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Abstract: Clostridium perfringens enterotoxin (Cpe)-producing strains cause gastrointestinal infections
in humans and account for the second-largest number of all foodborne outbreaks caused by bacterial
toxins. The Cpe toxin is only produced during sporulation; this process might be affected when
C. perfringens comes into contact with host cells. The current study determined how the cpe expression
levels and spore formation changed over time during co-culture with Caco-2 cells (as a model of
intestinal epithelial cells). In co-culture with Caco-2 cells, total C. perfringens cell counts first decreased
and then remained more or less stable, whereas spore counts were stable over the whole incubation
period. The cpe mRNA level in the co-culture with Caco-2 cells increased more rapidly than in the
absence of Caco-2 cells (3.9-fold higher levels in coculture than in the absence of Caco-2 cells after
8 h of incubation). Finally, we found that cpe expression is inhibited by a cue released by Caco-2
cells (8.3-fold lower levels in the presence of supernatants of Caco-2 cells than in the absence of the
supernatants after 10 h of incubation); as a consequence, the increased expression in co-culture with
Caco-2 cells must be caused by a factor associated with the Caco-2 cells.

Keywords: Clostridium perfringens enterotoxin; cpe; sporulation; host-pathogen interaction; Caco-2 cells

1. Introduction

Clostridium perfringens is a common pathogen causing histotoxic and intestinal infec-
tions in humans and animals [1,2]. Secreted toxins of C. perfringens play a vital role in host
infection. The bacterium can produce 23 different toxins and many extracellular hydrolytic
enzymes [3–6]. Strains belonging to this species are divided into seven types (from type A
to G) based on the presence or absence of the main toxins [5,7]. C. perfringens enterotoxin
(Cpe) is a toxin that causes food poisoning, and strains producing this toxin belong to
C. perfringens type F.

Humans and animals are usually infected after coming into contact with foodborne
C. perfringens, and the production of Cpe depends on sporulation [8]. The bacterial cells
start an asymmetrical division to initiate the sporulation process and form a forespore
and a mother cell. Forespores are released and mother cells lyse during the sporulation
process, thereby releasing the toxin. After this, the toxin can exert its activity in the host
intestine [9,10]. Thus far, research studies have primarily focused on sporulation media,
growth characteristics, and the production of Cpe protein, but the cpe expression kinetics
during sporulation have not been studied.

The human epithelial cell line Caco-2 is widely used as a model for investigating the
interaction between a toxin and the human host. Previous studies focused on the role of Cpe
in activating the cell death pathway in the host or on investigating morphological effects of
host exposure to Cpe [11–15]. Yasugi and coworkers found that type F C. perfringens strains
only showed severe cytotoxicity during Cpe production and sporulation in co-culture
with Caco-2 cells [16]. Also, they determined Cpe production in the presence of Caco-2
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cells after 12 h by Western blot and reversed passive latex agglutination. However, cpe
expression kinetics have not been reported during co-culture with host cells. Meanwhile,
understanding cpe expression is vital to control C. perfringens enterotoxin production.
Therefore, the aim of this study was to determine the impact of interaction with host cells
on cpe expression and sporulation of C. perfringens, using Caco-2 cells as a model.

