, thereby repres-
sing the expression of the cCF10-inducible GFP reporter on pCF10.

B. subtilis subsp. natto supernatant affects the activity of cCF10. To clarify the
factors affected by the SCS of B. subtilis subsp. natto, the supernatant was first treated
separately with donor cells, recipient cells, or pheromone cCF10 at 37°C for 1 h. Next,
donor cells were incubated with cCF10 at 37°C for 30min. Then, recipient cells were
added and incubated for 10min to allow one round of conjugation before the entire
culture was plated on selective medium for transconjugants and donors (Fig. 4A). The
T/D ratio was only significantly decreased when cCF10 was treated with the SCS of B.
subtilis subsp. natto compared to that in the negative-control group to which no SCS
was added (P , 0.05) (Fig. 4B). Furthermore, the effect of the SCS of B. subtilis subsp.
natto on cCF10 increased over time. At each tested time point (1, 2, and 4 h), the T/D
ratio was significantly different from that in the negative-control group (1 h, P , 0.05;

TABLE 1 Seven genes encoding extracellular protease in B. subtilis 168 and their orthologous genes in B. subtilis natto BEST195a

B. subtilis 168 gene B. subtilis subsp. natto BEST195 gene Nucleotide sequence similarity (%)
nprE nprE 99.4
aprE aprN 99.2
epr epr 93
mpr mpr 98.9
nprB No orthologous gene was found in the B. subtilis subsp.

natto BEST195 genome
vpr vpr 98.8
bpr bpr 98.4
aNatto Genome Project browser (http://natto-genome.org/).
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2 h, P , 0.01; 4 h, P , 0.001) (Fig. 4C). Thus, the SCS of B. subtilis subsp. natto likely
interferes with the conjugative transfer of pCF10 by affecting the activity of cCF10.

An extracellular protease of B. subtilis subsp. natto cleaves cCF10 and inhibits
pCF10 transfer. As mentioned above, we found that the pCF10 transfer-inhibiting sub-
stance(s) in the SCS of B. subtilis subsp. natto was one or more 30- to 50-kDa proteins
and may directly affect the activity of the peptide pheromone cCF10. In addition, B.
subtilis has been reported to be able to secrete several types of proteases into its
growth medium at high concentrations (29, 30). Based on these findings, we hypothe-
sized that the pCF10 transfer-inhibiting substance(s) was an extracellular hydrolase of
B. subtilis subsp. natto with a MW of 30 to 50 kDa. To test this hypothesis, we surveyed
the secreted proteins in the proteomes of Bacillus subtilis subsp. natto BEST195 (identi-
fier [ID] UP000006805) and Bacillus subtilis subsp. natto CGMCC 2108 (ID UP000069510)
obtained from UniProt. We identified two hydrolases: a poorly documented serine pro-
tease (34,887Da) and subtilisin NAT (nattokinase) (30,697Da). To examine whether
cCF10 is cleaved after treatment with the SCS of B. subtilis subsp. natto, the treated
peptides were analyzed using reverse-phase high-performance liquid chromatography
(RP-HPLC). The results are shown in Fig. 5. As illustrated in the HPLC chromatogram,
the peak of cCF10 (retention time [RT], 15.2min) disappeared after treatment with the
SCS of B. subtilis subsp. natto (Fig. 5A) but remained after treatment with fresh M9B
medium or the SCS of L. rhamnosus or L. reuteri (Fig. 5B).

B. subtilis subsp. natto is closely related to well-known domesticated strain B. subtilis
168 (31). In 2010, Nishito et al. (32) conducted a genome comparison between B. subtilis
subsp. natto BEST195 and B. subtilis 168. It was revealed that most predicted genes in B. sub-
tilis subsp. natto BEST195 are one-to-one orthologous to genes in 168 (32). Although some
genes are inserted or deleted in B. subtilis subsp. natto BEST195, these genes are mainly
related to its ability to produce g-poly-DL-glutamic acid (g-PGA), polyketide, or plipastatin
(32). According to the Natto Genome Project browser (http://natto-genome.org/), nattoki-
nase-encoding gene aprN in B. subtilis subsp. natto is orthologous to aprE in B. subtilis 168,

FIG 6 HPLC chromatogram and mass spectra of nattokinase-treated cCF10. The synthetic peptide pheromone cCF10 (100 ng/ml) dissolved in 50mM
phosphate buffer containing 150mM NaCl (pH 7.0) (150ml total) was treated with 50ml of 1mg/ml B. subtilis nattokinase solution at 37°C for 30min. Next,
the assay mixtures were analyzed using HPLC and MS. (A) The peak of cCF10 is at 15.2min. After cCF10 was treated with nattokinase (NK), the reaction
product was found to produce three new peaks, as shown in the HPLC chromatogram (RTs, 11.0, 11.6, and 13.1min). The mass spectra of these three new
peaks are shown in panels B to D.
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and these two genes show 99.2% similarity in nucleotide sequence. In addition to aprN,
other genes encoding extracellular protease in B. subtilis subsp. natto BEST195 and their
orthologous genes in 168 are listed in Table 1 (B. subtilis subsp. natto might lack nprB but
has six other genes encoding extracellular protease in its genome). In B. subtilis 168, the

