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A B S T R A C T

Purpose: Bile acids play an important role in Clostridioides difficile life cycle. Deoxycholate (DCA), one of the most
abundant secondary bile acids, is known to inhibit vegetative growth and toxin production. However, limited data
are available on the role of DCA on C. difficile sporulation. Here, we investigated the phenotypic and genotypic
impact of DCA on the growth, toxin production, and sporulation of C. difficile.
Methodology: Four genetically divergent C. difficile strains were cultured in nutrient-rich broth with and without
DCA at various concentrations, and growth activity was evaluated for each strain. Cytotoxicity assays using
culture supernatants from cells grown in nutrient-rich broth with and without 0.01% DCA were conducted.
Sporulation efficiency was determined using sporulation media with and without 0.01% DCA. Transcript levels of
tcdB and spo0A were analyzed using quantitative reverse-transcription polymerase chain reaction.
Results:We found that DCA led to growth reduction in a dose-depended manner and regulated toxin production by
repressing tcdB expression during vegetative growth. To our knowledge, we have also provided the first evidence
that DCA reduces C. difficile sporulation efficiency through the downregulation of spo0A expression during the
sporulation stage.
Conclusions: DCA modulates C. difficile sporulation, vegetative growth, and toxin production.
1. Introduction

Clostridioides difficile is a Gram-positive, anaerobic, spore-forming
bacterium that causes a spectrum of symptoms, ranging from mild diar-
rhea to severe pseudomembranous colitis and even death [1, 2].
C. difficile infection (CDI) is a well-known cause of health-care-associated
infectious diarrhea related to the disruption of the indigenous intestinal
microbiota as a result of prolonged drug treatment, including treatment
with antibiotics, and it is especially prevalent among hospitalized old
adults [2, 3]. Clinical manifestations of CDI are largely triggered by the
toxins produced by vegetative cells, such as toxin A (TcdA), toxin B
(TcdB), and binary toxin (Cdt) [4]. The incidence of community-acquired
CDI has also increased over the past decade [5].

Bile acids are known to play important roles during infection by
C. difficile at all stages of its life cycle [6, 7, 8, 9]. Primary bile acids, such
as taurocholate (TCA) and cholate, together with glycine, are known to
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initiate C. difficile spore germination in the distal small intestine [6, 10].
However chenodeoxycholate, another primary bile acid, can inhibit
TCA-mediated spore germination [11]. Moreover, previous studies have
demonstrated that deoxycholate (DCA), one of the most abundant sec-
ondary bile acids derived from cholate, inhibits the vegetative growth of
C. difficile and its toxin activity in vitro [6, 9]. Although this inhibitionmay
be strain-dependent and is reported to be triggered by the functional
disruption of the cell membrane in some bacteria [12, 13], the mecha-
nisms underlying it are yet to be elucidated. Moreover, in a murine model
of CDI, antibiotic treatment induced spore germination, and increased the
vegetative growth and toxin activity due to reduced levels of secondary
bile acids, including DCA, in the cecum [14]. Therefore, an understanding
of how DCA and other secondary bile acids control the life cycle of
C. difficile in terms of vegetative cell proliferation and toxin production in
the large intestine, may contribute to the prediction of CDI risk and
therapeutic response, including response to recurrent CDI treatments.
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A previous study has indicated that the human gut bacterium Clos-
tridium scindens expresses 7-alpha-dehydroxylase in the large intestine,
which converts the primary bile acids, cholate and chenodeoxycholate, to
the secondary bile acids, DCA and lithocholate (LCA), respectively, and
inhibits CDI in animal models and human patients [15]. Very recently,
Kang et al. [16] reported that secondary bile acids enhance the activity of
tryptophan-derived antibiotics secreted by bile acid 7-alpha-dehydroxy-
lating gut bacteria, including C. scindens, resulting in the inhibition of
C. difficile growth. Therefore, reduction in the biosynthesis of secondary
bile acids due to decreased abundance of gut bacteria secreting 7-alpha--
dehydroxylase results in the disruption of CDI resistance [17, 18]. Among
the approximately 50 different secondary bile acids found in the large
intestine of humans, the physiological concentrations of the most abun-
dant bile acids, DCA, LCA, and ursodeoxcholate, are in the 0.03–0.7,
0.001–0.45, and 0–0.769 mM ranges, respectively [9, 10]. Moreover,
Solbach et al. [19] recently reported that the abundance of the baiCD
gene cluster, which is required for the conversion of primary bile acids to
secondary bile acids in C. scindens, is negatively correlated with CDI.
Although several studies have shown that DCA induces the germination
of C. difficile [6, 9], the precise role of secondary bile acids in the spor-
ulation of C. difficile still remains unclear due to a lack of relevant in-
formation or knowledge. Thus, additional data are needed to
comprehend how secondary bile acids cause the re-sporulation of
C. difficile. Such data may also contribute to the suppression of vegetative
cell proliferation and toxin release and would further advance our
knowledge regarding the role of bile acids in both the developmental life
cycle of C. difficile, as well as in the onset of CDI.