2. Materials and Methods
2.1. Bacterial Strain and Growth Conditions

The strain LMG 453, a C. perfringens type F food poisoning isolate [5,17], was obtained
from the BCCM/LMG culture collection, stored at −75 ◦C on glass beads, and revived
in 9 mL brain heart infusion broth (BHI, CM1135, Oxoid, Hampshire, UK) overnight at
37 ◦C in an anaerobic jar (HP0011A, Oxoid, Hampshire, UK) with an anaerobic indicator
(BR0055, Oxoid, Hampshire, UK) and an anaerobic sachet (AN0035, Oxoid, Hampshire,
UK). Overnight cultures were transferred into cold storage tubes (375418PK, Nunc, Thermo
Scientific, Waltham, MA, USA) with 20% sterilized glycerol (CL00.0706, Chem-Lab, Zedel-
gem, Belgium) and stored at−75 ◦C until further use. To confirm the purity of C. perfringens,
loops of the stock cultures were streaked on Tryptic Soy Agar (CM0131, Oxoid) plates
and anaerobically incubated for 24 h at 37 ◦C, then stored at 4 ◦C as work stocks for up
to 3 weeks. Trypticase peptone glucose yeast extract broth (50 g/L pancreatic digest of
casein, 211921, BD; 5 g/L peptone, LP0034, Oxoid, Hampshire, UK; 20 g/L yeast extract,
LP0021, Oxoid, Hampshire, UK; 4 g/L glucose, CL00.0710, Chem-Lab, Zedelgem, Belgium;
1 g/L sodium thioglycolate, STBJ0402, Sigma-Aldrich, St. Louis, MO, USA), and brain
heart infusion agar (15 g/L agar LP0011, Oxoid, Hampshire, UK and 37 g/L BHI, CM1135,
Oxoid, Hampshire, UK) were used to grow and count C. perfringens, respectively [18].

2.2. Sporulation of C. perfringens

A single colony of a stock culture was transferred to 10 mL of trypticase peptone
glucose yeast extract broth, anaerobically incubated at 37 ◦C for 19 to 20 h, after which,
200 µL of the grown culture was transferred into a tube containing fresh trypticase peptone
glucose yeast extract broth for the second overnight growth. The modified Duncan Strong
medium (15 g/L proteose peptone, LP0085, Oxoid, Hampshire, UK; 4 g/L yeast extract,
LP0021, Oxoid, Hampshire, UK; 1 g/L sodium thioglycolate, STBJ0402, Sigma-Aldrich,
St. Louis, MO, USA; 10 g/L sodium phosphate dibasic, BCBV5946, Sigma-Aldrich; 4 g/L
raffinose, BCCC1674, Sigma-Aldrich) was used for C. perfringens sporulation. The pH was
adjusted to 7.8 ± 0.1 at room temperature before use, and the medium was prepared within
three days before use [18,19]. Ten per cent by volume of a grown C. perfringens culture was
transferred into a sterilized modified Duncan Strong medium and anaerobically incubated
at 37 ◦C to initiate sporulation [19]. All samples were heated to 70.5 ◦C in a water bath
(GD 120, Grant Instruments Ltd., Cambridge, UK) for 20 min to inactivate vegetative
C. perfringens cells and then promptly cooled on ice water for at least 3 min. Then, samples
were serially diluted in peptone physiological solution (1 g/L peptone; 8.5 g/L NaCl, S9888,
Sigma-Aldrich) and spread-plated on brain heart infusion agar in duplicate, after which
the plates were anaerobically incubated for 24 h at 37 ◦C. The experiment was repeated
three times.

2.3. Caco-2 Cell Culture

Caco-2 cells (ATCC HTB37) were obtained from the American Type Culture Collec-
tion. The cells were cultivated in Dulbecco’s Modified Eagle Medium supplemented with
GlutaMAX (10569010, Life Technologies Limited, Renfrew, UK), 10% fetal bovine serum
(F7524, Sigma-Aldrich), 1% non-essential amino acids (11140035, Life Technologies Lim-
ited, Renfrew, UK), and 1% penicillin/streptomycin (15140122, Life Technologies Limited,
Renfrew, UK). Caco-2 cells were grown aerobically at 37 ◦C in a humidified environment
containing 10% CO2 and subcultured by trypsinization at 80% confluency. The medium
was changed every two or three days, and the cells were passaged less than 50 times.
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2.4. Collection of Caco-2 Cell Supernatants

Caco-2 cells were grown in Dulbecco’s Modified Eagle Medium until they reached
80% confluency. Then, the cells were washed once with phosphate-buffered saline (PBS)
and then incubated in PBS without Ca2+, Mg2+ (14190144, Gibco, Life Technologies Europe
B.V., Bleiswijk, The Netherlands) for 24 h aerobically at 37 ◦C in a humidified environment
containing 10% CO2. The cell suspension was collected into a 50 mL falcon tube (02-
527-3001, nerbe plus, Winsen (Luhe), Germany) and centrifuged at 1000× g for 3 min at
room temperature. Then, the supernatants were filtered through a 0.22 µM filter (A35150,
Novolab NV, Geraardsbergen, Belgium), and 10 mL aliquots were stored at −20 ◦C until
further use.

