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Large clostridial toxins (LCTs) are produced by at least four pathogenic clostridial species, and several LCTs are proven pivotal viru-
lence factors for both human and veterinary diseases. TpeL is a recently identified LCT produced by Clostridium perfringens that has
received relatively limited study. In response, the current study surveyed carriage of the tpeL gene among different C. perfringens
strains, detecting this toxin gene in some type A, B, and C strains but not in any type D or E strains. This study also determined
that all tested strains maximally produce, and extracellularly release, TpeL at the late-log or early-stationary growth stage during
in vitro culture, which is different from the maximal late-stationary-phase production reported previously for other LCTs and
for TpeL production by C. perfringens strain JIR12688. In addition, the present study found that TpeL levels in culture superna-
tants can be repressed by either glucose or sucrose. It was also shown that, at natural production levels, TpeL is a significant con-
tributor to the cytotoxic activity of supernatants from cultures of tpeL-positive strain CN3685. Lastly, this study identified TpeL,
which presumably is produced in the intestines during diseases caused by TpeL-positive type B and C strains, as a toxin whose
cytotoxicity decreases after treatment with trypsin; this finding may have pathophysiologic relevance by suggesting that, like
beta toxin, TpeL contributes to type B and C infections in hosts with decreased trypsin levels due to disease, diet, or age.

Clostridium perfringens is a Gram-positive, spore-forming, an-
aerobic, and toxigenic bacterium (1). This microorganism is

widely distributed, with a presence in soil, sewage, feces, foods
(such as raw meat, fish, and poultry), and surfaces of residential
homes. Although C. perfringens is present in the intestines of some
healthy humans and animals (1), it is also a pathogen causing a
range of diseases, spanning from histotoxic infections, such as gas
gangrene, to infections originating in the intestines, e.g., hemor-
rhagic or nonhemorrhagic diarrhea and often-fatal enterotox-
emia. C. perfringens virulence is due largely to its abundant toxin
production, which varies by strain (2). Different C. perfringens
isolates are assigned to one of five types (A to E) based upon their
production of four typing toxins (alpha toxin [CPA], beta toxin
[CPB], epsilon toxin [ETX], and iota toxin [ITX]) (3, 4). Besides
these four typing toxins, this bacterium can produce at least 13
other toxins, including the enterotoxin (CPE) (1, 5), although no
single strain produces all of these toxins.

TpeL, a recently discovered toxin produced by some C. perfrin-
gens strains, is a member of the large clostridial toxin (LCT) family
(6). Other LCTs include toxins A (TcdA) and B (TcdB) from C.
difficile, the hemorrhagic toxin TcsH and the lethal toxin TcsL
from C. sordellii, and alpha toxin (TcnA) from C. novyi (7, 8). This
toxin group consists of proteins ranging in size from �195 to 310
kDa that share primary amino acid sequence identities spanning
from 36% to 90% (9). Most LCTs contain four functional do-
mains, including the biologically active domain located in the N
terminus, the cysteine protease domain, the putative pore-form-
ing and delivery domain, and a C-terminal receptor binding do-
main that contains combined repetitive oligopeptides (CROPs)
(9–11). Like other LCTs, TpeL possesses the glycosyltransferase
activity domain, autocatalytic activity domain, and the transmem-
brane domain; however, it lacks the CROP sequences present in all
other LCTs (12).

Despite the absence of CROP sequences, TpeL exerts cytotoxic
effects on Vero cells, HeLa cells, and rat pheochromocytoma PC12
cells (6, 12–15). A recent study identified the low-density lipopro-

tein receptor-related protein 1 (LRP1) as the TpeL receptor and
also demonstrated the existence of a second, CROP-independent
receptor-binding domain in LCTs, suggesting a two-receptor
model for the cellular uptake of these toxins (15). TpeL is the
largest toxin among the �17 toxins produced by C. perfringens,
with a typical size of �205 kDa (12). However, at least one strain
produces a truncated, 15-kDa-smaller TpeL variant that is less
active (6). Nagahama et al. reported in vitro studies indicating that
a recombinant N-terminal TpeL fragment containing the glyco-
syltransferase domain uses both UDP-GlcNAc and UDP-Glc as
donor cosubstrates and mainly modifies Ras subfamily proteins
via glycosylation to mediate its cytotoxic effects (13). A later study
confirmed that TpeL preferentially glycosylates Ras and, to a lesser
extent, Rap1a and R-Ras3, but it only very weakly modifies Rac1
(14). However, Guttenberg et al. found that TpeL preferentially
utilizes UDP-GlcNAc as a sugar donor (12). Whether, at natural
production levels, TpeL contributes to the cytotoxic or virulence
properties of TpeL-positive C. perfringens strains is largely unclear
at present.

Some toxins produced by C. perfringens in the intestines are
exceptionally sensitive to trypsin, while other toxins made by this
bacterium must be activated by trypsin or other proteases (2, 16–
18). CPB, produced by C. perfringens type B and type C strains, is
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very sensitive to endogenous trypsin degradation in the intestines
of natural host animals (18, 19). In contrast, a major toxin of both
type B and D strains, i.e., ETX, is produced as an inactive proto-
toxin that must be proteolytically activated by intestinal proteases
(such as trypsin, chymotrypsin, and carboxypeptidases) or, per-
haps, proteases produced by C. perfringens (20–25). Until now, no
information has been available regarding whether TpeL, which
can be encoded by strains causing diseases originating in the in-
testines (26, 27), is trypsin sensitive.

Since TpeL is a recently identified toxin of C. perfringens, many of
its features remain poorly understood, including the carriage of
the tpeL gene among different C. perfringens types or subtypes,
whether natural production levels of TpeL contribute to strain
cytotoxicity, the timing of TpeL production, and TpeL sensitivity
to trypsin. This study has addressed each of those important
topics.

MATERIALS AND METHODS
Bacterial strains and growth media. Wild-type C. perfringens type A to E
isolates used in this study are listed and described in Table 1. The toxin
genotypes (A to E) and some phenotypic characteristics of these isolates
were determined previously (23, 24, 26–34). All C. perfringens isolates
used in this study were maintained as stock cultures in cooked meat me-
dium (Oxoid) and stored at �20°C. All type E isolates were maintained as
stock cultures in 15% glycerol and stored at �80°C. FTG medium (fluid
thioglycolate medium; Difco Laboratories), TH medium (Bacto Todd
Hewitt broth [Becton-Dickinson], with 0.1% sodium thioglycolate [Sig-
ma-Aldrich]), TGY medium (3% tryptic soy broth [Becton-Dickinson]
containing 2% glucose [Fisher Scientific], 1% yeast extract [Becton-Dick-
inson], and 0.1% thioglycolate [Sigma-Aldrich]), or TY medium (3%
tryptic soy broth [Becton-Dickinson], 1% yeast extract [Becton-Dickin-
son], and 0.1% thioglycolate [Sigma-Aldrich]) was used to grow broth
cultures of C. perfringens. E. coli strain TOP 10 was grown in Luria-Bertani
(LB) broth and used for constructing toxin gene mutagenesis plasmids.