TABLE 2 Possible cleavage sites in cCF10, faecalis-cAM373, and gordonii-cAM373

Peptide name Peptide sequence (mol wt)
m/z (nearby amino acid
sequence)

Possible cleavage
products of the
peptide

cCF10 (secreted by E. faecalis) LVTLVFV (790.01) 364.313 (VFV) LVTL1 VFV; LVT1
LVFV445.362 (LVTL)

477.352 (LVFV)
faecalis-cAM373 (secreted by E. faecalis) AIFILAS (733.91) 576.393 (AIFIL) AIFIL1 AS
gordonii-cAM373 (secreted by S. gordonii) SVFILAA (719.88) 352.275 (SVF) SVF1 IL1 AA

578.370 (SVFIL)

FIG 7 Influence of L peptide on the conjugative transfer of pCF10. Donor cells were incubated with L peptide (L) (cCF10 fragment, sequence LVTL) alone
or together with cCF10 (C) at 37°C for 30min. Then, recipient cells were added and incubated for 10min to allow one round of conjugation before the
entire culture was plated on selective medium for transconjugants and donors. The conjugation frequency is represented by the number of
transconjugants per donor (T/D ratio). (A) L was added at physiological (3.16 nM) or higher concentrations (15.8 nM) to induce donor cells. The groups
induced with no peptide (L or C) or 3.16 nM C served as the negative-control and positive-control groups, respectively. The data are presented as the
means 6 SDs (n= 3). (B) Different volumes of 1mg/ml L stock solution (dissolved in dimethyl sulfoxide [DMSO]) and a fixed volume of 1mg/ml C stock
solution (dissolved in DMSO; final conc., 3.16 nM) were added to achieve L/C ratios of 0.25:1, 0.5:1, 1:1, and 2:1 for induction of donor cells (treatment
groups). The groups induced with 3.16 nM C served as the negative control. In addition, to eliminate the effect of DMSO, a volume of DMSO equal to that
of the L stock solution was added to the negative control group. The data are presented as the means 6 SDs (n= 3). *, P , 0.05; **, P , 0.01 compared
with each negative control group (Student’s t test). (C to E) The expression of the cCF10-inducible GFP reporter harbored on pCF10 was quantified using
flow cytometry. Blue peak, wild-type E. faecalis OG1RF that would not express the GFP reporter was used as the negative control. Red peaks, donor cells
induced with no peptides for 0min (C), 0.7 ml DMSO plus 3.16 nM C for 60min (D), or 1.58 nM L plus 3.16 nM C (L/C = 1:2) for 60min (E). The numbers
shown in the middles of panels C to E are the percentages of GFP-positive cells after gating.

Lin et al. Applied and Environmental Microbiology

July 2021 Volume 87 Issue 13 e00442-21 aem.asm.org 10

https://aem.asm.org


extracellular proteases encoded by the seven genes listed in Table 1 account for more than
90% of its total extracellular protease activity (33). Herein, aprE-knockout strain B. subtilis
BKK10300 (denoted B. subtilis 168 DaprE) and the seven-extracellular protease-deletion (aprE
deficiency included) strain of B. subtilis KO7 were used to examine the role of nattokinase
and other extracellular proteases of B. subtilis subsp. natto in the inhibition of E. faecalis
pCF10 transfer.

A conjugation assay with exogenously added B. subtilis 168 DaprE SCS, B. subtilis
KO7 SCS, and nattokinase that was purified from the culture supernatant of B. subtilis
subsp. natto (a mass spectrometry [MS] analysis was conducted to ensure its purity
and identity) (see Fig. S3 and Table S1) was performed. The results are shown in Fig.
5C. The T/D ratio in the group treated with 168 DaprE SCS was significantly higher (P,

0.05) than that in the group treated with wild type 168 SCS; the T/D ratio in the group
treated with KO7 SCS showed no significant difference (P . 0.05) from the negative-
control group to which no SCS was added. The pCF10 transfer-inhibiting effect of B.
subtilis was decreased by approximately 80% after aprE was inactivated. Furthermore,
after the seven genes encoding extracellular protease were all inactivated, B. subtilis
nearly lost its overall pCF10 transfer-inhibiting effect (98%). In addition, the T/D ratio
was significantly decreased (P , 0.001) when purified nattokinase (final concentration
[conc.], 1mg/ml) was exogenously added to E. faecalis mating cultures. The results
described above indicated a key role for nattokinase of B. subtilis subsp. natto in the in-
hibition of E. faecalis pCF10 transfer. However, other extracellular proteases of B. subtilis
subsp. natto might also contribute to the inhibitory effect, although to a lesser extent.