2.5. Interaction between C. perfringens and Caco-2 Cells or Caco-2 Cell Supernatants

Caco-2 cells were seeded at a density of 2 × 105 cells/well in PBS in 6-well plates
(657160, Greiner Bio-One, Vilvoorde, Belgium) and incubated aerobically for 24 h at 37 ◦C
in a humidified environment containing 10% CO2 to allow the cells to adhere. C. perfringens
cells were rinsed twice with PBS before further use. Subsequently, 2 mL volumes of C. per-
fringens in phosphate-buffered saline were added per well, with a Caco-2 cell-to-bacterium
ratio of 1:100. As controls, C. perfringens cells in PBS or Caco-2 cell supernatants were
added to empty wells. The suspensions were incubated for 6-12 h at 37 ◦C in a humidified
environment containing 10% CO2. After incubation, C. perfringens were collected and sepa-
rated into two groups using cell scrapers (541070, Greiner Bio-One, Vilvoorde, Belgium).
One group was heated to inactivate vegetative C. perfringens cells, while the other was
kept at room temperature as a control. C. perfringens cell densities were determined by
spread-plating on brain heart infusion agar and anaerobic incubation for 24 h at 37 ◦C.
Experiments were done with three biological repeats.

2.6. Determination of C. perfringens Enterotoxin (cpe) mRNA Levels

cpe mRNA levels were determined as described recently [20]. Briefly, total RNA was
extracted from C. perfringens with/without Caco-2 cells using the RNeasy Protect Bacteria
Mini Kit (74524, Qiagen, Hilden, Germany). Genomic DNA was removed from total RNA
using the RapidOut DNA Removal Kit (K2981, Thermo Scientific, Dreieich, Germany).
The concentration of extracted total RNA was measured using a Quantus™ Fluorometer
(E6150, Promega, Madison, WI, USA). Following that, 1 µg of total RNA was utilized to
synthesize cDNA using the RevertAid H Minus First Strand cDNA Synthesis Kit (K1632,
Thermo Scientific, Dreieich, Germany). All processes were carried out according to the
manufacturer’s instructions.

The mRNA levels of cpe were quantified by reverse transcription quantitative PCR
(RT-qPCR). Glyceraldehyde 3-phosphate dehydrogenase (gapdh) was used as the reference
gene. The RT-qPCR mixture contained 12.5 µL PowerUp™ SYBR™ Green Master Mix
(A25742, Applied Biosystems, Waltham, MA, USA), 2 µL cDNA, 500 nM forward and
reverse primers (Table 1), and nuclease-free water (129115, Qiagen, Hilden, Germany) to a
total volume of 25 µL.

Table 1. Primers used in this study.

Primer Sequence (5′-3′) Amplicon Size (bp) Reference

cpe F GGAGATGGTTGGATATTAGG 233 [21]
cpe R GGACCAGCAGTTGTAGATA
GAPDH F AACAAGAGAACCTTTAGGGG 123 [20]
GAPDH R GTAGCAGGTTTAAGCACAAC

The RT-qPCR was completed with an Applied Biosystems 7300 real-time PCR system
(Applied Biosystem, Waltham, MA, USA). The conditions of RT-qPCR were as follows:
95 ◦C for 10 min followed by 40 cycles of 95 ◦C for 15 s, 55 ◦C for 60 s, 72 ◦C for 60 s, and
1 cycle of 95 ◦C for 15 s, 60 ◦C for 60 s, 95 ◦C for 15 s and 60 ◦C for 15 s as a final extension.
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All experiments included at least two biological replicates for RNA extraction and three
technical replicates for RT-qPCR for each sample. The relative cpe expression level was
calculated using the comparative threshold cycle technique (2−∆∆Ct) [22,23].