DNA extraction. Genomic DNA from C. perfringens was purified
from overnight TGY broth cultures using the MasterPure Gram-positive
DNA purification kit (Epicentre Biotechnologies, WI).

PCR analyses of tpeL carriage by C. perfringens strains. PCR was
performed to evaluate tpeL gene carriage among C. perfringens isolates of
different toxin types. The primers used for these PCR analyses were de-
scribed previously (27). Template DNA for these short-range PCRs was
obtained from colony lysates or purified genomic DNA from these strains.
Each PCR mixture contained 2 �l of template DNA, 10 �l of 2� Taq
master mix (New England BioLabs), 1 �l of each primer pair (1 �M final
concentration), and 7 �l of H2O. PCR conditions used for these amplifi-
cations included 94°C for 3 min and 35 cycles of 94°C for 30 s, 55°C for 30
s, and 68°C for 90 s and a final extension for 10 min at 68°C. PCR products
were run on a 1% agarose gel and stained with ethidium bromide for
visualization.

PCR analyses to link the cpb and tpeL genes in type C strain CN3685.
To evaluate a linkage between the tpeL and cpb genes in CN3685, overlap-
ping PCR and long-range PCR were performed using previously de-
scribed primers and conditions (26, 27). PCR products then were electro-
phoresed on a 1% agarose gel, which was stained with ethidium bromide
for product visualization.

Southern blotting. Purified DNA (3 �g) was digested overnight with
EcoRI at 37°C (New England BioLabs) and then separated by electropho-
resis on a 0.8% agarose gel. The separated DNA fragments were trans-
ferred onto a positively charged nylon membrane (Roche) for hybridiza-
tion with digoxigenin (DIG)-labeled specific intron or tpeL probes, which
were prepared as previously described using primer pairs specific for in-
tron or tpeL genes (27). To detect probe hybridization, CSPD substrate
(Roche Applied Science) was utilized in accordance with the manufactur-
er’s instructions.

Construction of CN3685::tpeL and CN3685::���tpeL null mutants.
To evaluate TpeL contributions to the cytotoxic properties of C. per-
fringens supernatants, the tpeL gene of type C isolate CN3685 was inacti-
vated by the targeted insertion of a group II intron using the Clostridium-
modified Targetron system (35). Briefly, the tpeL gene sequence was
entered into the Sigma-Aldrich Targetron website. Three primers were
generated to target insertion of an intron, in the sense orientation, into the
tpeL open reading frame (ORF) between nucleotides 1426 and 1427. The
primers used for PCR targeting of the intron were TpeL-IBS (5-AAAAA
AGCTTATAATTATCCTTATATATCCAGCTGGTGCGCCCAGATAG
GGTG-3), TpeL-EBS1d (5-CAGATTGTACAAATGTGGTGATAACAG
ATAAGTCCAGCTGCTTAACTTACCTTTCTTTGT-3), TpeL-EBS2 (5-
TGAACGCAAGTTTCTAATTTCGGTTATATATCGATAGAGGAAAG
TGTCT-3), and the EBS universal primer provided in the kit (Sigma-
Aldrich). The 350-bp PCR product was inserted into pJIR750ai to con-
struct a tpeL-specific Targetron plasmid (pJIR750tpeLi). Mutant prepara-
tion and selection then were performed as described previously (35).
Transformants were selected on brain heart infusion (BHI) agar plates
containing 15 �g/ml of chloramphenicol, and colonies carrying an intron
insertion were screened by PCR using primers tpeL-KOF (5-AATGTTTA
TCTTCGGCTAT-3) and tpeL-KOR (5-TTTGAAAACTCCTTTACTG-3)
for detecting the tpeL null mutation.

Each reaction mixture was subjected to the following PCR amplifica-
tion conditions: cycle 1, 94°C for 5 min; cycles 2 through 35, 94°C for 30 s,
55°C for 30 s, and 68°C for 90 s; and a final extension for 10 min at 68°C.
An aliquot (20 �l) of each PCR sample was electrophoresed on a 1.5%
agarose gel and then visualized by staining with ethidium bromide.

The pJIR750tpeLi Targetron plasmid was similarly transformed into a
previously constructed CN3685::��� mutant named BMC107 (19) to
create the CN3685::���tpeL null mutant. This mutant was selected and
characterized as described above for the CN3685::tpeL mutant.

Reversal of the intron insertion to restore TpeL production by
CN3685::tpeL mutant. A previously described procedure (18, 36) was
used to partially restore TpeL production in the CN3685::tpeL strain.
Briefly, this mutant was electroporated to receive the Targetron plasmid
pJIR750tpeLi and then grown in TH medium (with 15 �g/ml chloram-
phenicol) for 8 h at 37°C. Those cultures then were transferred to a 30°C
water bath for another 16 h of growth to facilitate excision of the intron
insertion from some tpeL mRNA.

Preparation of anti-TpeL antibody. Two predicted antigenic peptides
(peptide 1, CPGIKKHIFKDINKPT; peptide 2, CDSIQFDAIPEILKGK)
from the translated tpeL DNA ORF were identified by bioinformatics
analysis and then synthesized and purified by high-performance liquid
chromatography (HPLC). The highly purified peptides then were conju-
gated to the carrier protein keyhole limpet hemocyanin (KLH). Serum
against these TpeL antigenic peptides was raised in rabbits by the Pocono
Rabbit Farm and Laboratory using the conjugated peptides as the immu-
nogenic antigen. This immunization followed the standard protocol of
Pocono Rabbit Farm and Laboratory under their approved IACUC per-
mit (PRF2A). Briefly, the rabbits were injected subcutaneously with 200
�g of conjugated antigens per rabbit in complete Freund’s adjuvant
(CFA). After 2, 4, and 8 weeks, 50 to 100 �g of conjugated antigens mixed
with incomplete Freund’s adjuvant (IFA) were given subcutaneously. At
day 91, rabbits were terminally bled from the carotid artery.