Furthermore, to identify the cleavage site on cCF10 (LVTLVFV), cCF10 was treated
with nattokinase. The reaction product produced new peaks, as shown in the HPLC

FIG 8 B. subtilis subsp. natto grows and secretes proteases under anaerobic conditions. (A) B. subtilis
subsp. natto was cultured alone or together with E. faecalis donors and recipients on SGN (Schaeffer’s
sporulation medium supplemented with glucose and nitrate) agar supplemented with skim milk. The
amount of secreted protease was estimated from the clear zone that formed around the filter
membrane. (B) Four-hour in vitro conjugation assays with exogenously added anaerobically cultured
B. subtilis subsp. natto supernatant (SGN broth, 48 h) or B. subtilis subsp. natto (coculture). For
bacterial coculture experiments, the cultures of B. subtilis subsp. natto were grown anaerobically in
SGN broth to the early exponential phase and diluted according to the OD600. Next, the cultures were
added to E. faecalis mating cultures and allowed to grow for 4 h. The entire culture was then plated
on selective medium for E. faecalis transconjugants and donors. Fresh SGN broth was added to
mating cultures to serve as the negative control group. The y axis indicates the T/D ratio. The data
are presented as the means 6 SDs (n=3). *, P , 0.05 compared with negative control (Duncan’s
multiple-range tests).
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chromatogram (RT, 11.0, 11.6, and 13.1min) (Fig. 6A). The peptides represented by the
three peaks were analyzed using MS. The mass spectra of these three peaks are shown
in Fig. 6B to D. The m/z (364.313) of the peak at 11.0min was similar to the mass of
fragment VFV (MW, 363.46), while the m/z (445.362) of the peak at 11.6min was similar
to that of the fragment LVTL (MW, 444.57). This pattern indicates a possible cleavage
site between L and V, producing LVTL plus VFV fragments. Another detected cleavage
product had an m/z of 477.352 (13.1min), similar to the mass of the fragment LVFV
(MW, 476.62). However, the intensity of this peak was relatively weak. These results
show that cCF10 can be cleaved by nattokinase into LVTL1VFV and possibly also
LVT1LVFV fragments (Table 2).

Small amounts of cCF10 fragments interfere with the conjugative transfer of
pCF10. We found that cCF10 (LVTLVFV) was cleaved between L4 and V5 by nattoki-
nase. In E. faecalis, the amino acid sequence of peptide pheromones, especially at the
amino terminus, is crucial for its specific interactions with a conjugative plasmid-
encoded sensing system (27). Therefore, we selected the fragment LVTL (denoted L
peptide and comprising the first 4 amino acids at the amino terminus of cCF10) and
investigated whether it exhibits activity to induce or interfere with the conjugative
transfer of pCF10. L peptide was added alone or together with cCF10 to induce donor
cells. Then, recipient cells were added to allow one round of conjugation before deter-
mining the T/D ratio. As shown in Fig. 7A, L peptide alone failed to exhibit cCF10-like
pCF10 transfer-inducing activity at physiological (3.16 nM) or even higher (15.8 nM)
concentrations. However, when L peptide was added to cCF10-inducing donor cells
(3.16 nM), the T/D ratio was lower than that in the negative-control group to which no
L peptide was added. Thus, L peptide can likely interfere with the conjugative transfer
of pCF10. Next, different L peptide-to-cCF10 (L/C) ratios of 0.25:1, 0.5:1, 1:1, and 2:1
were also used to induce donor cells. At a low L/C ratio (0.5:1), the inhibitory effect of L
peptide on the conjugative transfer of pCF10 was significant (P , 0.01) (Fig. 7B).
Moreover, L peptide repressed the expression of the cCF10-inducible GFP reporter on
pCF10. The percentage of GFP-positive donor cells decreased from 57.7% to 36.7%
(Fig. 7C to E). Thus, L peptide likely affects the transport or sensing of cCF10 by donor
cells, thus interfering with its conjugative transfer.

B. subtilis subsp. natto grows and secrets proteases under anaerobic conditions.
As shown in Fig. S1 and S2, B. subtilis subsp. natto grew slowly in M9B medium under
anaerobic conditions (within 24 h of cultivation, the optical density at 600 nm [OD600]
was 0.396 0.05), and the T/D ratio of the group treated with anaerobically cultured B.
subtilis subsp. natto SCS (M9B medium, 24 h) was not significantly different (P . 0.05)
from that of the negative control to which no SCS was added.

Previous studies (34, 35) have shown that supplementing nitrate to the culture me-
dium facilitates the growth and protease secretion of B. subtilis under anaerobic condi-
tions. As reported, B. subtilis uses nitrate as the terminal electron acceptor for respira-
tion in the absence of oxygen (34). In 2001, Espinosa-de-los-Monteros et al. found that
B. subtilis grows anaerobically in Schaeffer’s sporulation medium supplemented with
glucose and nitrate, and aprE expression is similar to that in bacteria cultured under
aerobic conditions if sufficient glucose and nitrate are supplied (35). Therefore, B. subti-
lis subsp. natto was cultured in Schaeffer’s sporulation medium supplemented with
glucose (4 g/liter) and potassium nitrate (20mM) (denoted SGN medium). In Fig. 8A, B.
subtilis subsp. natto was cultured alone or together with E. faecalis donors and recipi-
ents on a filter membrane on SGN agar supplemented with skim milk in the anaerobic
jar. The clear zone that formed around the membrane indicated the presence of
secreted protease. This phenomenon was observed in B. subtilis subsp. natto group
and coculture group (B. subtilis subsp. natto and E. faecalis), but not in E. faecalis group
within 24 h of cultivation. These results indicated that B. subtilis subsp. natto was able
to grow and produce proteases anaerobically in the presence of E. faecalis.

