
UC Davis
UC Davis Previously Published Works

Title
Synergistic Effects of Clostridium perfringens Enterotoxin and Beta Toxin in Rabbit 
Small Intestinal Loops

Permalink
https://escholarship.org/uc/item/4qs9q4x2

Journal
Infection and Immunity, 82(7)

ISSN
0019-9567

Authors
Ma, Menglin
Gurjar, Abhijit
Theoret, James R
et al.

Publication Date
2014-07-01

DOI
10.1128/iai.01848-14
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/4qs9q4x2
https://escholarship.org/uc/item/4qs9q4x2#author
https://escholarship.org
http://www.cdlib.org/


Synergistic Effects of Clostridium perfringens Enterotoxin and Beta
Toxin in Rabbit Small Intestinal Loops

Menglin Ma,a Abhijit Gurjar,a,c James R. Theoret,a Jorge P. Garcia,b Juliann Beingesser,b John C. Freedman,a Derek J. Fisher,a,d

Bruce A. McClane,a Francisco A. Uzalb

Department of Microbiology and Molecular Genetics, University of Pittsburgh School of Medicine, Pittsburgh, Pennsylvania, USAa; Animal Health and Food Safety
Laboratory System, School of Veterinary Medicine, University of California, Davis, San Bernardino, California, USAb; Merck Animal Health, Summit, New Jersey, USAc;
Department of Microbiology, Southern Illinois University, Carbondale, Illinois, USAd

The ability of Clostridium perfringens type C to cause human enteritis necroticans (EN) is attributed to beta toxin (CPB). How-
ever, many EN strains also express C. perfringens enterotoxin (CPE), suggesting that CPE could be another contributor to EN.
Supporting this possibility, lysate supernatants from modified Duncan-Strong sporulation (MDS) medium cultures of three
CPE-positive type C EN strains caused enteropathogenic effects in rabbit small intestinal loops, which is significant since CPE is
produced only during sporulation and since C. perfringens can sporulate in the intestines. Consequently, CPE and CPB contri-
butions to the enteropathogenic effects of MDS lysate supernatants of CPE-positive type C EN strain CN3758 were evaluated
using isogenic cpb and cpe null mutants. While supernatants of wild-type CN3758 MDS lysates induced significant hemorrhagic
lesions and luminal fluid accumulation, MDS lysate supernatants of the cpb and cpe mutants caused neither significant damage
nor fluid accumulation. This attenuation was attributable to inactivating these toxin genes since complementing the cpe mutant
or reversing the cpb mutation restored the enteropathogenic effects of MDS lysate supernatants. Confirming that both CPB and
CPE are needed for the enteropathogenic effects of CN3758 MDS lysate supernatants, purified CPB and CPE at the same concen-
trations found in CN3758 MDS lysates also acted together synergistically in rabbit small intestinal loops; however, only higher
doses of either purified toxin independently caused enteropathogenic effects. These findings provide the first evidence for poten-
tial synergistic toxin interactions during C. perfringens intestinal infections and support a possible role for CPE, as well as CPB,
in some EN cases.

Clostridium perfringens ranks among the most important
pathogens of humans and livestock, causing both histotoxic

diseases and infections originating in the intestines (1–3). The
pathogenicity of this anaerobic bacterium is largely due to its pro-
duction of �16 different toxins, although no single C. perfringens
strain expresses this complete toxin repertoire. Based upon their
production of alpha (CPA), beta (CPB), epsilon (ETX), or iota
toxin, C. perfringens isolates are routinely classified into five (A, B,
C, D, or E) types (1, 3). By definition, type C strains must express
CPA and CPB; however, these isolates sometimes produce addi-
tional toxins, e.g., C. perfringens enterotoxin (CPE), that are med-
ically important but not used in the typing classification scheme.

C. perfringens type C strains cause disease in livestock, partic-
ularly neonatal animals, when this bacterium grows in the small
intestine and produces toxins (1, 4, 5). Type C animal infections
include both necro-hemorrhagic enteritis, which can result in
death due to direct intestinal damage, and enterotoxemia, which
can also cause death following absorption of the toxins from the
small intestine into the circulation. Among the more notable type
C livestock infections are necro-hemorrhagic enteritis in lambs,
piglets, foals, and calves. In adult sheep, type C strains cause
“struck,” an enterotoxemia where the infected animals die so
quickly that they appear to have been struck by lightning; disease
in adult individuals of other animal species is also occasionally
observed. In the absence of vaccination, outbreaks of type C in-
fections of newborn animals, especially piglets, can cause herd
mortality rates of over 30%, resulting in significant economic
losses (1, 4).

In humans, type C isolates cause food-borne enteritis necroti-
cans (EN). Currently, this type C illness occurs sporadically

throughout the developing world, with the highest incidence in
Southeast Asia and Oceania (6–8). EN is also occasionally ob-
served in developed countries, mainly in people with pancreatic
disease (9). Historically, EN (known locally as Darmbrand) af-
fected many malnourished people in northern Germany after
World War II (10, 11). Prior to vaccination campaigns conducted
during the 1970s and 1980s, EN (known locally as pigbel) was also
the most common cause of death in children greater than 1 year
old in the Papua New Guinea (PNG) highlands (6, 7). The risk
factors for developing human EN include low trypsin levels due to
protein-poor diets or pancreatic disease, often coupled with con-
sumption of foods (such as sweet potato) containing trypsin in-
hibitor. Without surgical intervention, severe EN cases can be fatal
within a few hours of the consumption of contaminated foods,
particularly meats.

Molecular Koch’s postulate analyses demonstrated that CPB
production is essential for type C animal disease strain CN3685 to
cause either necro-hemorrhagic enteritis or fatal enterotoxemia in
animal models (12). However, it is noteworthy that CN3685 does
not carry the gene encoding CPE (cpe), which is a potent entero-
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toxin important for the pathogenesis of several human gastroin-
testinal (GI) diseases caused by type A strains, including C. per-
fringens type A food poisoning and CPE-associated non-food-
borne GI diseases, such as antibiotic-associated diarrhea (13).
Although absent from CN3685, the enterotoxin gene (cpe) is car-
ried by a significant number of type C strains, including many
human EN strains (14). For example, older studies using relatively
insensitive assays demonstrated that four of eight pigbel strains
produced detectable levels of CPE (15, 16), and a more recent
study demonstrated CPE production by all five surveyed type C
Darmbrand strains (11).

The established ability of many pigbel and Darmbrand strains
to express CPE have led to suggestions that CPE, as well as CPB,
might contribute to EN (6, 15, 16). Since CPE is expressed only
during sporulation by type C strains (14), our current study first
evaluated whether supernatants from sporulating culture lysates
of CPE-positive type C strains are enteropathogenic in a rabbit
small intestinal loop model of type C necro-hemorrhagic enteritis.
An isogenic cpe null mutant of type C Darmbrand isolate CN3758
was then prepared and used to directly test whether, at natural
production levels, CPE contributes to the enteropathogenicity of
sporulating culture lysates in rabbit small intestinal loops. In ad-
dition, an isogenic cpb mutant of CN3758 was prepared and used
to evaluate possible additive or synergistic interactions between
CPB and CPE in the small intestine. Finally, conclusions suggested
by studies using sporulating culture lysates were explored further
by assessing the in vivo activities of purified CPB and CPE, alone
and in combination.