Western blotting of C. perfringens culture supernatants or cell ly-
sates. C. perfringens culture supernatants or boiled lysates of washed C.
perfringens cells were mixed with 5� loading buffer and electrophoresed
on an SDS-containing 8% polyacrylamide gel for detecting TpeL or an
SDS-containing 12% polyacrylamide gel for detecting other toxins. The
separated proteins then were transferred onto a nitrocellulose membrane
and the blot was blocked for 1 h with washing buffer (20 mM Tris-HCl
[pH 8.0], 0.3 M NaCl, 0.5% [vol/vol] Tween 20) containing 5% (wt/vol)
nonfat dry milk before incubation with primary TpeL antibody overnight
at 4°C. Blots then were rinsed three times with washing buffer and incu-
bated with rabbit anti-mouse IgG-horseradish peroxidase (HRP) or goat
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TABLE 1 Description of wild-type C. perfringens strains used in this study

Strain type and name Origin (reference) tpeL PCR
tpeL Southern
blotting

A
JGS5369 Chicken necrotic enteritis (24) 	 	
JGS4143 Chicken necrotic enteritis (24) � �
JGS4140 Chicken necrotic enteritis (24) 	 	
F4396 Sporadic diarrhea (29) � �
B38 Antibiotic associated diarrhea (30) � �
ATCC3624 Gas gangrene (30) � �
F5603 Sporadic diarrhea (29) � �
PS16 Unknown, Centers for Disease Control and Prevention (31) � �
B2 Antibiotic associated diarrhea (30) � �
NCTC10239 Food poisoning (29) � �
NCTC8235 Food poisoning (30) � ND
NCTC8238 Food poisoning (30) � ND
NCTC8239 Food poisoning (29) � ND
NCTC8679 Food poisoning (30) � ND
NCTC8799 Food poisoning (30) � ND
NCTC8798 Food poisoning (30) � ND
NCTC8359 Food poisoning (30) � ND
FD1041 Food poisoning (30) � ND
042-03 Intestines of healthy North Americans (29) � ND
00-803 Intestines of healthy North Americans (29) � ND
168 Intestines of healthy North Americans (29) � ND
011-03 Intestines of healthy North Americans (29) � ND

B
CN1795 Veterinary laboratory, toxigenic (27) 	 	
CN2416 Stomach, 5-day-old lamb (27) 	 	
CN677 Acute lamb dysentery (27) 	 	
CN684 Lamb dysentery (39) 	 	
CN1301 Lamb dysenterya � �
NCTC3110 Unknown (27) 	 	
NCTC8533 Lamb dysentery (27) 	 	
PS49 Unknown (27) 	 	
Bar6 Lamb dysentery (32) � �
Bar2 Sheep (27) 	 	

C
CN882 Sheep with struck (26) 	 	
CN3955 Ewe peritoneal fluid (39) 	 	
CN3763 Animal (species unknown) (26) � �
Bar3 Human pigbel (26) 	 	
CN3685 Sheep with struck (39) 	 	
CN2065 Ewe with strucka 	 	
CN885 Veterinary laboratory (39) � �
CN5388 Human pigbel (39) 	 	
CN3708 Calfa 	 	
CN3727 Calfa 	 	

D
CN462 Goat (28) � �
CN1634 Lamb with suspected dysentery (28) � �
CN3718 Guinea pig heart blood (23) � �
CN3842 Ewe, small intestine (28) � �
CN2068 Lamb stomach (28) � �
JGS1948 Caprine, enterotoxemia (61) � �
JGS1945 Caprine, Diarrhea (33) � �
JGS1240 Sheep, bronchopneumonia, and enterotoxemia (33) � �
NCTC8346 Sheep (34) � �
JGS1705 Ovine (33) � �

(Continued on following page)
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anti-rabbit IgG-HRP (Sigma-Aldrich) for 1 h at room temperature. After
three more washes, the blots were treated with SuperSignal West Pico
chemiluminescent substrate (Thermo Scientific) and exposed to X-ray
film (Life Science Products) to detect the immunoreactive protein bands.

To quantify TpeL levels after different treatments or under different
culture conditions, those Western blots were scanned and analyzed with
NIH Image J software.

C. difficile toxin B Western blot analyses. To analyze the time course
of toxin B production and release by C. difficile, cooked meat medium
stock cultures of C. difficile strains VPI 10463 (Robert Carman, TechLab)
and 630 (ATCC) were inoculated into FTG, and those cultures were
grown overnight at 37°C. A 0.2-ml aliquot of each starter culture then was
passed into 10 ml of fresh TH medium (containing 0.1% sodium thiogly-
colate), and those cultures were grown at 37°C for 6, 24, or 48 h. Super-
natants from each time point were collected and subjected to Western blot
analyses using a rabbit polyclonal antiserum against the C-terminal do-
main of toxin B that was kindly supplied by Jimmy Ballard. The Western
blots then were processed as described earlier for TpeL Western blots.

C. perfringens growth rate measurements. To measure the culture
growth rate of C. perfringens in this study, 0.2-ml aliquots of FTG over-
night cultures were inoculated into 10 ml of TH, TY, or TGY and cultured
at 37°C. At time intervals of 0, 2, 4, 6, 8, and 16 h, the culture was collected
and mixed by gentle vortexing. The optical density at 600 nm (OD600)
then was recorded using a Bio-Rad Smartspec.

Preparation of samples for cytotoxicity experiments. Overnight
(16-h) TH cultures of wild-type CN3685, mutants, or reversed mutants
were centrifuged, and supernatants were filter sterilized using a 0.45-�m
filter (Millipore). Those sterile supernatants then were concentrated 10-
fold at 4°C using an Amicon Ultra centrifugal filter unit with an Ultra-
cel-30 membrane (EMD Millipore), with buffer exchange to PBS (pH
7.4). Those concentrated supernatants then were diluted 1:10 using
Hanks’ balanced salt solution (HBSS; Corning) for cytotoxicity testing.

Trypsin treatment assay. To test whether TpeL is trypsin sensitive,
processed TH culture supernatants of BMC107 containing TpeL were
prepared as described above and then either treated at 37°C for 1 h with
trypsin (Sigma-Aldrich) at the indicated concentrations (0, 0.04, 0.4, 4.0,
40, or 400 �g/ml) or treated with trypsin at a concentration of 12.5 �g/ml
at 37°C for different times (0, 10, 20, or 60 min). After incubation, trypsin
then was inactivated by adding an equal volume of trypsin inhibitor (3 to
6 mg of inhibitor ligand per ml gel; MP Biochemicals) at room tempera-
ture for 30 min. After centrifugation, the resultant supernatants were
diluted 1:10 with HBSS and added to Vero cells to measure cytotoxicity (as
described below) or for Western blot analyses (as described earlier).

C. perfringens supernatant cytotoxicity assay. Vero cells were used
for the C. perfringens supernatant toxin cytotoxicity assay based upon
previous studies (6). Vero cells were maintained routinely in M199 (Sig-
ma-Aldrich) supplemented with 5% fetal bovine serum (FBS; Life Tech-
nologies), streptomycin (100 U/ml), and penicillin (100 �g/ml). Vero
cells normally were harvested with 0.25% trypsin and 2.21 mM EDTA

(Gibco), resuspended in cell culture medium, and maintained at 37°C in a
5% CO2 humidified atmosphere.