When B. subtilis subsp. natto was cultured in SGN broth supplemented with Oxyrase for
broth for 48h, the OD600 of the cultures was 0.936 0.30, and nattokinase activity of its super-
natant was 2.16 0.58 fibrinolytic units (FU)/ml. The value of nattokinase activity was similar

Lin et al. Applied and Environmental Microbiology

July 2021 Volume 87 Issue 13 e00442-21 aem.asm.org 12

https://aem.asm.org


to that detected in 24-h aerobically cultured B. subtilis subsp. natto supernatant (2.46 0.58
FU/ml). Conjugation assays with exogenously added anaerobically cultured B. subtilis subsp.
natto supernatant (SGN medium, 48h) were performed. The T/D ratio decreased by approxi-
mately 100-fold compared to that of negative control to which no SCS was added (Fig. 8B).
Furthermore, B. subtilis subsp. natto was cocultured with E. faecalis donors and recipients in
SGN broth anaerobically to examine whether B. subtilis subsp. natto itself could inhibit the
transfer of pCF10. Similar to the effect of anaerobically cultured B. subtilis subsp. natto super-
natant, the T/D ratio decreased by nearly 100-fold compared to that of negative control (Fig.
8B). These results supported the hypothesis that B. subtilis subsp. natto may grow and
secrete nattokinase to inhibit E. faecalis pCF10 transfer under anaerobic conditions, such as
those in the human intestinal tract, if appropriate substances were provided as terminal elec-
tron acceptors.

B. subtilis subsp. natto supernatant cleaves the mating inducer of vancomycin-
resistant E. faecalis. In addition to pCF10, several other families of pheromone-induci-
ble conjugative plasmids have been identified in E. faecalis clinical isolates. Among
them, pAM373 and its derivatives often carry vancomycin resistance genes, and their
conjugative transfer can be induced with peptide pheromones secreted by E. faecalis
and other bacterial species, including Staphylococcus aureus, Streptococcus gordonii,
and Enterococcus hirae (36, 37). In addition to cAM373 secreted by E. faecalis (denoted
faecalis-cAM373; sequence, AIFILAS), two other peptide pheromones, staph-cAM373
(AIFILAA) secreted by S. aureus and gordonii-cAM373 (SVFILAA) secreted by S. gordonii,
can induce the conjugative transfer of pAM373 derivatives (38–40).

We investigated whether faecalis-cAM373 and gordonii-cAM373 can also be cleaved
by the B. subtilis subsp. natto supernatant. Furthermore, degradation experiments using nat-
tokinase were carried out, and the resulting peptides were analyzed by MS. As shown in Fig.
9A and C, both faecalis-cAM373 (RT, 13.5min) and gordonii-cAM373 (RT, 13.6min) were
cleaved by nattokinase. Upon cleavage, the retention time of faecalis-cAM373 shifted to

FIG 9 HPLC chromatogram and mass spectra of nattokinase-treated faecalis-cAM373 and gordonii-cAM373. The synthetic peptide pheromone (faecalis-
cAM373 or gordonii-cAM373) (100 ng/ml) dissolved in 50mM phosphate buffer containing 150mM NaCl (pH 7.0) (150ml total) was treated with 50ml of
1mg/ml B. subtilis nattokinase solution at 37°C for 30min. Next, the assay mixtures were analyzed using HPLC and MS. (A) The peak of faecalis-cAM373
(sequence AIFILAS) occurred at 13.5min. After faecalis-cAM373 was treated with nattokinase (NK), the reaction product was found to produce a new peak,
as shown in the HPLC chromatogram (RT, 14.9min). The mass spectrum of this new peak is shown in panel B. (C) The peak of gordonii-cAM373 (sequence
SVFILAA) occurred at 13.6min. After gordonii-cAM373 was treated with nattokinase (NK), the reaction product was found to produce two new peaks, as
shown in the HPLC chromatogram (RTs, 10.1 and 14.2min). The mass spectra of these two new peaks are shown in panels D and E.
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produce a new peak at 14.9min with a major m/z of 576.393, corresponding to the mass of
fragment AIFIL (MW, 575.75) (Fig. 9A and B). For gordonii-cAM373 (Fig. 9C to E), the two
new peaks at 10.1 and 14.6min had major m/z ratios of 352.275 and 578.370, respectively,
corresponding to the masses of fragments SVF (MW, 351.40) and SVFIL (MW, 577.72). Hence,
faecalis-cAM373 was cleaved into AIFIL plus AS fragments, while gordonii-cAM373 was
cleaved into SVF plus IL plus AA fragments (Table 2). These results indicate that the protease,
such as nattokinase, secreted by B. subtilis subsp. natto indeed cleaves intra- and interspecies
mating pheromones possibly involved in the transfer of vancomycin resistance.