2.7. Statistical Analyses

Data analysis was performed and generated using SPSS Statistics 26.0 software (IBM
SPSS Statistics, NY, USA) and graphs were constructed using GraphPad Prism 9.0 (Graph-
Pad Software, San Diego, CA, USA). All data were expressed as mean ± standard de-
viations. The lognormality of all enumeration and RT-qPCR data were checked by the
Anderson–Darling test, D’Agostino–Pearson omnibus test, Shapiro–Wilk test, and QQ
plot. Differences in cpe mRNA levels over time in the modified Duncan Strong medium
were assessed using one-way ANOVA, followed by Dunnett’s post hoc test. Two-way
ANOVA, followed by Tukey’s post hoc test, was used to analyze the differences between
the cpe expression of C. perfringens incubated in the presence of Caco-2 cells or Caco-2 cell
supernatants. Differences were considered significant if the p value was less than 0.05.

3. Results
3.1. Growth, Sporulation, and cpe Expression of C. perfringens in Modified Duncan Strong Medium

C. perfringens cell counts in modified Duncan Strong medium were determined both
before and after heat treatment in order to distinguish between total cell counts and spore
counts, respectively. Total cell counts increased with one log unit in the first three hours,
then remained constant for 6 h, and then decreased again with one log unit (Figure 1A).
OD600 measurements reflected this trend, with a maximum obtained after 9 h incubation
and a gradual decrease thereafter. Spore counts, on the other hand, increased with more
than 2 log units between 6 and 12 h of incubation, after which the level remained constant.
From 12 h onwards, virtually all C. perfringens were spores.

The relative cpe mRNA level of C. perfringens peaked after 12 h of incubation (3.4 times
higher than the level at 9 h), after which, it gradually decreased again (Figure 1B). These
results demonstrate that our methodology enables us to determine sporulation and cpe
expression in C. perfringens.

3.2. Survival, Sporulation, and cpe Expression of the C. perfringens Enterotoxin (cpe) Gene during
Contact with Caco-2 Cells

In this experiment, we aimed to investigate the impact of exposure of C. perfringens to
Caco-2 cells on sporulation and cpe mRNA levels. The total cell counts of C. perfringens and
the OD600 values gradually decreased over time, with a reduction of over 2 log units in
total C. perfringens cell counts during the first 8 h and a decrease of more than 0.4 OD600
units during the first 6 h (Figure 2A). The C. perfringens total cell counts decreased a bit
more rapidly in co-culture than in the PBS control but reached the same level after 8 h.
Spore counts, on the other hand, remained more or less stable over the incubation and did
not differ between co-culture and PBS control.

We further determined the impact of co-culture with Caco-2 cells on cpe mRNA levels.
In the PBS control treatment, the cpe mRNA level increased over time and was significantly
different from the level at the 6 h time point after 10 h of incubation (6-fold higher than the
level at the 6 h time point; Figure 2B). The cpe mRNA level in the coculture increased more
rapidly and reached its maximum after 8 h already (9.8-fold higher than in the PBS control
after 6 h), and at that time point, the cpe mRNA level in the coculture was significantly
different from that in the PBS control (3.9-fold higher levels).
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Figure 1. Growth, sporulation, and cpe expression of C. perfringens in modified Duncan Strong
medium. (A) Total C. perfringens cell counts, spore counts, and OD600 measurements. (B) Relative cpe
mRNA levels of C. perfringens during incubation in modified Duncan Strong medium. The expression
level at 9 h was set at 1 and the levels at the other time points were normalized accordingly using
the 2−∆∆CT method. The gapdh gene was used as the reference gene. The error bars represent the
standard deviations of 3 biological replicates. Different letters indicate significant differences in cpe
mRNA levels (one-way ANOVA, followed by Dunnett’s post hoc test; p < 0.05).
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Figure 2. Survival, sporulation, and cpe expression of C. perfringens in co-culture with Caco-2 cells
compared to the PBS control treatment. (A) Total C. perfringens cell counts, spore counts and OD600
over time. (B) Relative cpe mRNA levels of C. perfringens with/without Caco-2 cells. The expression
level in the PBS treatment after 6 h was set at 1, and the expression levels for all treatments at the other
time points were normalized accordingly using the 2−∆∆CT method. The gapdh gene was used as the
reference gene. The initial ratio C. perfringens: Caco-2 cells in the co-culture was 100:1 (MOI = 100).
Experiments were conducted in three biological replicates and the error bars present the standard
deviations. Different letters (capitals for the PBS treatment; small letters for the co-culture) indicate
significant differences in cpe mRNA levels at different time points within each treatment (Two-way
ANOVA, followed by Tukey’s post hoc test; p < 0.05). p values for the comparison between PBS and
co-culture at each time point are also indicated.