For assaying C. perfringens supernatant-induced cytotoxicity (mor-
phological damage and quantitative cell death measurement), Vero cells
were seeded into 12-well plates and incubated until confluent. For cell
cytotoxicity experiments, the culture supernatant samples prepared as
described earlier were added to the Vero cells for up to 5 h at 37°C.

The development of morphological changes, indicating cytotoxicity,
was checked every hour using a Zeiss Axiovert 25 inverted microscope.
After a 5-h treatment, the cytopathic effects caused by the various C.
perfringens supernatants were photographed using a Canon Powershot G5
fitted to the Zeiss Axiovert 25 microscope. Images then were processed
using Adobe Photoshop CS5.

Lactate dehydrogenase (LDH) release was measured to determine cell
death, as described below.

Cytotoxicity neutralization assay. To help confirm whether the ob-
served damage to Vero cells was caused specifically by the TpeL toxin
present at natural concentrations in culture supernatants of CN3685 or
derivatives, a serum neutralization approach was applied. Briefly, 50 �l of
a neutralizing antiserum (described above) against TpeL toxin or preim-
mune serum was added to C. perfringens supernatant samples, prepared as
described earlier, and those mixtures were incubated at room temperature
for 15 min. The mixtures then were applied to Vero cells for 5 h at 37°C.

LDH release assay. To compare and quantitatively measure Vero cell
cytotoxicity caused by different samples, the LDH release assay kit for
mammalian cell death (Roche) was used. Vero cell monolayers were
treated with different C. perfringens culture supernatant samples, pre-
pared as described earlier, for 5 h at 37°C in a 5% CO2 humidified atmo-
sphere. Supernatants from the treated cell cultures were collected and
used for measuring host cell LDH release. The absorbance of each sample
then was measured at 490 nm with an iMark microplate reader (Bio-Rad).
As described in the kit instructions, Vero cells treated with 1% Triton
X-100 were used to determine maximal LDH release. The results are ex-
pressed as the percentage of maximal LDH release.

Statistical analysis. All values are expressed as means 
 standard er-
rors of the means (SEM). For statistical evaluations, one-way analysis of
variance (ANOVA) with Tukey’s post hoc test was performed, and P values
of �0.05 were considered significant.

RESULTS
Evaluation of tpeL gene carriage in C. perfringens. Previous
studies (24, 26, 27, 37) had detected the presence of the tpeL gene
in some C. perfringens type A, B, and C isolates. To better under-
stand the scope of tpeL gene carriage among C. perfringens isolates,
the current study surveyed the presence of the tpeL gene in addi-
tional wild-type strains, including representatives of all C. perfrin-
gens toxigenic types and major pathogenic subtypes of type A.

PCR assays amplified products of the expected size, indicating

TABLE 1 (Continued)

Strain type and name Origin (reference) tpeL PCR
tpeL Southern
blotting

E
NCIB10748 Unknown (50) � �
51 Neonatal calves, hemorrhagic enteritis (50) � �
294 Neonatal calves, hemorrhagic enteritis (50) � �
572 Neonatal calves, hemorrhagic enteritis (50) � �
576 Neonatal calves, hemorrhagic enteritis (50) � �
853 Neonatal calves, hemorrhagic enteritis (50) � �
1987 Neonatal calves, hemorrhagic enteritis (50) � �
B2085 Neonatal calves, hemorrhagic enteritis (50) � �

a The strain was originally from the collection of Russell Wilkinson.
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carriage of the tpeL gene, using DNA from only two of 22 surveyed
type A strains with varied origins (Table 1). Both of those tpeL-
positive type A strains were associated with avian necrotic enteri-
tis. All four surveyed type A strains isolated from healthy North
Americans, all four plasmid cpe-positive type A strains from non-
food-borne human gastrointestinal diseases, and all nine surveyed
chromosomal cpe-positive type A food poisoning strains tested
tpeL negative. In contrast, eight of 10 surveyed type B or type C
strains were tpeL positive (Table 1). Consistent with these PCR
results, Southern blot experiments using a tpeL-specific probe
confirmed the PCR results for tpeL gene carriage among the sur-
veyed type A, B, and C strains of C. perfringens (Table 1). No
tpeL-positive strain was detected by either PCR or Southern blot
analyses among the surveyed C. perfringens type D and E strains
(Table 1).

Western blot analyses of TpeL production and release from
C. perfringens grown in different culture media. To compare
culture medium effects on TpeL production and release into cul-
ture supernatants, C. perfringens tpeL-positive type A to C strains
were grown in TH, TY, or TGY broth for 16 h. The supernatants of
each culture then were collected and subjected to Western blot
analyses using TpeL polyclonal antiserum. Results shown in Fig.
1A demonstrate that TH is consistently the best medium for sup-
porting TpeL production and extracellular release, while TpeL
production and release is consistently lowest in TGY. In order to
determine whether the varied TpeL production and release ob-
served in different culture media was due simply to effects on
bacterial growth, growth curve experiments were performed.
Measurement of culture OD600 revealed similar growth rates for
the strains when cultured in different media (Fig. 1B).

TpeL production begins during early-log-phase growth and
peaks during early-stationary-stage growth in TH medium.
Most toxins produced by C. perfringens are maximally expressed
within �10 h, i.e., during late-log or early-stationary growth
phases (1, 2, 4, 38–40). However, other LCTs (such as C. difficile
toxin A and toxin B) usually are maximally produced and released
extracellularly after 24 h, i.e., at the late stationary stage of growth
(11, 41, 42). Figure 2A confirms those previous conclusions for the
timing of toxin B production and extracellular release by two C.
difficile strains. These C. difficile cultures entered stationary phase
after �8 h (data not shown).

To begin evaluating the kinetics of TpeL production and extra-
cellular release, several tpeL-positive C. perfringens strains were
grown in TH medium, and supernatants from those cultures then
were collected at 6 to 48 h for TpeL Western blot analyses. As
shown in Fig. 2B, high supernatant levels of TpeL were detected
when these tpeL-positive strains were grown in TH culture me-
dium for 6 to 12 h, which corresponds to late-log-phase or early-
stationary-phase growth (Fig. 1B).

To further determine the time course of TpeL production and
release, CN3685 was grown in TH medium, and culture superna-
tants were collected at even earlier time points for Western blot
analyses. As shown in Fig. 2C, TpeL was not detectable in 2-h TH
culture supernatants but became readily apparent in 4-h TH cul-
ture supernatants. For CN3685, peak TpeL levels in culture super-
natants were reached within �8 h. Note that only limited degra-
dation of extracellular TpeL was detectable in Fig. 2C, as well as in
other experiments performed in this study (not shown).