MATERIALS AND METHODS
Bacterial strains and growth conditions. C. perfringens strains CN3758
and CN2067 are previously characterized, CPE-positive type C Darm-
brand isolates from post-World War II Germany (11), while CN5388 is a
previously characterized CPE-positive type C strain isolated in 1963 from
a pigbel case in Papua New Guinea (17). Each strain was streaked for
isolation onto Shahidi-Ferguson perfringens (SFP) agar (Difco Laborato-
ries) containing 0.04% D-cycloserine (Sigma-Aldrich) and then grown
overnight at 37°C under anaerobic conditions. Fluid thioglycolate (FTG)
medium (Difco Laboratories) broth and TGY broth (3% tryptic soy broth
[Becton, Dickinson], 2% glucose [Sigma-Aldrich], 1% yeast extract [Bec-
ton, Dickinson], and 0.1% thioglycolate [Sigma-Aldrich]) were routinely
used for growing vegetative cultures of these strains while modified Dun-
can-Strong (MDS) medium (11) was used to obtain sporulating cultures
of the three strains. For the growth of CN3758 isogenic toxin null mutants
and their respective complementing or reversed mutant strains, MDS
medium was supplemented with 15 �g ml�1 of chloramphenicol.

Toxins. Purified CPB was obtained from BEI Resources (Manassas,
VA) or prepared as described previously (12). Purified CPE was prepared
using previously described techniques (18).

Construction of a CN3758 cpb null mutant using TargeTron gene
knockout technology and preparation of a reversed cpb mutant strain.
The cpb gene in CN3758 was insertionally inactivated using the Clostrid-
ium-modified TargeTron gene knockout system, as described previously
for type C strain CN3685 (12). Briefly, the mutagenesis plasmid
pJIR750bi-s, which carries the cpb-targeted intron (12), was electropo-
rated into CN3758. Transformants were then plated onto brain heart
infusion (BHI) agar (Difco) plates containing 15 �g ml�1 of chloram-
phenicol. Colonies were PCR screened using cpb-specific primers (Table
1, cpbF and cpbR) to detect the presence of a 0.9-kb intron insertion (in
the sense orientation) in the cpb gene. A putative cpb mutant, named
CN3758cpbko, was further characterized by PCR analyses and South-
ern blotting (see Results). That cpb null mutant was then subcultured

daily in antibiotic-free FTG broth for �10 days to cure the intron
delivery plasmid.

Also constructed was CN3758cpbrev, a strain in which the cpb null
mutation of CN3758 was reversed by electroporating the LtrA-encoding
pJIR750bi-s plasmid back into CN3758cpbko. As described previously
(12), growth of CN3758cpbrev at 30°C resulted in LtrA-mediated splicing
of the intron from cpb mRNA, thus restoring CPB expression to the re-
versed mutant.

Construction of a CN3758 cpe null mutant using TargeTron tech-
nology and preparation of a cpe complementing strain. To construct a
CN3758 mutant carrying an inactivated cpe gene, the wild-type cpe gene
sequence was first inputted into the intron prediction program (Sigma-
Aldrich, St. Louis, MO). This program identified eight potential insertion
sites across the 957-bp cpe open reading frame (ORF). Based upon that
analysis, the site between nucleotides 195 and 196 of the CN3758 cpe ORF
was chosen for initial intron targeting. The primers listed in Table 1 (IBS,
EBS1d, and EBS2) were used to generate a 350-bp intron targeting se-
quence to this cpe ORF site. This 350-bp sequence was digested with
HindIII and BsrGI (New England BioLabs) restriction enzymes according
to the manufacturer’s instructions and then ligated into pJIR750ai (a plas-
mid carrying the TargeTron vector [Sigma]), which had been digested
similarly with the same two restriction enzymes. The resultant donor plas-
mid, named pJIR750cpei, was electroporated into wild-type CN3758,
which would cause inactivation of the cpe gene by insertion, in an anti-
sense orientation, of the �0.9-kb group II intron from the donor plasmid.
Transformants were plated onto BHI agar plates containing 15 �g ml�1 of
chloramphenicol. Colonies were PCR screened using the cpe-specific
primers (cpeF and cpeR) listed in Table 1. A transformant carrying the
intron-disrupted cpe gene was then subcultured daily in FTG broth with-
out antibiotics for �10 days to cure the intron-carrying plasmid. This
putative cpe null mutant, named CN3758cpeko, was further characterized
by Southern blotting and PCR analyses (see Results).

To prepare a complementing strain, named CN3758cpecomp, the cpe
null mutant was transformed by electroporation with plasmid pJRC200
(13), which is a shuttle plasmid carrying the wild-type cpe gene.

PCR screening for an intron insertion into the cpb or cpe gene of
toxin null mutants. Each PCR mixture contained 2 �l of template DNA,
10 �l of Taq 2� master mix (Gene Choice), and 1 �l of each primer pair
(1 �M final concentration). The primers listed in Table 1 were used to
screen for intron insertions into the cpb and cpe genes of CN3758cpbko
and CN3758cpeko, respectively. PCRs were performed in a Techne
(Burkhardtsdorf, Germany) thermocycler using the following PCR am-
plification conditions: 94°C for 2 min, followed by 35 cycles of 94°C for 1
min, 55°C for 1 min, and 68°C for 2 min, with a 5-min extension at 68°C.
PCR products were run on a 1.5% agarose gel, and this gel was then
stained with ethidium bromide for visualization.

Southern hybridization. C. perfringens genomic DNA was isolated
from wild-type, toxin null mutants, complementing, or reversed mutant
strains using a MasterPure Gram-positive DNA purification kit (Epicen-
tre Biotechnologies, WI). A 2.5-�g aliquot of each purified DNA sample

TABLE 1 Primers used in this study

Primer name Primer sequence (5=–3=)
IBS AAAAAAGCTTATAATTATCCTTAACCTGCTTCA

TTGTGCGCCCGATAGGGTG
EBS1d CAGATTGTACAAATGTGGTGATAACAGATAA

GTCTTCATTAGTAACTTACCTTTCTTTGT
EBS2 TGAACGCAAGTTTCTAATTTCGATTCAGGTTC

GATAGAGGAAAGTGTCT
cpbF TTTCATTAGTTATAGTTAGTTCAC
cpbR GGGGTATCAAAAGCTAGCGTGG
cpeF GGAGATGGTTGGATATTAGG
cpeR GGACCAGCAGTTGTAGATA
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was then digested overnight with NcoI at 37°C, according to the manu-
facturer’s (New England BioLabs) instructions. The digested DNA sam-
ples were electrophoresed on a 1% agarose gel, and the separated DNA
digestion products were then transferred onto nylon membranes (Roche)
for hybridization with a digoxigenin (DIG)-labeled probe specific for the
intron sequence. The probe was prepared by PCR using a PCR DIG Probe
synthesis kit (Roche) and primers listed in Table 1 (IBS and EBS2). After
hybridization with the probe, the Southern blot was developed using re-
agents from a DIG DNA labeling and detection kit (Roche), according to
the manufacturer’s instructions.