In the present study, we investigated the phenotypic and genotypic
effects of DCA, which is one of the most abundant secondary bile acids in
the large intestine, and aimed to investigate the phenotypic and geno-
typic impacts of DCA on the growth, toxin production, and sporulation of
C. difficile.

2. Materials and methods

2.1. Bacteria strains and growth conditions

In this study, we used the clinically relevant strains of C. difficile,
American Type Culture Collection (ATCC) 700057 (Ribotype 038;
TcdA�, TcdB�, Cdt�) and ATCC BAA-1870 (Ribotype 027; TcdAþ, TcdBþ,
Cdtþ) were used in the study. We also used clinical isolates 138 (TcdAþ,
TcdBþ, Cdtþ) [20, 21] and B-12-14 (TcdAþ, TcdBþ, Cdt�) [20], which
were previously isolated from stool samples of patients with diarrhea.
These genetically divergent strains belong to different multilocus
sequence typing-based sequence types (STs): ATCC 700057 belongs to ST
48, ATCC BAA-1870 to ST 1, 138 to ST 97, and B-12-14 to ST 17. The
C. difficile strains were grown at 37 �C using brain heart infusion (BHI;
Oxoid, Basingstoke, UK) broth or agar plates supplemented with 5 g/L
yeast extract and 0.1% (w/v) L-cysteine (BHIS) in an anaerobic bag
flushed and filled with N2 gas [22]. For stimulating spore formation, a
70:30 medium consisting of 63 g/L Bacto Peptone, 3.5 g/L Proteose
Peptone, 11.1 g/L BHI, 1.5 g/L yeast extract, 1.06 g/L Tris base, 0.7 g/L
NH4SO4, and 0.3 g/L L-cysteine, which is a well-established and
commonly usedmedium for inducing C. difficile sporulation [23, 24], was
used. Sodium DCA (Wako Pure Chemical Industries, Osaka, Japan) was
added to the BHIS broth and 70:30 media as necessary for all assays. For
measuring sporulation efficiency, BHIS agar plates supplemented with
0.1% sodium TCA (Nacalai Tesque, Kyoto, Japan), which is well-known
as a major germinant [23, 25], were used for the proper germination of
spores.