DISCUSSION

E. faecalis has attracted considerable attention from researchers in recent decades due
to its pheromone-inducible conjugative plasmid transfer systems. These systems play a
key role in facilitating the transfer of antibiotic resistance. Therefore, to search for potential
probiotic strains or their fermentation products that can interfere with the transfer of anti-
biotic resistance between E. faecalis strains, we investigated whether probiotic SCSs have
an inhibitory effect on the conjugative transfer of pCF10. Indeed, some tested probiotic
SCSs showed a substantial inhibitory effect on pCF10 transfer in E. faecalis. However, after
the pH of these probiotic SCSs was neutralized, only the SCS of aerobically cultured B. sub-
tilis subsp. natto retained an inhibitory effect. Furthermore, our results indicated that at
least one 30- to 50-kDa protein in the SCS of aerobically cultured B. subtilis subsp. natto
cleaved the peptide pheromone cCF10, thus interfering with the conjugative transfer of

TABLE 3 Bacterial strains and plasmids used in this study

Strain or plasmid Descriptiona Source Reference(s)
E. faecalis strains
OG1RF Rifr, Far Gary M. Dunny 61
OG1Sp Specr Gary M. Dunny 62
OG1RF::p23cfp OG1RF derivative with a constitutive CFP

reporter fused to its genomic DNA
Gary M. Dunny 63

E. faecalis plasmids
pCF10 Native E. faecalis conjugative plasmid; Tetr Gary M. Dunny 61, 64
pCF10-iGFP-p23-tdTomato pCF10 derivative that contains a

constitutive tdTomato reporter and
expresses GFP upon induction by the
pheromone cCF10; tdTomato was
inserted in the intergenic region
between pcfR and Tn925; GFP was
inserted in the intergenic region
between prgC and prgD

Gary M. Dunny 65

Lactobacillus strains
L. plantarum KGW103 National Chiayi

University (Taiwan)
66

L. rhamnosus ATCC 9595 BCRC (Taiwan) 67
L. reuteri ATCC 23272 BCRC (Taiwan) 68

Bacillus strains
B. coagulans ATCC 10545 BCRC (Taiwan) 69
B. subtilis subsp. natto NTU-18
(BCRC 80390)

Our laboratory 48, 49

B. subtilis 168 (1A1) BGSC (USA) 70
B. subtilis BKK10300 trpC2 DaprE::kan BGSC (USA) 71
B. subtilis KO7 (1A1133) DnprE DaprE Depr Dmpr DnprB Dvpr Dbpr BGSC (USA) D. Zeigler,

unpublished

Clostridium strain
C. butyricumMIYAIRI 588 Miyarisan-BM (Miyarisan

Pharmaceutical Co.,
Ltd., Japan)

72

aRif, rifampicin; Fa, fusidic acid; Spec, spectinomycin; Tet, tetracycline.
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pCF10. Thus, the pCF10 transfer-inhibiting protein(s) is likely an extracellular protease(s) of
B. subtilis subsp. natto.

We found that B. subtilis lost approximately 80% of its pCF10 transfer-inhibiting ac-
tivity after aprE was inactivated. Furthermore, after the seven genes encoding extracel-
lular proteases were all inactivated, B. subtilis nearly lost its overall pCF10 transfer-in-
hibiting activity (98%). Therefore, we inferred that nattokinase of B. subtilis subsp. natto
may play a key role in inhibiting E. faecalis pCF10 transfer. In addition to nattokinase,
other extracellular proteases secreted by B. subtilis subsp. natto also contributed to in-
hibition, although their effects would be minor. As reported by Sloma et al., subtilisin
(aprE gene) and neutral proteases (nprB and nprE genes) account for more than 90% of
the total extracellular protease activity of B. subtilis, and the remaining activity is
accounted by other minor extracellular proteases, such as bacillopeptidase F (bpr
gene), Epr (epr gene), Mpr (mpr gene), and Vpr (vpr gene) (33).

Peptide pheromones, which are used as quorum sensing signals by Gram-positive
bacteria, including E. faecalis, mediate conjugative plasmid transfer and many other
fundamental behaviors, such as biofilm formation and virulence regulation (41). Our
study showed that the conjugative transfer of pCF10 between E. faecalis strains was
reduced by cleavage of cCF10. In addition, in previous studies, a cyclic peptide phero-
mone was found to be a potential target to inhibit the E. faecalis fsr quorum sensing
system. In 2007, Nakayama et al. reported that siamycin I from actinomycete metabo-
lites can attenuate fsr quorum sensing-mediated expression of virulence genes without
inhibiting the growth of E. faecalis by inhibiting the production of gelatinase biosyn-
thesis-activating pheromone (GBAP) (42). In 2009, the same group reported that
ambuic acid from fungal butanol extracts can inhibit both GBAP production by E. fae-
calis and agr autoinducing peptide (AIP) production by S. aureus, thus affecting the
quorum sensing signaling of these bacteria (43). These studies support the idea that
various substances with pheromone-quenching activity likely exist among metabolites
of microbial species and may be the key to combating E. faecalis and other pathogens.

In addition to identifying cleavage of cCF10, which attenuates quorum sensing sig-
naling in E. faecalis, we also found that small amounts of the cleavage product L pep-
tide, comprising the first 4 amino acids of the cCF10 amino terminus, can repress the
conjugative transfer of pCF10. As reported by Dunny et al., the amino terminus of the
E. faecalis peptide pheromone is crucial for its biological specificity and interactions
with pheromone receptor proteins (27). Therefore, L peptide likely binds specifically to
certain cCF10 receptor proteins of E. faecalis, such as the peptide-specific importer
PrgZ or the transcriptional regulator PrgX, thereby interfering with the transport or
regulatory effect of cCF10. In addition to L peptide, the pCF10-encoded inhibitor pep-
tide iCF10 and membrane protein PrgY were shown to repress the conjugative transfer
of pCF10 (44). iCF10 competes with cCF10 for binding to the cytoplasmic pheromone
receptor PrgX, thus enhancing the repression of the promoter PQ that drives the
expression of the prgQ operon on pCF10 (14), and PrgY potentially reduces phero-
mone activity by binding or degrading endogenous cCF10 (45). The role of L peptide is
similar to that of iCF10. However, its amino acid sequence is very different from that of
iCF10 (AITLIFI). More investigations are required to determine the mechanism by which
L peptide interferes with the conjugative transfer of pCF10 and whether fragments of
other E. faecalis peptide pheromones can also interfere with the conjugative transfer of
specific plasmids.