Preparation of rabbit polyclonal CPB antiserum. CPB-specific poly-
clonal antiserum was produced in rabbits by Pocono Rabbit Farm and
Laboratory (Canadensis, PA), a Public Health Service (PHS)-approved,
USDA-registered and AAALAC-accredited facility, under their approved
IACUC protocol (protocol PRF2A). Briefly, two amino acid sequences
(CIEENKPLASIESEYA and CGRYTNVPATENIIPDYQMSK) in the CPB
protein were selected for peptide synthesis based on predicted surface
exposure, antigenicity, and peptide stability. After synthesis, the peptides
were conjugated to keyhole limpet hemocyanin. Two New Zealand White
rabbits received subcutaneous injections containing 200 �g of a 50-50
mixture of the peptide conjugate and Freund’s complete adjuvant.
Booster injections consisting of a 100-�g mixture of both antigens with
Freund’s incomplete adjuvant were administered at 14, 28, 56, and 77 days
after primary injection. Rabbits were terminally bled 14 days after the final
injection.

Western blot analysis of CPB and CPE production by CN3758 and
its isogenic derivatives. C. perfringens wild-type CN3758, the toxin null
mutants CN3758cpbko and CN3758cpeko, the reversed cpb strain
CN3758cpbrev, and the cpe complementing strain CN3758cpecomp
were inoculated into FTG broth. After a 20-min heat shock, the cul-
tures were incubated for 18 h at 37°C. An aliquot (0.2 ml) of each FTG
culture was then inoculated into 10 ml of TGY broth (for evaluation of
CPB production under vegetative growth conditions). Similarly, a
0.8-ml aliquot of the FTG culture was inoculated into 10 ml of fresh
MDS medium (for evaluation of CPB and CPE production by sporu-
lating cultures). TGY cultures were grown for 8 h at 37°C. Except for
CN3758cpbrev, MDS cultures were grown for 10 to 12 h at 37°C;
CN3758cpbrev was first grown for 8 h at 37°C, followed by 8 h of
additional growth at 30°C. Culture sporulation was then assessed by
phase-contrast microscopy.

To release intracellular CPE, which naturally accumulates cytoplasmi-
cally until mother cells lyse at the completion of sporulation (19), each
MDS culture was sonicated until �95% cell lysis was reached, producing
MDS lysates. These lysates were then centrifuged at 8,000 � g for 5 min,
and equal volumes of each culture supernatant were electrophoresed on a
12% polyacrylamide gel containing SDS. Separated proteins on the gels
were then transferred onto a nitrocellulose membrane. The membrane
was blocked with Tris-buffered saline (TBS)-Tween 20 (0.05%, vol/vol)
and nonfat dry milk (5%, wt/vol) for 1 h before it was probed overnight at
4°C with either rabbit polyclonal CPE antiserum (20) or rabbit CPB an-
tiserum, prepared as described earlier. Bound antibody was then detected
by incubating the membrane with a horseradish peroxidase-conjugated
secondary anti-species-specific antibody, followed by addition of Super-
Signal West Pico chemiluminescent substrate (Pierce).

Quantification of CPB and CPE production by MDS cultures of
CN3758 and its isogenic derivatives. MDS culture lysates were prepared
as described above and then centrifuged at 8,000 � g for 10 min. A 25-�l
aliquot of each resultant supernatant was loaded onto two 12% acryl-
amide gels containing SDS; the first gel was used for CPB quantification,
while the second gel was used for CPE quantification. Serially diluted,
purified CPB (0.5 to 64 �g ml�1) or CPE (1 to 200 �g ml�1) was also
loaded onto the first or second gel, respectively. After electrophoresis,
Western blotting was performed with a CPB or a CPE polyclonal anti-
body, respectively, as described above. Densitometry of the Western blot
bands was performed using ImageJ software, version 1.44p. The results

were used to quantify the amount of CPB or CPE in each culture lysate
against standard curves obtained using a range of concentrations of puri-
fied CPB or CPE.

Quantification of spore formation. To quantify the number of spores
made by each C. perfringens strain, an aliquot (0.8 ml) of an 8-h FTG
culture was inoculated into 10 ml of fresh MDS medium, which was then
incubated for 10 to 12 h at 37°C. Each MDS culture was heat shocked for
20 min at 70°C to kill the vegetative cells and promote spore germination.
Ten-fold serial dilutions (from 10�2 to 10�7) of each culture were made
using sterile water, and each of those dilutions was plated onto BHI agar
plates. The plates were incubated overnight at 37°C under anaerobic con-
ditions, and colonies on each plate were then counted. Each experiment
was repeated three times.

Preparation of supernatants from MDS lysates for rabbit small in-
testinal loop experiments. The three C. perfringens wild-type strains,
CN3758cpbko, CN3758cpeko, the cpe complementing strain CN3758cpecomp,
and the cpb reversed mutant CN3758cpbrev were each grown at 37°C for
18 h in FTG broth. A 0.2-ml aliquot of each FTG culture was then trans-
ferred into 10 ml of fresh FTG broth hand grown for 8 h at 37°C. A 0.8-ml
aliquot of that second FTG culture was transferred to 10 ml of MDS
medium and grown for 10 to 12 h at 37°C, a time point when phase-
refractile spores became visible. For the cpb reversed mutant
CN3758cpbrev, the strain was grown in the presence of 15 �g ml�1 chlor-
amphenicol to retain the LtrA-encoding plasmid. After growing in MDS
for 8 h at 37°C, this strain was transferred to 30°C for another 8 h of
growth.

After sonication of each MDS culture, the lysates were centrifuged,
and equal volumes of each resultant supernatant were then assayed for the
presence of CPB and CPE by Western immunoblotting, as described
above. As described previously, trypsin inhibitor ([TI] 1 mg/ml; Sigma)
was added to an equal volume of each MDS lysate supernatant (or purified
CPB) to inhibit CPB degradation, and these samples were stored at �80°C
until use in rabbit loops.

Rabbit small intestinal loops. Fasted young adult, male or female,
New Zealand White rabbits (Charles River, CA) were anesthetized and
used to prepare small intestinal loops as described previously (21). Loops
were inoculated with 1-ml samples containing one of the following: puri-
fied CPB (3 or 10 �g, as specified in the figures or tables) plus TI (1 mg/ml)
dissolved in phosphate-buffered saline (PBS), purified CPE (15 or 100 �g, as
specified in the figures or tables) dissolved in PBS, a combination of both CPB
(3 or 10 �g, as specified in the figures or tables) and CPE (15 or 100 �g, as
specified in the figures or tables) plus TI (1 mg/ml) dissolved in PBS, sterile
MDS medium plus TI (1 mg/ml), or a 1-ml aliquot of lysate supernatant
prepared from equal volumes of MDS cultures of wild-type CN2067,
CN5388, or CN3758, the CN3758 cpb null mutant (CN3758cpbko), the
CN3758 cpb reversed mutant (CN3758cpbrev), the CN3758 cpe null mu-
tant (CN3758cpeko), or the CN3758 cpe complementing strain
(CN3758cpecomp), each with added TI (1 mg/ml).

Once the abdominal incision was sutured, the animals were kept
deeply anesthetized until euthanasia by an overdose of sodium barbiturate
(Beuthanasia; Schering-Plough Animal Health, Kenilworth, NJ) given 6 h
after inoculation. The abdominal cavity was then reopened, and the loops
were excised following the same order in which they had been inoculated.
Loops were weighed before and after the fluid was removed. They were
also examined grossly, and their lengths were measured. Fluid content was
expressed as the loop weight-to-length ratio (g/cm). For histological anal-
ysis, all tissues were fixed by immersion in 10% buffered, pH 7.4, formalin
for a minimum of 24 h, followed by dehydration through graded alcohols
to xylene before being embedded in paraffin wax, sectioned at 4 �m, and
stained with hematoxylin and eosin.