3.3. Survival, Sporulation and cpe Expression of C. perfringens in Caco-2 Cell Supernatants

In the last experiment, we aimed to determine whether the difference in cpe expression
observed in co-culture with Caco-2 cells was mediated by a cue released by the Caco-2 cells.
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To this end, we determined the survival, sporulation, and cpe expression of C. perfringens
in the presence of Caco-2 cell supernatants. Similar to what we observed in the previous
experiment, the total C. perfringens cell counts and OD600 decreased at the beginning of
the experiment and remained constant thereafter (Figure 3A). Also similar to the previous
experiment, there was no clear trend in spore counts.
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Figure 3. Survival, sporulation, and cpe expression of C. perfringens in Caco-2 cell supernatants (CCM)
compared to the PBS control treatment. (A) Total C. perfringens cell counts, spore counts and OD600
over time. (B) Relative cpe mRNA levels. The expression level in the PBS treatment after 6 h was set
at 1, and the expression levels for all treatments at the other time points were normalized accordingly
using the 2−∆∆CT method. The gapdh gene was used as the reference gene. Experiments were done
in three biological replicates and the error bars present the standard deviations. Different letters
(capitals for the PBS treatment; small letters for the co-culture) indicate significant differences in cpe
mRNA levels at different time points within each treatment (Two-way ANOVA, followed by Tukey’s
post hoc test; p < 0.05). p values for the comparison between PBS and co-culture at each time point
are also indicated.
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Similar to the previous experiment, the relative cpe mRNA levels increased over time
in the PBS control treatment (Figure 3B). However, the cpe mRNA levels of C. perfringens
incubated in Caco-2 cell supernatants were significantly lower than those in the PBS
control at all sampling points, with a maximal difference at the 10 h sampling point
(8.3-fold difference).

We finally compared the cpe mRNA level in PBS, in co-culture with Caco-2 cells, and in
the presence of supernatants of Caco-2 cells to that in modified Duncan Strong medium and
found that it was still about 25-fold lower in co-culture with Caco-2 cells than in modified
Duncan Strong medium (Figure 4).
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4. Discussion

In this study, we aimed to determine the impact of interaction with host cells on
sporulation and cpe expression in C. perfringens. We first validated our methodology
using a modified Duncan Strong medium. The modified Duncan Strong medium is the
most common medium for the cultivation and induction of sporulation of C. perfringens.
Although the sporulation ability and cpe expression of C. perfringens may vary from strain
to strain, the strain used in this study (LMG 453) was sporulating well in this medium
(Figure 1A). The spore formation did not change within the first 6 h of incubation, after
which it increased dramatically (more than 100-fold difference). Similarly, De Jong and
coworkers reported a significant increase in the number of spores of C. perfringens after
5 h in a modified Duncan Strong medium [19]. Sporulation is a sign for C. perfringens
to produce the enterotoxin, and cpe mRNA was indeed the highest at the moment when
most C. perfringens cells had sporulated (3.4-fold increase), and they decreased again
thereafter. Similarly, Melville and coworkers found that the cpe mRNA of strain NCTC
10240 reached the highest level after 10 h of incubation in Duncan Strong medium, and
at the same time point, the enterotoxin protein concentration also achieved the maximal
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level [24]. Our results indicated that the methodology we used enabled us to detect
sporulation and cpe expression in the C. perfringens strain we used and, thus, could be used
in further experiments.