We found that in addition to cCF10, faecalis-cAM373 and gordonii-cAM373, mat-
ing inducers of vancomycin-resistant E. faecalis, were also cleaved by nattokinase of
B. subtilis subsp. natto. Conjugation experiments are necessary to examine whether
the intra- and interspecies conjugative transfer of the vancomycin resistance gene-
carrying plasmid pAM373 was indeed inhibited via the cleavage of the peptide
pheromone faecalis-cAM373 or gordonii-cAM373. Our current data showed that
nattokinase of B. subtilis subsp. natto might be useful to interfere with the transfer
of vancomycin resistance to E. faecalis strains.
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B. subtilis is a species of bacteria that can survive in the soil, which includes an abun-
dance of anaerobic environments and anaerobic bacteria (46). In this study, we showed
that B. subtilis subsp. natto grew and secreted nattokinase anaerobically in the pres-
ence of nitrate as a terminal electron acceptor. Therefore, B. subtilis subsp. natto likely
inhibits E. faecalis pCF10 transfer under anaerobic conditions, such as those in the
human intestinal tract. However, animal studies are further needed to evaluate the
therapeutic potential of B. subtilis natto and nattokinase. In 2018, Piewngam et al. (47)
found that mice fed B. subtilis spores exhibited a complete decolonization of methicil-
lin-resistant Staphylococcus aureus (MRSA) in the feces and intestines. Furthermore,
they demonstrated that B. subtilis can produce the lipopeptide fengycin to interfere
with S. aureus agr quorum sensing signaling (47). This study supports the idea that B.
subtilismay survive in the intestinal tract and produce functional substances to combat
enteric pathogenic bacteria.

This work was an initial probiotic screening study that targeted the pheromone-in-
ducible conjugative plasmid transfer system of E. faecalis. Our results showed that B.
subtilis subsp. natto can secret nattokinase to degrade peptide pheromone cCF10,
thereby interfering with the conjugative pCF10 transfer of E. faecalis. Moreover, we
found that specific pheromone fragment L peptide was involved in the inhibition of
conjugative pCF10 transfer. Based on these findings, we propose that nattokinase or
specific peptide pheromone fragments might contribute to mitigating the spread of
antibiotic resistance genes carried in the plasmid between E. faecalis populations.

MATERIALS ANDMETHODS
Bacterial strains, medium and growth conditions. The E. faecalis strains and plasmids used in this

study are listed in Table 3. All materials were obtained from the laboratory of Gary M. Dunny (University
of Minnesota, USA). All E. faecalis strains were statically cultured at 37°C in M9 medium (3 g/liter yeast
extract, 10 g/liter Casamino Acids, 36 g/liter glucose, 0.12 g/liter MgSO4, and 0.011 g/liter CaCl2 [12]) or
in brain heart infusion (BHI) broth (BD Co., USA). If needed, antibiotics were added at the following con-
centrations: 10mg/ml tetracycline, 200mg/ml rifampicin, and 100mg/ml spectinomycin (12). In the mat-
ing assay, OG1Sp carrying pCF10-iGFP-p23-tdTomato (denoted OG1Sp/pCF10-iGFP-p23-tdTomato) was
used as the donor, and OG1RF::p23cfp was used as the recipient.

Six probiotic strains (three lactic acid bacteria and three spore-forming bacteria) were selected, and
their effects on pCF10 transfer between E. faecalis bacteria were examined (Table 3). The three lactic
acid bacterial species are described below. Lactobacillus plantarum KGW103 was obtained from National
Chiayi University (Taiwan). Lactobacillus rhamnosus (ATCC 9595) and Lactobacillus reuteri (ATCC 23272)
were purchased from the Bioresource Collection and Research Center (BCRC, Taiwan). The three spore-
forming bacterial species are listed below. Bacillus coagulans (ATCC 10545) was purchased from BCRC.
Bacillus subtilis subsp. natto NTU-18 (BCRC 80390) isolated from the commercial product was maintained
in our laboratory (48, 49). Clostridium butyricum MIYAIRI 588 was isolated from the product Miyarisan-BM
(Miyarisan Pharmaceutical Co., Ltd., Japan). In addition, B. subtilis 168, B. subtilis BKK10300 (trpC2 DaprE::
kan), and the seven-extracellular protease-deletion strain B. subtilis KO7 (DnprE DaprE Depr Dmpr DnprB
Dvpr Dbpr) were also used in this study to confirm the role of extracellular proteases of B. subtilis subsp.
natto in the inhibition of E. faecalis pCF10 transfer (Table 3). The seven genes encoding extracellular pro-
tease in B. subtilis 168 and their orthologous genes in B. subtilis subsp. natto BEST195 (Natto Genome
Project browser; http://natto-genome.org/) are listed in Table 1. These three strains were purchased
from Bacillus Genetic Stock Center (BGSC, USA). All Lactobacillus spp. used in this study were anaerobi-
cally cultured at 37°C in De Man, Rogosa, and Sharpe (MRS) broth (BD Co., USA) supplemented with
Oxyrase for broth (Oxyrase Inc., USA). All Bacillus spp. were cultured in LB broth (10 g/liter tryptone, 5 g/
liter yeast extract, 10 g/liter sodium chloride [50]) in orbital shakers at 37°C with shaking at 125 rpm,
while C. butyricum MIYAIRI 588 was anaerobically cultured at 37°C in LB broth supplemented with
Oxyrase for broth.