Tissue sections were examined by a pathologist in a blinded fashion,
using a quantitative scoring system as described previously (12, 21). The
degree of histologic lesions was scored using a scale of 1 to 5, with 1
indicating no histologic damage and values between 2 and 5 indicating
increasingly severe damage. An overall histologic score was calculated
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based on the following parameters: mucosal necrosis, desquamation of
the epithelium, inflammation, villous blunting, edema, and hemorrhage.
All procedures were approved by the University of California, Davis,
Committee for Animal Care and Use (permit 16383).

Statistical analyses. For statistical analysis, each in vivo experiment
was performed using two replicates of each treatment in four to six differ-
ent rabbits (8 to 12 total loops). Statistical significance of fluid accumula-
tion and histologic scores was determined using the Friedman test with
Dunn’s multiple-comparison test post hoc using GraphPad Prism, version
6, software.

RESULTS
Enteropathogenic effects of supernatants from sporulating cul-
ture lysates of CPE-positive type C human disease strains. CPE-
positive type C strains produce CPE only during sporulation (14).
Therefore, the current study first evaluated whether sporulating
cultures of CPE-positive type C human disease strains cause en-
teropathogenic effects in a rabbit small intestinal loop model of
type C necro-hemorrhagic enteritis. For this purpose, three CPE-
positive type C strains were used, including CN3758, CN2076, and
CN5388. Note that the origins of these strains varied considerably,
with CN2076 and CN3758 originating from Darmbrand out-
breaks in post-World War II Germany, while CN5388 was isolated
from a 1960s pigbel case in Papua New Guinea.

For this enteropathogenicity analysis, the samples tested were
supernatants obtained from sonicated lysates of sporulating MDS
cultures. Sonicated MDS lysates were used for this analysis be-
cause CPE accumulates intracellularly until the mother cell lyses at
the completion of sporulation (19); this lysis does not occur until
�12 h postinoculation in sporulation medium at 37°C (19), so it
cannot be mimicked in our 6-h rabbit small intestinal loop model.
Instead, using supernatants from MDS culture lysates bypasses
mother cell lysis and thus represents a standard inoculum for
studying the in vivo effects of CPE-positive type A strains (13).
Note that because supernatants of sonicated MDS lysates were
used, each sample contained both intracellular proteins, like CPE,
and any secreted proteins, including CPB. Trypsin inhibitor was
added to all supernatants prior to their inoculation into rabbits to
protect CPB, if present in these samples, from proteolysis.

When tested for their enteropathogenicity, undiluted superna-
tants from sonicated MDS lysates of all three CPE-positive type C
EN strains caused similar, statistically significant levels of luminal
fluid accumulation in rabbit small intestinal loops (Fig. 1A). Fur-
thermore, there was a similar reduction in luminal fluid accumu-
lation upon equivalent dilutions of MDS lysate supernatants from
all three surveyed CPE-positive type C EN strains (Fig. 1A).

In addition to causing significant luminal fluid accumulation,
the MDS lysates from each CPE-positive type C EN strain also
induced similar gross and histologic lesions in the rabbit small
intestinal loops. At the gross level, these MDS lysate supernatants
caused rabbit small intestinal loops to become distended with
hemorrhagic fluid and severe mucosal and serosal hemorrhage
and congestion, all of which could be observed from both the
mucosal and serosal sides (data not shown). The intestinal wall
appeared thin and had lost its natural tone. At the histologic level,
the similar, statistically significant lesions caused by each CPE-
positive type C strain included severe diffuse mucosal necrosis
with desquamation of the epithelium, villous blunting, edema,
and hemorrhage (Fig. 1B). Diffuse infiltration of the lamina pro-
pria with neutrophils and mucosal and submucosal edema were
also observed. There was a similar reduction in development of

histologic lesions after equivalent dilution of MDS lysate superna-
tants from all three CPE-positive type C strains (Fig. 1B).

CPB and CPE production by wild-type CN3758 grown in
MDS. The Fig. 1 results demonstrating that sporulating culture
lysates from multiple CPE-positive type C strains induce similar,
statistically significant histologic lesions and luminal fluid accu-
mulation are consistent with the possibility of CPE contributing
to the enteropathogenicity of CPE-positive type C strains. There-
fore, this study next directly evaluated whether, at natural produc-
tion levels, CPE can contribute to the enteropathogenic effects of
MDS lysates of CPE-positive type C strains, either alone or in
combination with CPB.

To address this issue would involve constructing isogenic toxin
mutants in CN3758, which is the only one of the three surveyed
CPE-positive type C EN strains that is transformable. Before con-
struction of these mutants, Western blotting for CPE and CPB
detection was performed (Fig. 2) using supernatants of MDS spo-
rulating culture lysates (MDS lysates) of this strain to assess the
presence of both CPE and CPB in supernatants of wild-type
CN3758 MDS lysates. When the amounts of the toxins present in
the CN3758 MDS lysate supernatants were quantified by densito-
metric analysis of Western blot bands, these samples were found
to contain �3 �g/ml of CPB and �17 �g/ml of CPE.

Construction and characterization of CN3758 cpb and cpe
null mutants, a cpe complementing strain, and a reversed cpb
mutant. The presence of both CPB and CPE in supernatants of
MDS lysates of CN3758 allowed us to address whether, at their
natural levels present in MDS cultures, one or both of these toxins
cause the enteropathogenic effects shown in Fig. 1. To evaluate
toxin contributions to CN3758 sporulating culture enteropatho-
genicity, the cpb and cpe genes in the EN strain were individually
insertionally inactivated using the Clostridium-modified TargeT-
ron gene knockout system (22), which produced a putative cpb
null mutant (named CN3758cpbko) and a putative cpe null mu-
tant (named CN3758cpeko).

The presence of a 0.9-kb intron insertion in the cpb or cpe gene
of CN3758cpbko or CN3758cpeko, respectively, was then con-
firmed by PCR (Fig. 3A). Using a pair of internal primers for the
cpb gene, PCR amplified an �1.8-kb product from CN3758cpbko
DNA but only an �900-bp product from wild-type CN3758
DNA. Similarly, using a pair of internal primers for the cpe gene,
PCR amplified an �1.5-kb product from CN3758cpeko DNA but
only an �600-bp product from CN3758 DNA.

Complementation of cpb null mutants has not yet been
achieved due to difficulty in stably cloning the cpb gene (12). How-
ever, as shown previously for strain CN3685 (12), the cpb null
mutation created with pJIR750bi-s can be reversed at the mRNA
level by reintroducing this plasmid back into the cpb gene null
mutant. At 30°C, this allows the pJIR750bi-s-encoded LtrA to re-
move, by splicing, the sense-oriented intron from cpb mRNA, thus
restoring a functional cpb transcript and CPB production.