2.2. Growth kinetics

Pre-cultured C. difficile strains grown on BHIS agar plates were
inoculated into BHIS broth and incubated anaerobically overnight at 37
�C. The optical density of the overnight culture was measured at 550 nm
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(OD550), and the culture was subsequently diluted in fresh 10 mL BHIS
broth containing different concentrations of DCA (0.001%, 0.01%, or
0.05%), such that the starting OD550 was 0.01 for all the strains. The
0.001%, 0.01%, and 0.05% strengths correspond approximately to
0.024, 0.24, and 1.2 mM DCA, respectively [9, 10]. After 24 h of incu-
bation at 37 �C, the OD550 values of all the cultures were determined.
Based on the results obtained for the four strains, we used 0.01% DCA
(approximately 0.24 mM, estimated as the physiological concentration)
and/or 0.001% DCA (approximately 0.024 mM, estimated to be slightly
below the physiological concentration) for analyzing the growth kinetics
and for conducting subsequent experiments. The growth kinetics of the
four strains used in this study were also determined by measuring the
OD550 values of the cultures for up to 12 h, because, in our preliminary
experiment, we found that all these strains attained the stationary growth
phase by 12 h (data not shown). The procedure for analysis of the growth
kinetics was repeated three times.

2.3. Cytotoxicity assay

An in vitro cytotoxicity assay was performed using Vero cells, in which
C. difficile strains show potent toxic activity [26]. Vero cells were cultured
in D-MEM medium (Wako Pure Chemical Industries, Osaka, Japan),
supplemented with 10% fetal bovine serum, 100 units/mL penicillin, and
100 μg/mL streptomycin for 72 h. Then, Vero cells (1.0� 104 cells) were
seeded (100 μL) into each of the 96 wells of culture plates and incubated
at 37 �C and 5% CO2 for 48 h.

Cells of C. difficile strains in the stationary growth phase, after being
cultured at 37 �C for 24 h in BHIS broth with and without 0.01% DCA
(estimated as the physiological concentration), were diluted in fresh
BHIS broth to an OD550 of 0.6 to adjust cell counts. The C. difficile cultures
were centrifuged at 19,000 � g for 30 min, and the filtered supernatant
(10 μL) was added to 96-well plates containing Vero cells. After the plates
were incubated at 37 �C and 5% CO2 for 48 h, cell viability was deter-
mined in triplicate using the Cell Counting Kit-8 (Dojindo, Kumamoto,
Japan), a WST-8 dye-based colorimetric reaction [20, 27]. Optical den-
sity wasmeasured at 450 nm using amicroplate reader and normalized to
the untreated blank samples. The ATCC 700057 and ATCC BAA-1870
strains were used as negative and positive controls, respectively. The
results are presented as means � standard deviations (SD) of percentage
cell viability.

2.4. Sporulation efficiency

C. difficile strains grown for 24 h in 70:30 broth with and without
0.001% DCA and 0.01% DCA, were heated at 80 �C for 10 min to kill all
the vegetative cells (germinated spores). To quantify heat-resistant
spores, appropriate volumes of serially-diluted heated or unheated cul-
tures, which represented heat-resistant cells and total cells, respectively,
were plated onto BHIS agar plates supplemented with 0.1% TCA. After 24
h of anaerobic incubation at 37 �C, the colonies were counted. Sporula-
tion efficiency was determined as the ratio of heat-resistant cells and total
cells (heat-resistant cells/total cells) for each strain relative to the data
from cultures without DCA.

2.5. Morphological analysis using fluorescent staining

To investigate whether DCA affects the sporulation process, we
analyzed cell morphology using fluorescence microscopy. C. difficile
strains ATCC BAA-1870 and 138 were anaerobically cultured in 10 mL
70:30 broth with and without 0.01% DCA for 24 h. The cells were
collected from 1-mL aliquots by centrifugation at 19,000 � g for 3 min
and immediately washed with phosphate-buffered saline (PBS) and
resuspended in 1 mL PBS. The 5-μL bacterial suspensions were mixed
with 1 μL of each 5 μg/mL FM4-64 (Thermo Fisher Scientific, Tokyo,
Japan) and 15 μg/mL Hoechst 33342 (Dojindo) for staining the cell
membrane and double-stranded DNA, respectively [24], and the stained
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cells were mounted on 1% agarose-coated glass slides. The stained cells
were then observed using fluorescence microscopy (OlympusModel BX5;
Olympus, Tokyo, Japan) and classified into four stages based on their
morphology (vegetative cells, early stage of spore formation, late stage of
spore formation, and mature spore). One thousand cells were counted for
each sample from 24-h cultures grown in 70:30 broth with and without
0.01% DCA.
Table 1. Primers used in the current study.