To specifically examine the onset of TpeL production, washed
CN3685 cells from TH cultures were lysed and subjected to TpeL

Western blotting. This analysis detected a TpeL signal within 2 h
(Fig. 2C). Also notable on these blots was the substantial degrada-
tion of intracellular TpeL, with this degradation increasing with
longer culture time. Considered collectively, the results shown in
Fig. 2C indicated that, after production in the cytoplasm of C.
perfringens, there is a delayed release of TpeL from the bacterium
by a still-unknown mechanism.

As a final evaluation of the time course of TpeL production and
extracellular release by C. perfringens, late-stationary-phase (72 h)
culture supernatants of three tpeL-positive strains (type A strain

FIG 1 Comparison of TpeL production and extracellular release by C. perfrin-
gens growing in different culture media. (A) Western blot analyses of TpeL in
culture supernatants from cultures of C. perfringens type A strain JGS5369,
type B strain CN1793, and type C strain CN3685 grown for 16 h in TH, TY, or
TGY. The immunoreactive protein shown is �200 kDa, consistent with the
expected mass of TpeL. Results shown are typical of three repetitions. (B)
Comparison of growth characteristics of wild-type strains JGS5369, CN1793,
and CN3685 at 37°C. The optical density (OD600) of each strain growing in
TH, TY, or TGY culture medium was measured using a Bio-Rad Smartspec
spectrophotometer. A typical result of three repetitions is shown.
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JGS5369, type B strain CN1793, and type C strain CN3685) also
were tested by TpeL Western blot analyses. Those analyses showed
that TpeL levels present in supernatants of 72-h TH cultures were
less than those present in 16-h TH culture supernatants (Fig. 2D).
Together, the results shown in Fig. 2 indicated that supernatant
TpeL levels usually become maximal during the late log or early
stationary stages of growth, which is similar to most other toxins
produced by C. perfringens, rather than in late stationary phase, as
for other LCTs.

Glucose and sucrose repress TpeL supernatant levels. Previ-
ous studies reported that production and release of LCTs often is
repressed by glucose (43, 44). Another recent study demonstrated
that sucrose, as well as glucose, inhibits the production of C. per-
fringens PLC (alpha-toxin) and PFO (theta-toxin) (45). Our Fig.
1A results detecting higher TpeL supernatant levels in TY (con-
taining a basal sugar concentration of 0.25%) versus TGY (TY
medium with an additional 2% glucose) broth are consistent with
a recent report (46) that glucose also represses TpeL production
and release by C. perfringens strain JIR12688, despite that strain
maximally producing and releasing TpeL during late stationary
phase, in contrast to our surveyed strains, where TpeL production
starts early in log phase (Fig. 2).

To definitively evaluate if glucose also depresses TpeL super-
natant levels for strains that maximally express this toxin during
late-log or early-stationary-phase growth, C. perfringens was cul-
tured in TY supplemented with different concentrations of glu-
cose (0, 5, 10, 20, and 40 mg/ml). As shown in Fig. 3A, TpeL
supernatant levels in an 8-h culture were significantly decreased
by the addition of supplemental glucose. A similar reduction in
TpeL supernatant levels also was observed using supplemental
sucrose (Fig. 3B).

When quantified from three independent Western blot analy-
ses, the data obtained (Fig. 3C) detected statistically significant
different TpeL supernatant levels in the presence or absence of

supplemental glucose and sucrose. Measurement of changes in
culture OD600 values over time revealed no differences in growth
between cultures supplemented with �40 mg/ml concentrations
of glucose or sucrose for these C. perfringens strains, indicating
that the decreased TpeL supernatant levels shown in Fig. 3A and B
were not from growth inhibition due to increasing sugar concen-
trations in the TY culture medium. However, higher supplemen-
tal sugar concentrations, i.e., those ranging from 60 to 80 mg/ml,
did retard C. perfringens growth (data not shown).

Construction and characterization of a tpeL single null mu-
tant and a cpa, cpb, pfoA, tpeL quadruple null mutant in
CN3685. Recent studies showed that arbitrarily chosen amounts
of purified TpeL cause cytotoxicity (6). To specially evaluate if, at
natural levels present in culture supernatants, TpeL also can con-
tribute to strain-induced cytotoxicity, the tpeL gene in C. perfrin-
gens type C animal disease strain CN3685 was insertionally
inactivated with the Clostridium-modified Targetron insertional
mutagenesis system (35). Construction of the tpeL isogenic null
mutant of CN3685 was verified by PCR analyses using primers
specific to tpeL sequences located upstream and downstream of
the intron insertion site. These internal tpeL PCR primers specif-
ically amplified a PCR product of �600 bp from wild-type
CN3685 DNA. However, the same primer pair amplified an
�1,500-bp PCR product from the DNA of the putative tpeL null
mutant due to the insertion of a 900-bp intron into the tpeL ORF
(Fig. 4A). Southern blot analyses using an intron-specific probe
demonstrated the presence of a single intron insertion in the
CN3685::tpeL mutant (Fig. 4B). As expected, no intron signal was
detected using wild-type DNA from CN3685 (Fig. 4B).

The tpeL gene proved difficult to clone into a shuttle plasmid
for complementation (data not shown). Instead, TpeL production
by the CN3685::tpeL mutant was partially restored via a com-
monly used, LtrA-mediated trans-splicing approach (18) that re-
moves the inserted intron from some tpeL mRNA, resulting in a

FIG 2 Western blot time course analyses of TpeL production and extracellular release. (A) Western blot analyses of toxin B levels in supernatants from cultures
of C. difficile strains VPI 10463 and 630 grown at 37°C for 6, 24, or 48 h in TH. (B) Western blot analyses of TpeL levels in supernatants from cultures of C.
perfringens strains PS49, CN3690, CN3685, and Bar2 grown for 6, 12, 24, or 48 h in TH. (C) Western blot analyses of TpeL levels in supernatants (Super) or
washed and lysed cells (Pellets) of CN3685 cultures grown for 2, 4, 6, 8, or 16 h in TH. (D) Comparison of TpeL levels in 16-h or 72-h supernatants from TH
cultures of JGS5369, CN3685, and CN1793. The immunoreactive protein shown is �200 kDa, consistent with the expected mass of TpeL. Typical results from
three repetitions are shown.
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partial regain of TpeL translation. For this purpose, the plasmid
pJIR750tpeLi-sense, which encodes a functional LtrA protein, was
reintroduced into the CN3685::tpeL mutant. The resultant TpeL
reversed mutant was grown at 30°C in the presence of antibiotics
to maintain selective pressure for producing maximal LtrA pro-
tein, as required for splicing-induced intron removal. Western
blot results showed that TpeL production was absent from the
CN3685::tpeL mutant, while the reversed mutant exhibited par-
tially restored TpeL production (Fig. 4C). This result also demon-
strated that the anti-TpeL antibody prepared in this study specif-
ically reacts with the TpeL protein.