We subsequently aimed to investigate the impact of coming into contact with human
cells on sporulation and cpe expression. We used Caco-2 cells as a model as this cell
line has been widely used as a model of intestinal epithelial cells [25]. We found that
contact with Caco-2 cells did not induce sporulation in our strain. Rather, spore counts
remained stable during incubation in the presence of Caco-2 cells (Figure 2A), whereas
total C. perfringens cell counts sharply decreased (more than 100-fold) during the first
hours of incubation, and this was also observed in the control, in which C. perfringens was
incubated in PBS under the same conditions (aerobic incubation at 37 ◦C in a humidified
environment containing 10% CO2). This finding reflects those of Paredes-Sabja and Sarker,
who found that the total cell number of C. perfringens strain F4969 decreased during aerobic
incubation in the presence of 5% CO2 in cell growth medium [26]. They also showed that
the number of heat-resistant spores remained constant from 0.5 h to 24 h for three strains
cocultured with Raw 264.7 cells under the same conditions. As C. perfringens is an anaerobic
bacterium, the presence of oxygen was likely responsible for the decrease in total cell counts.
Indeed, previous studies have demonstrated that although oxygen itself does not cause
C. perfringens death immediately, it results in the formation of hydroxyl radicals, hydrogen
peroxide, or superoxide radicals, which are toxic to vegetative cells of C. perfringens [27,28].
This can explain why the total number of C. perfringens cells decreased during the first
hours of exposure to Caco-2 cell growth conditions.

We also measured the cpe mRNA levels during incubation under Caco-2 cell culture
conditions and found that they increased over time. Remarkably, the cpe mRNA levels
increased faster when cocultured with Caco-2 cells than in the PBS control (5-fold difference
in cpe mRNA levels after 8 h of incubation—Figure 2B). This result is in agreement with the
findings of Vidal and coworkers, who showed that ß toxin and perfringolysin O production
were upregulated in type C C. perfringens when the bacterium was incubated in the presence
of Caco-2 cells [29]. Interestingly, Yasugi and coworkers demonstrated the presence of Cpe
in the supernatants of cocultures of type A C. perfringens and Caco-2 cells at 24 h by Western
blot [16]. Although this result indicated that Cpe was produced at 24 h, the kinetics of Cpe
production were not studied; therefore, our study fills this knowledge gap by showing that
cpe expression is induced relatively early (i.e., within 8 h) during contact with Caco-2 cells.

It has been shown before that mammalian cells can release cues, such as hormones,
which can affect toxin production in bacterial pathogens [30,31]. As Caco-2 cells are also
able to produce hormones [32], we hypothesized that the increased expression of cpe might
be caused by such a cue released by the Caco-2 cells. In order to investigate this possibility,
cell-free supernatants of Caco-2 cells were collected and C. perfringens was subsequently
exposed to it. In contrast to our expectations, cpe expression was inhibited rather than
induced in these supernatants (Figure 3B). This indicates that the cpe expression in co-
culture with Caco-2 cells was inhibited rather than induced by cues released from Caco-2
cells, and therefore, the induction of cpe expression in co-culture was caused by a factor that
is associated with the Caco-2 cells rather than a secreted cue. We very recently reported
that mucins strongly increase the expression of cpe in C. perfringens [20]. Caco-2 cells
also produce mucins [33] and consequently, we hypothesize that mucins secreted by and
attached to the Caco-2 cells might have been responsible for the increased expression of cpe
during coculture of C. perfringens with Caco-2 cells.

Together, our results indicate that cpe expression is inhibited by a cue released by
Caco-2 cells and induced by a factor associated with the cells, and in co-culture with Caco-2
cells, the inhibition is overruled by induction. This suggests that cpe expression is activated
in the gut when C. perfringens is close to the epithelium, whereas it is inhibited when the
bacterium is located farther away from the epithelium. The cell-associated factor inducing
cpe expression might be mucin, whereas the identification of the released cue that inhibits
cpe expression needs further research.
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