Name Sequence (50 to 30)

16S ribosomal RNA

16S-F GATTTACTTCGGTAAAGAGCGG

16S-R CCTTACCAACTAGCTAATCAGACG

tcdB

tcdB-F GGCAAATGTAAGATTTCGTACTCA

tcdB-R TCGACTACAGTATTCTCTGAC

spo0A

spo0A-F AGCGCAATAAATCTAGGAGCAGA

spo0A-R TGGTCTAGGTTTTGGCTCAACT

Figure 1. Growth of Clostridioides difficile strains (A) C. difficile strains were cultured
density at 550 nm (OD550) was measured after 24 h of incubation. The ODs were no
determined by measuring the OD550 values of f the cultures of all the four strains in th
� standard deviation of triplicate experiments. ***p < 0.001, **p < 0.01.
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2.6. RNA extraction and real-time quantitative reverse transcription
polymerase chain reaction (RT-qPCR)

For the analysis of tcdB transcript levels, total RNA was extracted
from cultures of the three toxin-producing strains, BAA-1870, 138, and
B-12-14, growing in the exponential growth phase, after incubation for
7 h at 37 �C in BHIS broth with and without 0.01% DCA, using the
NucleoSpin RNA kit (Takara Bio, Shiga, Japan). For the analysis of
spo0A transcript levels, total RNA extraction was performed using
cultures of all the four strains, ATCC 700056, BAA-1870, 138, and B-
12-14, growing in the stationary growth phase, after incubation for 24
h at 37 �C in 70:30 broth with and without 0.01% DCA. Complemen-
tary DNA (cDNA) was synthesized from 200 ng of total RNA using the
PrimeScript RT Master Mix (Takara Bio). The RT-qPCR assays were
performed in triplicate using the KAPA SYBR Fast qPCR Kit (NIPPON
Genetics, Tokyo, Japan). Each reaction contained 5 μL of master mix,
200 nM of each primer, 1 μL of cDNA template (10-fold dilution), and
nuclease-free water in a final volume of 10 μL. The primers used in
these reactions are listed in Table 1. Amplification and detection of
PCR products were performed using an Eco Real-Time PCR System
(Illumina, San Diego, California) as follows: initial denaturation at 95
�C for 20 s, followed by 40 cycles of 95 �C for 3 s, and 50 �C for 20 s;
and melting curve analysis was performed at temperatures from 55 �C
in BHIS broth with and without DCA (at 0%, 0.001%, 0.01%, or 0.05%). Optical
rmalized to relative to that in the presence of 0% DCA (B) Growth kinetics were
e presence or absence of 0.01% DCA for up to 12 h of incubation. Data are means



Y. Usui et al. Heliyon 6 (2020) e03717
to 95 �C. The transcript levels were normalized to that of the house-
keeping gene 16S rRNA and quantified using the comparative
threshold cycle (Ct) method (2�ΔΔCt).

2.7. Statistical analyses

All assays were performed three times, and the data are shown as
means � SD. In growth and sporulation efficiency studies (Figure 1A and
Figure 3A), statistical significance of the differences between controls
and other groups was calculated using one-way analysis of variance and
Dunnett's multiple comparison post-hoc test. In other experiments, such
as those involving the study of toxin production (Figure 2A, B, and
Figure 3D), the significance between two different groups was calculated
by multiple Student's t-test and Holm–Sidak post-hoc pairwise compari-
son of means. All statistical analyses were performed using Prism version
7.0 (GraphPad Software, La Jolla, California, USA) and p < 0.05 was
considered significant.
Figure 2. Toxin production and tcdB expression in Clostridioides difficile strains
(A) After 24 h of incubation in BHIS broth with and without 0.01% DCA, the
final number of C. difficile cells in the stationary growth phase was adjusted, and
the culture supernatants were then used for cytotoxicity assays. The viability of
Vero cells was determined using the Cell Counting Kit-8. The data are presented
as the percentage of Vero cell viability (B) Transcript levels of tcdB in C. difficile
cells (in the exponential growth phase) grown for 7 h in BHIS broth with and
without 0.01% DCA were analyzed using RT-qPCR. The transcript levels are
relative to that in cells grown in the absence of DCA (BHIS) after normalization
with respect to the transcript levels of the housekeeping 16S rRNA gene. Data
are means � standard deviation of triplicate experiments. ***p < 0.001, *p
< 0.05.
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3. Results