C. perfringens type C strain CN3685 produces four known tox-
ins, including CPA, CPB, PFO, and TpeL (18 and this study). To
evaluate TpeL-induced cytotoxicity in the absence of any cyto-
toxic influence from other toxins, a strain producing only TpeL
was constructed by using the Targetron procedure described
above. For this purpose, the tpeL gene was insertionally inacti-
vated in BMC107, which is a previously constructed CN3685 tri-
ple null mutant that does not produce CPA, CPB, or PFO (19).
The genotype of this quadruple mutant, named the CN3685::
���tpeL mutant, was confirmed by PCR (data not shown). The
tpeL gene in CN3685 is located 3 kb downstream of its cpb gene
(Fig. 5A), which explains why Southern blots only detected three

intron signals using DNA from the CN3685::���tpeL mutant
(Fig. 5B). Long-range PCR confirmed the cpb-tpeL linkage in
CN3685 using one primer to internal tpeL ORF sequences and a
second primer to internal cpb ORF sequences (Fig. 5C). An over-
lapping PCR further demonstrated (Fig. 5D) this genetic linkage
using a five-pair set of primers described in our previous studies
(26, 27). Western blot analyses confirmed that the CN3685::
���tpeL mutant does not produce PFO, CPA, CPB, or TpeL.

Vero cell cytotoxicity caused by wild-type CN3685 and
CN3685::tpeL mutant supernatants. To evaluate if, at natural
production levels, TpeL can contribute to the cytotoxicity of C.
perfringens supernatants, the CN3685 tpeL null mutant was tested
for its cytotoxic effects on Vero cells. For this purpose, the TH
culture supernatants of wild-type CN3685 and CN3685::tpeL and
reversed mutants were collected, filter sterilized, concentrated 10-
fold with buffer exchange, and then diluted 1:10 into HBSS. To
further identify whether the cytotoxic consequences of CN3685
supernatants involved TpeL, an anti-TpeL neutralizing antiserum
was added to some supernatant samples prior to the Vero cell
cytotoxicity assay.

When the processed culture supernatants from wild-type
CN3685, the CN3685 tpeL null mutant, or the reversed mutant
were applied to Vero cells for 5 h, the culture supernatant samples

FIG 3 Comparison of TpeL supernatant levels for C. perfringens cultures grown in TY medium supplemented with different concentrations of glucose or sucrose.
(A) Western blot analyses of TpeL levels in supernatants from 8-h TY cultures, which had been supplemented with glucose at the indicated concentrations of
CN3685, CN1793, and PS49. Supernatants from matching TY cultures with no supplemental glucose were used as controls. (B) Western blot analyses of TpeL
levels in supernatants from 8-h TY cultures, which had been supplemented with sucrose at the indicated concentrations of CN3685, CN1793, and PS49. Matching
TY cultures with no supplemental sucrose were used as controls. The immunoreactive protein shown in panels A and B is �200 kDa, consistent with the expected
mass of TpeL. (C) Quantitative analysis of TpeL supernatant levels from 8-h TY cultures that had been supplemented with different concentrations of glucose (G)
or sucrose (S). An asterisk indicates a statistically significant (P � 0.05) decrease of TpeL production in TY supplemented with glucose or sucrose compared to
similar cultures without any carbohydrate supplementation. Shown are mean values 
 standard errors of the means (SEM) based on three repetitions.
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from wild-type CN3685 caused significant Vero cell damage, in-
cluding cell rounding, cell aggregation, and, eventually, cell de-
tachment from the confluent monolayers (Fig. 6A). In contrast,
morphological cell damage to Vero cells was visibly weaker, and
cell detachment was absent, using similarly prepared culture su-
pernatant from the CN3685 tpeL null mutant strain. Restoring
some TpeL production to the tpeL null mutant by partially revers-
ing the intron insertion in tpeL mRNA caused an increase in su-
pernatant cytotoxic activity for Vero cells, which supported the
attenuated cell damage caused by supernatants from the tpeL null
mutant as being attributable to inactivation of tpeL gene expres-
sion (Fig. 6A). Furthermore, preincubating wild-type CN3685
culture supernatants with the TpeL-neutralizing antiserum fur-
ther confirmed that much of the observed cytotoxicity activity was
caused by TpeL toxin. Specifically, preincubation of processed
CN3685 supernatant with TpeL-neutralizing antibody attenuated
and delayed the development of morphological damage, while a
similar preincubation with preimmune serum had little or no pro-
tective effects (Fig. 6A).

Lactate dehydrogenase (LDH) release from Vero cells then was
measured to quantify the cytotoxicity of these processed culture
supernatants (Fig. 6B). Cell death caused by wild-type CN3685 or
the reversed mutant strains was significantly higher than that

caused by the tpeL null mutant. The lower cell death caused by the
reversed mutant versus the wild-type strains is consistent with
results shown in Fig. 4C, indicating that reversal of the tpeL mu-
tation was partial and did not completely restore TpeL produc-
tion, as is typical for this approach (18, 47). When the processed
culture supernatants were preincubated with the TpeL-neutraliz-
ing antibody, cytotoxicity caused by the wild-type supernatant
samples decreased significantly; in contrast, preincubation with
preimmune serum did not affect cytotoxicity of this sample, con-
firming a substantial role for TpeL in the cytotoxic activity of these
culture supernatants (Fig. 6B).

Glucose decreases the cytotoxic activity of BMC107 culture
supernatants. As shown in Fig. 3, TpeL production and release by
several C. perfringens strains, including CN3685, is repressed by
either glucose or sucrose. Therefore, we assessed whether these
sugars also modulate the cytotoxic effects of processed culture
supernatants obtained from the TY cultures of TpeL-only-pro-
ducing strain BMC107. After Vero cells were treated for 5 h with
culture supernatant samples containing different concentration of
glucose, LDH release from dead or damaged cells was measured.
As shown in Fig. 7, this analysis detected less cytotoxicity with
increasing glucose concentrations in these processed TY culture
supernatants. This result further confirmed that glucose and su-
crose not only represses TpeL levels in culture supernatants but
also can have consequences for cytotoxicity.