Therefore, to rule out the possibility that any phenotypic dif-
ferences observed in later studies between CN3758 and its isogenic
cpb mutant were due to unwanted secondary mutations,
pJIR750bi-s was reintroduced back into CN3758cpbko, creating a
reversed cpb mutant named CN3758cpbrev. As shown in Fig. 3A,
PCR using DNA from CN3758cpbrev and primers amplifying in-
ternal cpb gene sequences still detected an �1.8-kb product, con-
sistent with intron removal in the reversed mutant occurring by
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FIG 1 Enteropathogenic effects of supernatants from MDS sporulating cultures of CPE-positive type C EN strains. (A) Luminal fluid accumulation. An equal
volume (1 ml) of neat or diluted supernatant from each MDS sporulating culture lysate plus TI was inoculated into separate rabbit small intestinal loops, which
were then incubated for 6 h. Shown are mean results from 4 rabbits, each with duplicate samples. Error bars depict the standard errors of the means. #, significant
(P � 0.05) difference in fluid accumulation compared to MDS medium alone. (B) Histologic damage scores in rabbit small intestinal loops after 1 ml of neat or
diluted supernatant from each MDS culture lysate plus TI was inoculated into separate rabbit small intestinal loops, which were then incubated for 6 h. Shown
are mean results from 4 rabbits, each with duplicate samples. The degree of lesions was scored using a scale of 1 to 5, with 1 indicating no histologic damage and
values between 2 and 5 indicating increasingly severe damage. An overall histologic score was calculated based on the following parameters: mucosal necrosis,
desquamation of the epithelium, inflammation, villus blunting, edema, and hemorrhage. Error bars depict the standard errors of the means. #, significant (P �
0.05) difference in fluid accumulation compared to MDS medium alone. (C) Photomicrographs of representative histologic damage after 6 h of treatment of
rabbit small intestinal loops with neat supernatant from each MDS culture lysate plus TI. Magnification, �200.
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splicing at the transcriptional level, rather than by splicing re-
moval of the intron from the disrupted cpb gene.

The cpe null mutant was complemented to restore CPE pro-
duction. This was achieved by electroporating CN3758cpeko with
a shuttle plasmid vector carrying a cloned copy of the native cpe
gene, creating CN3758cpecomp. As shown in Fig. 3A, a PCR using
internal cpe-specific primers detected the presence of a wild-type
cpe gene in trans in CN3758cpecomp. The failure of this PCR to
amplify detectable amounts of the larger intron-disrupted cpe gene
using CN3758cpecomp DNA is due to preferential PCR amplifica-
tion of the smaller wild-type cpe gene, as noted previously for other
complemented TargeTron mutants of C. perfringens (23).

To confirm that only a single intron had inserted into the
CN3758cpeko or CN3758cpbko mutant, Southern blot hybrid-
ization was performed using a DIG-labeled, intron-specific probe
and genomic DNA isolated from wild-type strain CN3758, the cpb
null mutant, or the cpe null mutant. These Southern blot analyses
detected the presence of a single intron insertion in both toxin null
mutant strains (Fig. 3B).

Comparison of toxin production levels by CN3758, the iso-
genic toxin null mutants, the reversed cpb mutant, and the cpe
complementing strain. As mentioned earlier, quantitative West-
ern blot results had indicated that �3 �g/ml of CPB and �17
�g/ml of CPE are present in supernatants of MDS lysates from the
parent CN3758 strain. Similar Western blotting demonstrated
that no CPB and �25 �g/ml of CPE was detectable in superna-
tants from MDS lysates of the CN3758cpbko cpb null mutant (Fig.
2). These experiments also showed that reversal of the cpb null
mutation restored CPB production to �3 �g/ml in MDS cultures
of CN3758cpbrev, which also contained �20 �g/ml of CPE.

Similar Western blot analyses (Fig. 2) further revealed that su-
pernatants from MDS lysates of the cpe null mutant CN3758cpeko
contained no CPE and �2 �g/ml of CPB. However, �16 �g/ml of
CPE, along with �2 �g/ml of CPB, was detected in MDS lysate
supernatants of the cpe complementing strain CN3758cpecomp.

Quantitative comparison of sporulation levels by CN3758,
the isogenic toxin null mutants, the reversed cpb mutant, or the
cpe complementing strain. To assess whether all strains were spo-
rulating at similar levels when grown in MDS medium, spore
numbers were determined by plate count analysis after each MDS
culture had been heat shocked for 20 min at 70°C to kill vegetative
cells and facilitate spore germination. As indicated in Fig. 4, wild-
type CN3758 exhibited spore formation of 9 � 107 � 2 � 107

spores/ml when grown in MDS medium. All other CN3758-de-
rived strains formed statistically similar (P � 0.05) numbers of
spores (range, 5 � 107 to 7 � 107 � 1 � 107 to 4 � 107 spore/ml)
under these culture conditions.

FIG 2 Western blot analysis of toxin production by MDS sporulating cul-
tures of wild-type CN3758, the CN3758cpbko or CN3758cpeko isogenic
toxin null mutant, the CN3758cpecomp cpe complementing strain, or the
CN3758cpbrev cpb reversed mutant. The bacteria were grown in MDS me-
dium at 37°C for 10 to 12 h; CN3758cpbrev was grown at 37°C for 8 h and then
at 30°C for another 8 h to remove the intron from cpb mRNA (see Results). All
cultures were then sonicated to produce culture lysates. After centrifugation,
equal volumes of each MDS culture lysate supernatant were subjected to SDS-
PAGE, followed by Western blotting to detect the presence of CPB (A) or CPE
(B). Shown are representative results that were reproducible over at least three
repetitions. The molecular mass of each toxin is indicated on the right side of
the blots, and purified CPB or CPE was electrophoresed as a positive control in
the last lane of each blot.

FIG 3 Generation and characterization of the CN3758 wild-type parent, the
CN3758cpbko and CN3758cpeko toxin null mutants, the CN3758cpecomp
cpe complementing strain, and the CN3758cpbrev cpb reversed mutant. (A)
PCR amplification of internal cpb or cpe sequences from wild-type CN3758
and its derivatives. Using DNA extracted from wild-type CN3758, the
CN3758cpeko mutant, or the CN3758cpecomp complementing strain, an
�900-bp product was PCR amplified using primers for internal cpb se-
quences. However, using DNA from the CN3758cpbko cpb mutant or the
CN3758cpbrev reversed cpb mutant, which contain an �900-bp intron inser-
tion into the cpb gene, the same PCR assay amplified an �1.8-kb PCR product.
Similarly, using DNA extracted from wild-type CN3758, the CN3758cpbko
mutant, or the CN3758cpbrev reversed cpb mutant, an �600-bp product was
PCR amplified using primers for internal cpe sequences. However, using DNA
from CN3758cpeko, which contains an �900-bp intron insertion in the cpe
gene, this same PCR assay amplified an �1.5-kb PCR product (bottom panel).
Purified DNA from the CN3758cpecomp strain supported PCR amplification
of the same-sized (�600-bp) PCR product as amplified from the wild-type
strain (see Results for explanation). The migration of a 100-bp molecular
weight marker is shown in the first lane of each DNA agarose gel. (B) Southern
blot hybridization of a DIG-labeled, intron-specific probe with DNA extracted
from wild-type CN3758, CN3758cpbko, or CN3758cpeko. Purified DNA from
each strain was digested with EcoRI and electrophoresed on a 1% agarose gel
prior to blotting and hybridization with the intron-specific probe.
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Gross pathology of rabbit small intestinal loops after treat-
ment with supernatants from MDS lysates of wild-type strain
CN3758 or its isogenic derivatives. In vivo experiments were then
performed to assess the ability of supernatants from MDS lysates
of the wild-type strain versus toxin null mutants to induce pathol-
ogy in rabbit small intestinal loops. Gross pathology after 6 h of
treatment with supernatants from MDS lysates of wild-type
CN3758 involved distension of the loops with hemorrhagic fluid
and severe mucosal and serosal hemorrhage and congestion, all
visible from both the serosal (Fig. 5) and mucosal sides (data not
shown). The intestinal wall appeared thin and had lost its natural
tone. In comparison, no significant gross abnormalities were ob-
served in any of the loops inoculated with either of the toxin mu-
tants or with MDS medium alone. Loops inoculated with super-
natants from MDS lysates of CN3758cpbrev or CN3758cpecomp
showed similar gross changes to those observed in loops inocu-
lated with wild-type CN3758 (Fig. 5). At the gross level, the loops