3.1. DCA inhibited C. difficile growth in a dose-dependent manner

Previous studies have demonstrated that DCA reduces C. difficile
growth in a strain-dependent manner [6, 9]. Therefore, we investigated
the growth of C. difficile strains in the presence of four different DCA
concentrations in BHIS broth containing the physiological relevant
concentration of DCA (0.01%, corresponding to approximately 0.24
mM) [9, 10]. We found that the growth of the strains examined in the
current study was reduced by DCA in a dose-dependent manner
(Figure 1A). No proliferation was observed under vegetative growth
conditions for 24 h at 37 �C with 0.05% DCA. Furthermore, when
ATCC BAA-1870 and 138 strains were grown under vegetative growth
conditions for 12 h at 37 �C with 0.01% DCA, both the strains
demonstrated slower growth compared to that in the absence of DCA,
and the delayed growth involved both a prolonged exponential phase
and a decrease in the final cell density (Figure 1B). Taken together,
these results indicate that DCA led to a reduction in the vegetative
growth of both the strains in a dose-dependent manner, and that the
highest concentration of DCA (0.05%) completely inhibited the
growth.

3.2. DCA regulated tcdB expression and toxin production

Because DCA is known to affect the toxin activity of C. difficile [9], we
conducted cytotoxicity assays using the supernatants of cells in the
stationary growth phase, after culture in BHIS broth with and without
the addition of 0.01% DCA, to analyze the amount of toxin released from
C. difficile cells. When the final cell counts were adjusted based on the
optical density of the cultures, Vero cells exposed to the culture super-
natants of the ATCC BAA-1870 (TcdAþ, TcdBþ, Cdtþ) strain grown in the
presence of 0.01% DCA demonstrated significantly increased cell
viability compared to that of Vero cells exposed to the culture super-
natants of the ATCC BAA-1870 strain grown without DCA (Figure 2A).
Vero cells exposed to the culture supernatants of the 138 (TcdAþ, TcdBþ,
Cdtþ) and B-12-14 (TcdAþ, TcdBþ, Cdt�) strains grown in the presence
of 0.01% DCA also tended to demonstrate increased cell viability
(Figure 2A). In contrast, Vero cells exposed to culture supernatants of
the non-toxin-producing strain, ATCC 700057 grown with and without
DCA, had the same level of viability, suggesting that DCA did not
directly affect the viability of Vero cells. These results indicate that DCA
reduces the production of toxin by C. difficile under vegetative growth
conditions.

To confirm these phenotypic findings, we further analyzed the
cellular transcript levels of tcdB, which encodes a major virulence factor
in C. difficile, at the exponential growth phase using RT-qPCR. Consistent
with the phenotypic results, tcdB transcript levels were significantly
decreased in all the toxin-producing strains grown in the presence of
0.01%DCA compared to that in the cells grownwithout DCA (Figure 2B).
Collectively, our results indicated that DCA negatively regulates toxin
production, at least by repressing tcdB transcription under vegetative
growth conditions.