TpeL is a trypsin-sensitive toxin. TpeL-producing type B and
C strains, such as CN3685, cause diseases originating in the intes-
tines (1), where secreted TpeL could contact proteases like trypsin.
Therefore, the TpeL protein sequence was entered into the Expasy
software program (http://web.expasy.org/peptide_cutter/) to pre-
dict potential TpeL cleavage sites by proteases. Approximately 200
potential trypsin cut sites were identified by this software in
the full-length TpeL protein. To test definitively whether TpeL is a
trypsin-sensitive toxin, processed culture supernatants of
BMC107 were treated for 1 h at 37°C with different concentrations
of purified trypsin. As indicated by Western blotting results shown
in Fig. 8A, these trypsin-treated TpeL-containing supernatants
contained a decreased amount of TpeL upon Western blot analy-
sis. When similar TpeL-containing supernatants were treated with
a single dose of trypsin (12.5 �g/ml) at 37°C for different times,
the TpeL Western blot signal intensity decreased with longer tryp-
sin treatment times (data not shown).

To evaluate the cytotoxic consequences of TpeL cleavage by
trypsin, processed culture supernatant from BMC107 was treated
with different concentrations of trypsin. After a 1-h treatment,
remaining trypsin in these samples was inactivated by the addition
of trypsin inhibitor. When these trypsin-treated supernatants
were applied to Vero cells, morphological cell damage was much
weaker and no cell detachment was observed compared to results
for non-trypsin-treated supernatant samples (data not shown). As
a control, processed culture supernatants of the CN3685::���tpeL
quadruple null mutant caused only very weak cell damage in this
experiment, even without trypsin treatment (data not shown).

LDH release was quantitatively measured to evaluate the cyto-
toxic activity of processed supernatants that were or were not tryp-
sin treated (12.5 �g/ml of trypsin). Cell death was much lower in
Vero cells challenged with trypsin-treated supernatant. These re-
sults confirmed that the reduced cell death caused by the trypsin-
treated supernatant samples is attributable to TpeL activity being
destroyed by trypsin treatment (Fig. 8B). As a control for this

FIG 4 Construction of a CN3685 tpeL null mutant by intron-based insertional
mutagenesis. (A) PCR analyses using DNA from wild-type CN3685 or the
isogenic tpeL-null mutant (CN3685::tpeL). (B) Southern blot hybridization of
wild-type CN3685 and the CN3685::tpeL mutant. DNA from each strain was
digested with EcoRI, electrophoresed on a 0.8% agarose gel, and transferred
onto a nylon membrane. The separated DNA then was hybridized with a
DIG-labeled intron-specific probe. Sizes of DNA fragments in kilobases (kb)
are shown on the left. (C) Western blot analyses for TpeL production by wild-
type CN3685, the CN3685::tpeL mutant, or reversed mutant strains. The im-
munoreactive protein shown is �200 kDa, consistent with the expected mass
of TpeL.
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experiment, little cell damage was measured in Vero cells chal-
lenged with the processed supernatant from CN3685::���tpeL
mutant cultures; this result also supports conclusions from Fig. 7
that TpeL contributes to natural CN3685 cytotoxicity.

Lastly, to evaluate the cytotoxic effects of the trypsin-pre-
treated samples shown in Fig. 8A, various concentrations of the
trypsin-treated supernatant samples were applied to Vero cells
after removal of residual trypsin activity by the addition of trypsin
inhibitor. The percentage of Vero cell death caused by the non-
trypsin-treated sample was more than 65%, while Vero cell death
resulting from challenge with different concentrations of trypsin-
treated supernatants decreased from 49.6% to 12.8% as the tryp-
sin concentration used for supernatant treatment increased
(Fig. 8C).

DISCUSSION

This study provides several important insights into tpeL carriage,
as well as the production and release, cytotoxic contributions, and
trypsin sensitivity of the TpeL protein. With respect to tpeL car-
riage, the current results are consistent with previous reports in-
dicating that many type C strains, and nearly all type B strains,
carry this toxin gene, which is often (but not always) located in

these strains near the cpb gene on plasmids of �90 kb or �60 to 65
kb (26, 27). The current results also detected the tpeL gene in two
type A avian necrotic enteritis strains, both netB positive (data not
shown); this finding is consistent with previous reports suggesting
that TpeL-positive strains often are associated with avian necrotic
enteritis, although NetB toxin is considered to play the major role
in pathogenesis (24, 48). However, the tpeL gene was not detected
in other type A strains, including enteropathogenic type A strains
carrying either a chromosomal or plasmid-borne cpe gene. To
date, the copresence of both tpeL and cpe genes has never been
detected in any single C. perfringens strain. One potential explana-
tion for this situation involves incompatibility between the plas-
mids carrying tpeL and those carrying the cpe gene. If this is cor-
rect, it would still remain unclear why type A chromosomal cpe
strains also rarely, if ever, carry the tpeL gene.

When the current study similarly evaluated carriage of the tpeL
gene among type D and E strains of C. perfringens, none of the
surveyed isolates carried this toxin gene. Again, this pattern could
be due to incompatibility issues between tpeL-carrying plasmids
and the plasmids carrying etx genes in type D strains or iota toxin
genes (itxA and itxB) in type E strains. If, as proposed in the pre-
ceding paragraph, tpeL plasmids generally are incompatible with

FIG 5 Construction of the quadruple cpa, cpb, pfoA, tpeL null CN3685::���tpeL mutant by intron-based insertional mutagenesis. (A) Arrangement of the cpb
and tpeL gene locus in C. perfringens type C strain CN3685 based upon previous studies (26, 27). (B) Southern blot hybridization of wild-type CN3685, the
TpeL-producing triple toxin mutant BMC107, and the CN3685::���tpeL quadruple null mutant. Sizes of DNA fragments in kilobases are shown to the left. (C)
Long-range PCR analyses linking the tpeL and cpb genes in CN3685. (D) Overlapping PCR analyses of the region extending from cpb to tpeL in CN3685 using
primers R1 to R5. (E) Western blot analyses of CPA, CPB, PFO, and TpeL levels in 16-h TH culture supernatants of wild-type CN3685, the TpeL-producing triple
toxin mutant BMC107, and the CN3685::���tpeL quadruple null mutant. The immunoreactive proteins in panel E matched the expected masses, as relevant, of
PFO (�55-kDa), CPA (�47 kDa), CPB (�35 kDa), and TpeL (�200 kDa).
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cpe plasmids, this may help to explain the absence of tpeL plasmids
from many type E strains, since iota toxin plasmids often are re-
lated to cpe plasmids, including their carriage of cpe genes or silent
cpe sequences (49–51). While the presence of plasmids carrying
tpeL (and cpb) genes in type B strains indicates that not all etx
plasmids are incompatible with tpeL plasmids, it is noteworthy
that only a single �65-kb etx plasmid has been detected in type B
strains (27, 52). In contrast, a diversity of etx plasmids exists
among type D strains (28), and it has been proposed that many of
those plasmids are incompatible with cpb plasmids, since they are
never found in type B strains (27, 52). Therefore, it is possible that
the tpeL and cpb plasmids found in type B strains are not compat-
ible with the etx plasmids present in many type D strains.