challenged with MDS lysates containing �3 �g/ml of CPB were
more hemorrhagic than those containing either no CPB or slightly
smaller amounts of CPB, consistent with previous reports that
CPB induces hemorrhaging in rabbit small intestinal loops
(12, 21).

For comparison as positive controls, these initial studies also
challenged some loops with 10 �g of purified CPB or 100 �g of
purified CPE since these toxin concentrations are known to in-
duce enteropathogenic effects in rabbit small intestinal loops (21,
24). Other loops were instead treated with a combination of both
10 �g of purified CPB and 100 �g of purified CPE. All loops
challenged with purified toxins showed distension due to fluid;
the loops treated with samples containing 10 �g of purified CPB,
whether in the presence or absence of CPE, also appeared bloody.

Luminal fluid accumulation in rabbit small intestinal loops
after treatment with supernatants of MDS culture lysates of
CN3758 or its isogenic derivatives. After a 6-h challenge with

FIG 4 Spore formation by CN3758, CN3758cpbko, CN3758cpbrev, CN3758cpeko, and CN3758cpecomp in MDS medium. The bacteria were grown in MDS
medium for 10 to 12 h at 37°C for sporulation, and the sporulating cultures were then heat shocked for 20 min at 70°C to kill vegetative cells and promote spore
germination. After a 10-fold serial dilution of these samples with sterile distilled water, the bacteria were plated onto BHI agar plates and grown anaerobically
overnight at 37°C for colony counting. Shown here are the mean results on a log10 scale from three independent repetitions. Error bars depict standard deviations.

FIG 5 Gross pathology in rabbit small intestinal loops after challenge with supernatants from MDS sporulating culture lysates of wild-type CN3758 or its
isogenic derivatives CN3758cpbko, CN3758cpbrev, CN3758cpeko, and CN3758cpecomp. An equal volume (1 ml) of each MDS culture lysate was inoculated
into separate rabbit intestinal loops, which were then incubated for 6 h. As positive controls, a 10-�g sample of purified CPB plus TI, a 100-�g sample of purified
CPE, or a mix of 10 �g of purified CPB plus TI and 100 �g of purified CPE was similarly injected into loops. As a negative control, 1 ml of sterile, nontoxic MDS
medium was injected into a loop. Shown are representative results that were reproducible in six rabbits.
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supernatants from wild-type CN3758 MDS lysates, small intesti-
nal loops accumulated significantly more luminal fluid than con-
trol loops similarly treated with MDS medium alone or with su-
pernatants of MDS culture lysates from the cpb or cpe null mutant
(Fig. 6). In contrast, loops challenged for 6 h with supernatants
from MDS culture lysates of CN3758cpbko or CN3758cpeko
showed luminal fluid accumulation that was not significantly dif-
ferent from that of loops treated with MDS medium alone (Fig. 6).
Furthermore, restoring CPB or CPE production to the toxin mu-
tants resulted in greater luminal fluid accumulation, with loops
challenged with CN3758cpbrev or CN3758cpecomp MDS cul-
ture lysates containing significantly higher luminal fluid levels
than loops treated with MDS medium alone or with MDS cul-
ture lysates of the cpb or cpe null mutant (Fig. 6).

As positive controls, loops challenged with 10 �g of purified
CPB, 100 �g of purified CPE, or a combination of 10 �g of CPB
and 100 �g of CPE also showed significant luminal fluid accumu-
lation relative to buffer-treated loops (data not shown).

Histological damage in rabbit small intestinal loops treated
with supernatants from MDS lysates of CN3758 or its isogenic
derivatives. Small intestinal loops challenged for 6 h with super-
natants from wild-type CN3758 MDS lysates showed severe mu-
cosal necrosis, characterized by desquamation of superficial epi-
thelium and severe villus blunting (Fig. 7A and B and Table 2).
The necrotic epithelium was occasionally lined by a pseudomem-
brane comprised of red blood cells, sloughed necrotic epithelial
cells and cell debris, and neutrophils. Mucosal hemorrhage was an
almost constant finding in these loops. In contrast, loops treated
for 6 h with MDS medium alone or with supernatants from MDS
lysates of cpb or cpe null mutants showed very minor or no histo-
logical changes. However, loops challenged for 6 h with superna-
tants from MDS lysates of CN3758cpbrev or CN3758cpecomp
showed histological changes that were similar to those observed in
loops inoculated with MDS lysate supernatants of the wild-type
strain CN3758.

As positive controls, loops treated for 6 h with 10 �g of purified
CPB, 100 �g of purified CPE, or a combination of 10 �g of puri-
fied CPB and 100 �g of purified CPE also showed significantly
more severe damage than loops treated with MDS (data not
shown).

Development of gross lesions, luminal fluid accumulation,
and histologic damage in rabbit small intestinal loops chal-
lenged with purified CPB or CPE at the same concentrations
present in CN3758 MDS lysates. As positive controls for the MDS
lysate experiments shown in Fig. 5 to 7, purified CPB or CPE was
tested at high concentrations (10 �g or 100 �g, respectively)
known to induce enteropathogenic effects (12, 21, 24). However,
the results shown in Fig. 5 to 7 also indicated that, at the lower
levels naturally present in CN3758 MDS lysates, CPB and CPE act
together synergistically to cause luminal fluid accumulation and
histologic damage in rabbit small intestinal loops. To further test
this conclusion and to assess whether other lysate factors might
contribute to the CPB and CPE synergy observed in the experi-
ments shown in Fig. 5 to 7, rabbit small intestinal loops were
treated for 6 h with purified CPB or CPE, alone or in combination,
at the concentrations present in CN3758 MDS lysates.

After a 6-h challenge, no significant difference in luminal fluid
accumulation (Fig. 8A) or gross appearance (data not shown) was
detected between loops treated with buffer and loops treated with
3 �g/ml of purified CPB or 15 �g/ml of purified CPE. However, a
6-h cotreatment of loops with both 3 �g/ml of CPB and 15 �g/ml
of CPE significantly increased luminal fluid accumulation (Fig.
8A); this fluid was hemorrhagic, and the loops had severe mucosal
and serosal hemorrhage and congestion (data not shown). Loops
treated for 6 h with 3 �g/ml of purified CPB or 15 �g/ml of puri-
fied CPE showed, respectively, no or mild histologic damage,
while loops treated for 6 h with a combination of 3 �g/ml of pure
CPB and 15 �g/ml of pure CPE showed significant histologic
damage (Fig. 8B and C).