3.3. DCA reduced C. difficile sporulation efficiency by downregulating
spo0A expression

While DCA inhibited the vegetative cell growth and toxin production
under vegetative growth conditions, it was still unclear whether it also
controlled the sporulation under sporulation conditions. Therefore, we
also evaluated the relationship between DCA and the ability to form
spores. In the stationary growth phase, the sporulation efficiency of
C. difficile, based on the reduction in non-germinated spores at 80 �C, was
significantly decreased in the presence of both 0.001% and 0.01% DCA
compared to that of cells grown without DCA for all the four strains used
in this study (Figure 3A). Moreover, we also found that DCA inhibited the
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sporulation efficiencies of all the four strains in a dose-dependent
manner. Because DCA not only suppressed the vegetative growth but
also reduced the sporulation efficiency in the same manner in all the four
strains, we then investigated whether it directly modulated the sporu-
lation process by assessing its effect of DCA on the overall homogeneity of
spore-forming cells using fluorescent staining (Figure 3B). We observed
that in ATCC BAA-1870, the sporulation efficiency of which was most
strongly reduced in 0.01% DCA, and 138, the sporulation efficiency of
which was similar to that of 700057 and B-12-14, the subpopulation
(percentage) of cells in the sporulation stage was decreased in the pres-
ence of 0.01% DCA compared to that in the absence of DCA (Figure 3C).
Thus, our findings suggest that DCA affected the viability of vegetative
cells and directly inhibited the sporulation process leading to reduced
sporulation efficiency.

Based on a previous finding that the accumulation of Spo0A in
C. difficile cells leads to more rapid sporulation [25], we hypothesized
that DCA may diminish the sporulation efficiency via inhibiting a
Spo0A-dependent sporulation pathway. To investigate this possibility,
we evaluated spo0A expression under sporulation conditions using
RT-qPCR. As expected, the spo0A transcript levels in ATCC 700057,
ATCC BAA-1870, 138, and B-12-14 cells (means � SD: 0.39� 0.06, 0.53
� 0.06, 0.82 � 0.03, 0.41 � 0.02, respectively) in the stationary growth
phase were significantly decreased when they were grown for 24 h in
the presence of 0.01% DCA relative to spo0A transcript levels observed
when these cells were grown without DCA (Figure 3D). This indicated
that reduced spo0A transcript levels resulted in lower sporulation
efficiency.
Figure 3. Sporulation efficiency, morphological analysis, and transcript levels of
reduction of non-germinated spores at 80 �C) was defined as the ratio of heat-resistan
compared to the cells grown without DCA (B) The cell membranes of C. difficile strai
DNA was stained with Hoechst 33342. The samples were then observed under a fluor
stages, as shown in panel (B) and the number of each cell type was determined. O
C. difficile strains grown for 24 h in 70:30 broth, with and without 0.01% DCA was a
broth) after normalization to the transcript levels of the housekeeping 16S rRNA gen
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4. Discussion