A recent report (46) indicated that, as for other LCTs, glucose
represses TpeL levels in culture supernatants of C. perfringens
strain JIR12688, which produces and releases TpeL during late
stationary phase. The current study now extends that finding by
showing this relationship also holds true for those C. perfringens
strains producing TpeL during the log or early stationary phase of
growth (see the next paragraph). Furthermore, our results indi-
cated that TpeL production and release by early TpeL-producing
strains also is repressed in the presence of sucrose. Thus, tpeL

expression, as well as production of CPA and PFO (45), appears to
be regulated by both glucose and sucrose catabolite repression in
most or all TpeL-positive C. perfringens strains. While the mech-
anism of this repression in C. perfringens requires further study, it
is notable that the C. difficile literature reports that, under nutri-
ent-rich conditions, CodY represses TcdA and TcdB production
(53). This may be relevant for understanding the regulation of
TpeL production, since C. perfringens also produces a functional
CodY protein (54).

There have been discrepancies in the literature regarding the
timing of TpeL production by C. perfringens. A recent study re-
ported that, like TcdA and TcdB production by C. difficile, C.
perfringens strain JIR12688 produces TpeL during late stationary
phase, with maximal production at 72 h (46). However, an earlier
study detected tpeL mRNA expression in 6-h cultures of 5 differ-
ent type C strains (26). In the current study, Western blot kinetic
analyses clearly showed that TpeL production by the surveyed C.
perfringens strains can begin within 2 h and becomes maximal
during the late log or early stationary phase of growth. Therefore,
there appears to be heterogeneity in the timing of TpeL produc-
tion and release among C. perfringens strains, with many or most
strains producing and releasing TpeL during the late log or early
stationary growth phase (this study), although at least one strain
(JIR12688) produces and releases this toxin primarily during late
stationary phase (46). The explanation for these timing differ-
ences will require further study, but it is notable that JIR12688
appears to be an unusually slow-growing C. perfringens strain
(46). It is possible that this growth defect reflects a metabolic dif-
ference that impacts the timing of TpeL production and release by
this strain.

Previous studies have shown that TpeL-containing superna-
tants (46), or arbitrarily chosen amounts of purified TpeL (6), are
cytotoxic for cultured mammalian cells. By using toxin mutants,
the current study now specifically establishes that, at natural pro-
duction levels, TpeL can contribute to the cytotoxic properties of

FIG 6 Vero cell cytotoxicity caused by processed supernatants for cultures of
wild-type CN3685 and the CN3685::tpeL mutant. (A) Morphological damage
to Vero cells. Processed (see Materials and Methods) 16-h TH culture super-
natants from wild-type CN3685, CN3685::tpeL, or the reversed mutant were
tested for their cytotoxic effects after either preincubation with preimmune
serum (preserum) or TpeL neutralizing serum (Ab), as indicated. HBSS shows
the effect of buffer alone. (B) Lactate dehydrogenase (LDH) release by Vero
cells after treatment with different samples described in panel A. Cytotoxicity
caused by processed culture supernatant from the CN3685::tpeL mutant shows
a statistically significant (P � 0.05) decrease compared to that of Vero cells
treated with similarly processed samples, including wild-type CN3685 culture
supernatant, wild-type CN3685 culture supernatant preincubated with anti-
TpeL serum, or culture supernatant of the CN3685::tpeL reverse complement
strain. The experiment was repeated three times, and results shown are the
mean values. Error bars represent SEM.

FIG 7 Glucose affects the cytotoxicity caused by supernatants from BMC107
cultures. Lactate dehydrogenase (LDH) release from Vero cells after treatment
with processed (see Materials and Methods) supernatants from 8-h cultures of
BMC107 grown in TY supplemented with different glucose concentrations.
The experiment was repeated three times, and results shown are the mean
values. Error bars represent SEM. An asterisk shows a statistically significant
difference (P � 0.05) between a sample without glucose supplementation
(BMC107-G0) and samples supplemented with different concentrations of
glucose. G0, G5, G10, G20, and G40 represent different concentrations of
glucose supplementation in TY culture.
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supernatants from cultures of TpeL-producing C. perfringens.
This finding suggests potential TpeL contributions to virulence,
but this hypothesis still must be tested in animal models. It is
notable that some isogenic toxin mutants of the same CN3685
strain used for constructing mutants in the current study have
been tested previously for virulence in animal models (18, 19).
Those studies, conducted before the discovery of TpeL, showed
that CPB production is required for this strain to cause hemor-
rhagic necrotic enteritis in rabbit small intestinal loops and is also
a major contributor to enterotoxemic lethality in a mouse oral
challenge model. In contrast, loss of either CPA or PFO produc-
tion had no discernible effect on CN3685 pathogenicity in the
small intestinal loop model and caused only a slight attenuation in

the lethality of this strain in the mouse enterotoxemia model (18,
19). While those previous studies established the importance of
CPB for CN3685 virulence, they do not necessarily exclude TpeL
contributions to the virulence of this strain. Of note, the earlier
studies had challenged animals with TGY cultures of CN3685,
which (as now shown in the current study and the study by Carter
et al. [46]) is not the most favorable culture medium for TpeL
production and release. Alternatively, it is possible that TpeL con-
tributes additively or synergistically to CPB action, similar to the
recent discovery of CPB and CPE synergism for the enteric patho-
genicity of some TpeL-negative type C strains (47).

Finally, the current study examined whether TpeL is sensitive
to trypsin, which is relevant since (i) during intestinal infections,
this toxin should be produced by TpeL-positive type B and C
strains and (ii) there is considerable variability in the effects of
trypsin on C. perfringens toxins, with some (i.e., ETX, CPE, and
ITX) toxins being activated by trypsin (41, 55–57), while others
(i.e., CPB and beta2 toxin) are inactivated by trypsin (58, 59). Our
findings clearly demonstrated that TpeL is trypsin sensitive, like C.
difficile toxin B (60), which is another LCT. Demonstrating that
TpeL is trypsin sensitive does not diminish the potential impor-
tance of this toxin for disease, since TpeL is produced mainly by
type B and C strains. Those strains often cause disease in hosts
with reduced intestinal trypsin levels due to age, nursing, diet, or
other factors (1).

Collectively, these findings provide important new insights
into TpeL, an unusual LCT. Future studies will investigate the
activity of TpeL in vivo and the regulation of production of this
toxin.
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