DISCUSSION

EN caused by C. perfringens type C strains is one of the most
serious human intestinal infections, with reported mortality rates
of �40% (6–8, 15). Treatment of this illness remains problematic
since it involves surgery performed soon after the onset of symp-
toms, which include abdominal pain, vomiting, and bloody diar-
rhea (7). Although no vaccine is currently available for use in
humans, EN can be prevented by vaccination. The pigbel vaccine
once used in PNG was prepared using inactivated crude superna-
tants of a type C strain, leading to the belief that CPB is responsible
for this illness (6, 8). However, the repertoire of toxin production
by the type C strain used to prepare that pigbel vaccine was not
characterized. Since type C strains often produce many toxins,
that vaccine may have induced immune responses against multi-
ple toxins. To optimize preparation of future EN vaccines, it is
important to use modern approaches to identify which toxins
contribute to enteropathogenic effects of EN strains.

As mentioned in the introduction, previous molecular Koch’s
postulate analyses demonstrated that CPB is essential for type C
strain CN3685 pathogenicity (12). However, CN3685 does not
produce CPE, which is significant since some investigators have
proposed that CPE can also contribute to EN symptoms, particu-
larly diarrhea (6, 15, 16). Several indirect observations support
this hypothesis. For example, all type C Darmbrand EN strains
characterized in a recent study carried the cpe gene, as well as the

FIG 6 Fluid accumulation in rabbit small intestinal loops challenged for 6 h
with supernatants from MDS sporulating culture lysates of wild-type CN3758
and its isogenic derivatives CN3758cpbko, CN3758cpbrev, CN3758cpeko, and
CN3758cpecomp. An equal volume (1 ml) of supernatants from each MDS
culture lysate was inoculated into separate rabbit intestinal loops, which were
then incubated for 6 h. Also shown as positive controls are the effects of high
doses of purified CPB (10 �g) plus TI, purified CPE (100 �g), or both toxins
combined (CPB/CPE, plus TI). Shown are mean results from 6 rabbits, each
with duplicate samples. Error bars depict the standard errors of the means. �,
significant (P � 0.05) difference in fluid accumulation compared to MDS
medium alone; #, significant (P � 0.05) difference in fluid accumulation com-
pared to wild-type CN3758 MDS lysate.
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cpb gene; furthermore, each of these EN strains could produce
CPE (11). In addition, 50% of pigbel strains reportedly also pro-
duce CPE (15); the percentage of CPE-positive pigbel strains may
actually be higher since that older study used a relatively insensi-
tive CPE detection assay. Furthermore, a second study from the
1970s (16) reported that cell extracts of CPE-positive type C pigbel
strains remained enteropathogenic after being incubated with
neutralizing alpha toxin (CPA) or CPB antiserum although that
previous work did not clearly demonstrate that the activities of
these two toxins had actually been blocked.

Since CPE is produced only by sporulating cultures of CPE-
positive type C EN strains (11, 14), the current study first evalu-
ated whether CPE could contribute to type C EN strain entero-

pathogenicity by testing the effects in rabbit small intestinal loops
of supernatants from MDS lysates of sporulating cultures from
CPE-producing type C EN strains. Supernatants from MDS spo-
rulating culture lysates of all three tested CPE-positive type C EN
strains caused similar histologic lesions and luminal fluid accu-
mulation in this animal model. Furthermore, the enteropatho-
genic activity of supernatants from all three CPE-positive type C
EN strains was similarly sensitive to dilution, consistent with the
involvement of similar pathogenic mechanisms. Supporting these
results as being representative of many CPE-positive type C EN
strains, the strains surveyed in this study had two distinct origins;
i.e., two of these strains originated from Darmbrand outbreaks in
the 1940s and 1950s in post-World War II Germany, while the

FIG 7 Histopathology in rabbit small intestinal loops after challenge with supernatants from MDS sporulating culture lysates of wild-type CN3758 or its isogenic
derivatives CN3758cpbko, CN3758cpbrev, CN3758cpeko, and CN3758cpecomp. An equal volume (1 ml) of supernatants from each MDS culture lysate was
inoculated into separate rabbit intestinal loops, which were then incubated for 6 h. As positive controls, a 10-�g sample of purified CPB plus TI, a 100-�g sample
of purified CPE, and a mix of 10 �g of purified CPB plus TI and 100 �g of purified CPE were similarly injected into loops. As a negative control, 1 ml of sterile,
nontoxic MDS medium was injected into a loop. After 6 h, samples were processed for hematoxylin and eosin staining (A). Shown are representative results that
were reproducible in 6 rabbits. Magnification, �200. (B) Histologic score of the treated rabbit small intestinal loops described in panel A. The degree of lesions
was scored using a scale of 1 to 5, with 1 indicating no histologic damage and values between 2 and 5 indicating increasingly severe damage. An overall histologic
score was calculated based on the following parameters: mucosal necrosis, desquamation of the epithelium, inflammation, villus blunting, edema, and hemor-
rhage. Error bars depict the standard errors of the means. �, significant (P � 0.05) difference in fluid accumulation compared to MDS medium alone; #,
significant (P � 0.05 difference in fluid accumulation compared to wild-type CN3758 MDS lysate.

Ma et al.

2966 iai.asm.org Infection and Immunity

http://iai.asm.org


other strain was isolated from a 1960s pigbel case in Papua New
Guinea.

Both CPB and CPE are present in sporulating cultures of these
CPE-positive type C EN strains (11, 14) (Fig. 2). Note that the
presence of CPB in MDS cultures does not necessarily imply that
expression of this toxin is sporulation associated since CN3758
MDS cultures contain a mix of both sporulating cells and vegeta-
tive cells. In fact, CN3758 produces slightly more CPB during
vegetative growth in TGY broth than MDS sporulation medium
(data not shown), indicating that sporulating conditions are not
the most favorable for CPB production.

Since both CPE and CPB are present in supernatants of MDS
culture lysates of CPE-positive type C EN strains (Fig. 2) (11, 14;
also data not shown), the current study then constructed CPE and
CPB null mutants of type C EN strain CN3758 to definitively
dissect the relative enteropathogenic contributions of these two
toxins when present together. Studies treating rabbit small intes-
tinal loops with CN3758, its isogenic CPB null mutant, or a re-
versed mutant confirmed the long-held view that CPB is impor-
tant for enteropathogenicity of type C strains. However, results
from challenges using supernatants prepared from MDS culture
lysates of wild-type CN3758, the isogenic CPE null mutant, or a
cpe complementing strain also clearly demonstrated that CPE is
required for these MDS lysates to cause histologic damage or fluid
accumulation in small intestinal loops.

Having established that both CPB and CPE must be present for
CN3758 MDS lysates to cause fluid accumulation or histologic
damage in rabbit small intestinal loops, we next challenged some
loops with purified CPB or CPE. Consistent with the lysate results,
purified CPB or CPE alone caused limited or no enteropathogenic
effects when used at the concentrations found naturally in MDS
lysates. However, when loops were treated with these same doses
of purified CPB and CPE in combination, both significant fluid
accumulation and histologic damage were observed. These results
indicated that other lysate factors are not necessary when CPB and
CPE, at levels present in MDS lysates, act synergistically to cause
fluid accumulation or histologic damage.