In several bacteria, such as Gram-positive Lactobacilli and Bifido-
bacteria, the inhibition of growth by DCA is caused by its cell membrane-
damaging activities, which lead to the leakage of essential cellular
components, and the activities are involved in strong hydrophobicity,
which increases the affinity of DCA for the phospholipid bilayer of the
bacterial cell membrane [12, 13]. Although the mechanism of inhibition
of C. difficile growth remains unclear, previous studies have indicated
that DCA inhibits its vegetative growth in C. difficile [6, 9]. In the present
study, the findings of the several experiments were consistent and
demonstrated that DCA inhibited the vegetative growth of C. difficile in a
dose-dependent manner. We also found that the four phylogenetically
divergent strains showed the same growth tendencies in the presence of
0.001%–0.05% DCA. However, Thanissery et al. [9] demonstrated that
the sensitivity of vegetative growth in DCA-containing broths is strain
dependent, because among seven clinically relevant strains, including
epidemic R20291 and M68 strains, historic 630 strain and current the
Bl-9 strain [28] were unable to grow in the presence of 0.02% DCA.
Therefore, the discrepancy between our results and those reported pre-
viously [9] might result from the differences in the hydrophobicities of
the cell membranes of the vegetative cells of different strains. It is not
surprising that DCA inhibited the vegetative growth of C. difficile through
cell membrane-damaging activities in agreement with previous findings
[12, 13]. Further analysis of vegetative growth through a hydrophobicity
assay, using more strains should provide additional insights into the
physiological role of DCA during CDI.
spo0A in Clostridioides difficile strains (A) Sporulation efficiency (based on the
t cells/total cells of each strain grown in the presence of 0.001% and 0.01% DCA
ns grown in the 70:30 broth were stained with FM4-64 and the double-stranded
escence microscope (C) The stained cells were classified into four morphological
ne thousand cells were counted in each sample (D) The expression of spo0A in
nalyzed using RT-qPCR. Values are relative to that in the absence of DCA (70:30
e. Data are means � standard deviation of triplicate experiments. ***p < 0.001.
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It is evidently critical to routinely test the levels of toxin A and/or B
secreted by vegetative cells in patients with antibiotic-associated
diarrhea and/or pseudomembranous colitis for immediate start of
treatment with metronidazole or vancomycin in a clinical setting [2,
3]. A previous study reported that DCA affected the toxin activity
depending on the C. difficile strain [9]; however, this statement was
based on a semi-quantitative cytotoxicity assay and no accurate data
for the amount of toxins was provided. Here, we investigated if DCA
modulates the synthesis and/or release of toxin to obtain additional
data that would improve our understanding of the relationship be-
tween DCA and toxin production using a well-established and
commercially available kit based on the index of cell viability. Our
current results, coupled with the results of the prior study [9],
demonstrate that DCA negatively regulates toxin production in
C. difficile cells in the stationary growth phase under vegetative growth
conditions. However, because reduced C. difficile growth may lead to
reduced toxin production, we further investigated the relationship
between DCA and tcdB transcription. In the current study, our findings
suggested that the reduced toxin production resulted from the down-
regulation of tcdB expression, although the transcript levels obtained in
cells in the exponential growth phase may be underestimated relative
to those in the stationary phase. The expression of tcdB was signifi-
cantly decreased in strains 138 and B-12-14, but we were unable to
detect a significant phenotypic difference between the two strains
(Figure 2A and B). One possibility for the contradiction is that the
cytotoxicity levels in strains 138 and B-12-14 resulted from other
toxins, such as TcdA and Cdt, indicating toxicity to Vero cells [4, 29,
30]. However, in this study, we did not investigate the relationship
between the transcript levels of toxins besides TcdB and DCA. Further
research is warranted to determine whether DCA controls the pro-
duction of TcdA and Cdt, as well as that of their regulators, such as
TcdR and SigD.

To date, it remains unclear as to how DCA affects the sporulation in
C. difficile. Previous studies using a related species Clostridium per-
fringens strain SM101 demonstrated that DCA induces sporulation
through the activation of a Spo0A-dependent signaling pathway [31,
32]. However, in contrast to this finding, our results suggested that
DCA reduces the sporulation efficiency in response to repression of
spo0A expression. This discrepancy may result from the fact that the
sporulation regulatory circuit in C. difficile differs from that in
C. perfringens. Moreover, it is possible that a classical two-component
system involving several histidine kinases [33] primarily regulates
the DCA-mediated sporulation in C. difficile by modulating the phos-
phorylation of Spo0A. Unfortunately, although we were unable to
determine the detailed mechanism through which DCA regulates
Spo0A, we believe that our study is the first to elucidate the relation-
ship between DCA and C. difficile sporulation. Further studies evalu-
ating the related histidine kinases would help to determine any
possible cross talk involved in DCA-mediated sporulation.

In conclusion, we found that: 1) DCA inhibited efficient vegetative
growth in C. difficile in a dose-dependent manner; 2) DCA regulated toxin
production under vegetative growth conditions by repressing tcdB
expression; and 3) DCA reduced C. difficile sporulation efficiency through
the downregulation of spo0A. Further investigations, including tran-
scriptome analyses, are required to clarify the interaction between DCA
and the cellular physiology of C. difficile.
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