Preparation of probiotic spent culture supernatants. The SCS of each probiotic bacterium was
prepared using methods described by Lin et al. (51) and Wasfi et al. (52) with some modifications. In
detail, all probiotic strains were cultured in M9 medium to eliminate growth differences arising from dif-
ferences in culture media. Buffering agents (8.5 g/liter Na2HPO4·2H2O, 3 g/liter KH2PO4, 11.5 g/liter so-
dium acetate, and 1ml/liter acetic acid) were added to the M9 medium to increase its buffering capacity
(M9 medium containing the buffering agents is denoted M9B medium) and to prevent a sharp decrease
in the pH of M9 medium during the growth of the probiotic bacteria. The initial pH value of M9B me-
dium was 6.56 0.1.

Furthermore, to ensure fully anaerobic culture conditions during the growth of the probiotic bacteria
in M9B medium, anaerobic culture was conducted in Kimax culture tubes with screw caps and rubber
liners (Kimble Inc., USA). In addition, Oxyrase for broth was added to fresh M9B medium to remove all
dissolved oxygen before inoculation with the probiotics. Next, these culture tubes were placed in an
AnaeroPack jar (Mitsubishi Gas Chemical Co., Japan) and incubated at 37°C in a growth chamber.
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Anaero-Indicator (bioMérieux Corp., France) and sodium resazurin solution (1mg/liter) were used as oxy-
gen indicators to assess the anaerobic status in both the atmosphere and medium during incubation.

Here, Lactobacillus spp. and C. butyricum MIYAIRI 588 were cultured under anaerobic conditions to
collect their SCSs. On the other hand, for collection of the SCSs of B. subtilis subsp. natto and B. coagu-
lans under different culture conditions, these bacteria were cultured under both anaerobic and aerobic
conditions. Aerobic culture was performed in a Hinton flask with incubation in orbital shakers at 37°C
with shaking at 125 rpm. After incubation for 24 h, the cultures were centrifuged (4,000� g, 10min) to
remove all cells. Then, the supernatant was filter sterilized through 0.22-mm filters (Pall Co., USA) and
stored as the untreated supernatant at 4°C.

In vitromating assay with spent probiotic culture supernatants. The in vitro mating assay with E.
faecalis was performed as described by Breuer et al. (53) and Hirt et al. (54) with some modifications. In
detail, cultures of E. faecalis OG1Sp/pCF10-iGFP-p23-tdTomato (donor) and E. faecalis OG1RF::p23cfp (re-
cipient) were grown overnight at 37°C in M9 medium. One milliliter of each overnight culture was centri-
fuged, washed twice with phosphate-buffered saline (PBS) containing 2mM EDTA, and resuspended in
400 ml of fresh M9B medium. Then, the cultures of the donor and recipient cells were mixed in a 1:1 ra-
tio, and 30 ml of the mixed culture was inoculated into 3ml (1% [vol/vol]) of mating mixture before an-
aerobic incubation at 37°C for 4 h. Here, the mating mixture was prepared by mixing the spent probiotic
culture supernatants and fresh M9B medium supplemented 1:1 with Oxyrase for broth to generate an-
aerobic conditions.

After the 4-h in vitro mating assay, serial dilutions of these samples were plated on selective Todd-
Hewitt broth (THB) agar medium containing 30 g/liter Bacto Todd-Hewitt broth (Neogen Corp., USA)
and 15 g/liter agar to count the donors (spectinomycin and tetracycline resistant), recipients (rifampicin
resistant), and transconjugants (rifampicin and tetracycline resistant). Antibiotics were added to THB
agar at the following concentrations: 10mg/ml tetracycline, 50mg/ml rifampicin, and 630mg/ml specti-
nomycin (54).

Characterization of pCF10 transfer-inhibiting substances in the spent probiotic culture
supernatants. The untreated supernatant of each probiotic culture was divided into equal portions for
different assays. For the organic acid assay, the supernatant was adjusted to pH 6.56 0.1 using 1 N
NaOH (55, 56). For the protein or heat-labile compound assays, the supernatant was placed in an 80°C
water bath for 30min and immediately transferred to an ice bath. Treated and untreated supernatants
were stored at 4°C.

Each supernatant subjected to different treatments was mixed with fresh M9B medium (1:1) as the
mating mixture and used for the mating assay to examine the effect of treated probiotic supernatants
on E. faecalis pCF10 transfer.

Supernatant fractionation through different molecular-weight-cutoff membranes. Twelve milli-
liters of the supernatant were added to an Amicon Ultra-15 centrifugal filter device (Millipore Co., USA)
with a MWCO of 30 kDa (30K) or 50 kDa (50K). The supernatant concentrate collected through the
Amicon Ultra-15 30K and Amicon Ultra-15 50K filters was retained. The filtrate collected through the
Amicon Ultra-15 30K filter was added to an Amicon Ultra-15 10K filter. Similarly, the concentrate was
retained, and the filtrate was further added to an Amicon Ultra-15 3K filter. Finally, several fractions with
different MWs (.50 kDa, .30 kDa, 10 to 30 kDa, 3 to 10 kDa, and ,3 kDa) were obtained. All fractions
were freeze-dried and redissolved in 4ml of double-distilled water (ddH2O) to eliminate the effect of dif-
ferences in concentration. Next, the effects of these concentrated (3�) fractions of supernatant on the
transfer of plasmid pCF10 were examined.

Determination of the total protein concentration in the probiotic culture supernatant. Fifty
microliters of filter-sterilized culture supernatant were mixed with 200ml of Coomassie brilliant blue G-
250, and the absorbance was measured at 595 nm to determine the extracellular protein concentration
in the probiotic culture supernatant. The concentration of total extracellular protein was calculated from
the standard curve constructed from different concentrations of bovine serum albumin (BSA) (57).

SDS-PAGE of the probiotic culture supernatant was conducted using the procedure described by Cai
et al. with some modifications (58). In detail, 1,800ml of filter-sterilized culture supernatant was mixed
with 200ml of trichloroacetic acid (TCA) solution (6.1 N), maintained at 4°C overnight, and centrifuged at
13,000� g for 10min. The precipitate was washed twice with ethanol, dried, and redissolved in a solu-
tion containing 2 M thiourea and 8 M urea. The sample was then mixed with 5� SDS-PAGE sample
buffer (4:1), and 5 or 10ml of the solution was subjected to SDS-PAGE. A BSA solution (1mg/ml) was
used as the positive control. The gel was then stained with Coomassie brilliant blue R-250 solution.

GFP induction assay and analysis. This assay was conducted using the method described by
Breuer et al. (53), with some modifications. In detail, 1ml of overnight cultures of E. faecalis OG1Sp/
pCF10-iGFP-p23-tdTomato was centrifuged, washed twice with PBS containing 2mM EDTA, and resus-
pended in fresh M9B medium. The cultures were then subcultured (1:4) in mating mixture and grown to
the early exponential phase by incubating them for 1 h at 37°C. The cultures were then induced with
2.5 ng/ml cCF10, and cells were harvested at 0, 60, and 120min. Cells were fixed immediately upon har-
vest by resuspending them in PBS containing 2% paraformaldehyde and incubated at 4°C overnight.
After fixation, cells were collected by centrifugation at 14,000� g for 2min and subsequently
declumped to break apart the bacterial aggregates before the expression of the GFP reporter was quan-
tified using flow cytometry (BD FACSCanto II).

Analysis of peptide pheromones using HPLC and MS. Synthetic pheromone (100 ng/ml) dissolved
in M9B medium (150ml total) was treated with 50ml of the probiotic supernatant at 37°C for 30min and
immediately transferred to an ice bath. Next, the assay mixtures were injected into a reverse-phase
high-performance liquid chromatography (RP-HPLC) system equipped with an Osaka Soda (Shiseido)
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CAPCELL PAK C18 column (particle size, 5mm; column dimensions, 4.6mm by 250mm). A binary buffer
system (solvent A, water containing 0.1% trifluoroacetic acid [TFA]; solvent B, acetonitrile containing
0.1% TFA) was used to establish the mobile phase gradient. Peptides were separated using a linear gra-
dient of 0% to 100% solvent B for 30min at a flow rate of 1ml/min with detection at 220 nm.

For sample preparation for mass spectrometry (MS), synthetic pheromones were dissolved in 50mM
phosphate buffer containing 150mM NaCl (pH 7.0) and cleaved with 1mg/ml nattokinase solution.
Nattokinase was purified from cultures of B. subtilis subsp. natto as described in our previous study (59).
Briefly, the culture supernatant of B. subtilis subsp. natto was first fractionated according to the MWs of
proteins. Only the fraction that presented nattokinase activity and a single band on 15% SDS-PAGE gels
was used in the experiments. Nattokinase activity was determined using a chromogenic method with
S2251 (H-D-Val-Leu-Lys-p-nitroanilide dihydrochloride) as the substrate (60). Purified nattokinase was fur-
ther analyzed using MS to ensure its identity and purity. After the synthetic pheromone was treated
with nattokinase, the new peaks appearing in the HPLC chromatogram were collected, purified, and ana-
lyzed using a matrix-assisted laser desorption ionization–time of flight (MALDI-TOF) mass spectrometer
(Bruker AutoFlex III smartbeam TOF/TOF200).

Statistics. All experiments were repeated at least three times with consistent results. R (version
4.0.0) was used for data analysis. One-way analysis of variance (ANOVA) was performed first. Next, multi-
ple comparisons were evaluated using Duncan’s multiple-range test.

Data availability. The data used to support the findings of this study are available from the corre-
sponding author upon request.
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