Findings from the current study also confirmed previous re-
ports (12, 21, 24) that, at larger amounts than present in CN3758
MDS lysates, either CPB or CPE alone is sufficient to cause exten-
sive enteropathogenic effects in rabbit small intestinal loops. The
finding that these toxins can act synergistically at low doses but
independently at high toxin doses is consistent with previous

studies observing enteropathogenic effects in rabbit small intesti-
nal loops challenged with either CPE-negative C. perfringens type
C strain CN3685 (12) or supernatants of sporulating culture
lysates from CPE-positive, CPB-negative C. perfringens type A
strain SM101 or F4969 (13). It is notable that in the previous study
testing the intestinal pathogenicity of the CPE-negative strain
CN3685 (12), the sample inoculum contained �13 �g ml�1 of
CPB, in contrast to the �3 �g ml�1 of this toxin present in super-
natants of CN3758 MDS lysates. Similarly, while the supernatants
of CN3758 MDS lysates contained only �17 �g ml�1 of CPE, the
supernatants from sporulating culture lysates of CPB-negative
strain F4969 or SM101 had been concentrated so that loops were
challenged with CPE doses of �100 �g ml�1 (13).

The amounts of CPB and CPE present during natural infection
by CPE-positive type C infection have never been determined be-
cause they would be extremely difficult to measure accurately. The
simplest approach would seem to involve measuring fecal toxin
levels, but this approach would produce unreliable findings for
type C infections since fecal CPB and CPE levels can be affected by
many factors. Both toxins are sensitive to fecal proteases (25, 26),
so the amounts of CPB and CPE measured in feces would depend
upon how soon after the start of illness a fecal sample was col-
lected, how effectively protease degradation could be stopped after
feces collection, how quickly the sample was assayed, etc. The
questionable reliability of quantitative fecal toxin testing results
for type C infections is supported by similar studies measuring
CPE levels in feces from patients with C. perfringens type A food
poisoning (25), where the values obtained ranged from nano-
grams of CPE/ml to �100 �g of CPE/ml. The range in fecal CPB
levels measured from people or animals with type C infections
would likely be even greater since CPB is exceptionally sensitive to
proteases (26). Furthermore, measuring CPE or CPB levels in
feces (or even in the intestinal lumen) would not accurately reflect
toxin levels in a natural type C infection since this would not
account for toxins bound to intestinal cells or absorbed into the
circulation, where they could then be either free in the blood or
bound to other organs.

Nonetheless, several observations support potential patho-
genic relevance for the synergistic effects of small amounts of
CPE and CPB, as described in this study. First, CN3758 is a
human EN disease isolate that, as shown in the current study,
retains the ability to cause enteropathogenic effects similar to
those produced by other CPE-positive type C EN strains in

TABLE 2 Rabbit small intestinal loop histopathology

Strain and/or treatment

Histological score

Epithelial
necrosis

Lamina propria
necrosis Inflammation Hemorrhage

Villous
blunting

Overall severity
of lesions

CN3758 2.56 � 0.30 2.22 � 0.38 1.66 � 0.28 2.20 � 0.10 2.56 � 0.20 2.81 � 0.24
CN3758cpbko 0.25 � 0.11 0.00 � 0.00 0.00 � 0.00 0.00 � 0.00 0.81 � 0.13 0.25 � 0.11
CN3758cpeko 0.56 � 0.22 0.31 � 0.22 0.25 � 0.17 0.00 � 0.00 0.44 � 0.16 0.53 � 0.20
CN3578cpbrev 2.22 � 0.29 1.50 � 0.31 1.31 � 0.25 1.50 � 0.14 2.06 � 0.08 2.25 � 0.29
CN3758cpecomp 2.78 � 0.36 2.35 � 0.40 1.63 � 0.26 1.90 � 0.09 2.66 � 0.22 2.91 � 0.32
MDS medium 0.00 � 0.00 0.00 � 0.00 0.00 � 0.00 0.00 � 0.00 0.00 � 0.00 0.00 � 0.00
3 �g of CPB 0.40 � 0.24 0.27 � 0.18 0.07 � 0.07 0.13 � 0.13 0.53 � 0.22 0.93 � 0.24
15 �g of CPE 0.38 � 0.12 0.17 � 0.08 0.00 � 0.00 0.00 � 0.00 2.13 � 0.19 1.94 � 0.15
3 �g of CPB 	 15 �g of CPE 2.00 � 0.53 2.06 � 0.60 0.56 � 0.16 2.06 � 0.57 3.75 � 0.3 3.81 � 0.31
Buffer 0.00 � 0.00 0.00 � 0.00 0.00 � 0.00 0.00 � 0.00 0.00 � 0.00 0.00 � 0.00
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animal models. Second, previous studies have shown that
among CPE-positive type C human EN strains, CN3758 pro-
duces typical amounts of CPE and CPB (11, 14). Therefore,
establishing that CPE can contribute to the enteropathogenic
effects of lysates from this representative type C EN strain
strongly suggests that these findings are not specific for
CN3758 and are generalizable to other CPE-positive type C EN
strains. The experimental association of CPE with the entero-
pathogenicity of CPE-positive type C EN strains, as shown in
our current study, potentially offers insights into EN pathogen-

esis and, by extension, EN vaccine design. To test these sugges-
tions, future studies should determine whether food-borne C.
perfringens type C strains sporulate in vivo during human EN and
whether CPE can be present in feces from people with EN. Finally,
it should be emphasized that our results do not preclude the pos-
sibility that some CPE-positive type C EN strains could produce
sufficient amounts of either CPE or CPB for production of one of
these toxins alone to be sufficient to cause disease.

Establishing that MDS lysates of EN strain CN3758 must
contain the natural concentrations of both CPB and CPE to

FIG 8 Development of luminal fluid accumulation and histologic damage in rabbit small intestinal loops challenged with purified CPB, CPE, or CPB and CPE
at the concentrations present in CN3758 MDS lysate supernatants. Rabbit small intestinal loops were treated for 6 h with 1 ml of buffer containing 3 �g of purified
CPB plus TI, 15 �g of purified CPE, or a combination of 3 �g of purified CPB plus TI and 15 �g of purified CPE. (A) Luminal fluid accumulation. Results shown
are for 6 rabbits. Error bars depict the standard errors of the means. �, significant (P � 0.05) difference in fluid accumulation compared to buffer alone; #,
significantly different (P � 0.05) fluid accumulation compared to all other samples. (B) Overall histologic damage. The degree of lesions was scored using a scale
of 1 to 5, with 1 indicating no histologic damage and values between 2 and 5 indicating increasingly severe damage. An overall histologic score was calculated
based on the following parameters: mucosal necrosis, desquamation of the epithelium, inflammation, villus blunting, edema, and hemorrhage. Error bars depict
the standard errors of the means. Results shown are for 6 rabbits. *, significant (P � 0.05) difference in fluid accumulation compared to buffer alone; #,
significantly different (P � 0.05) fluid accumulation compared to all other samples. (C) After 6 h, samples were processed for hematoxylin and eosin staining.
Shown are representative results that were reproducible in 6 rabbits. Magnification, �200.
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cause enteropathogenic effects also provides the first evidence
supporting possible additive or synergistic toxin interactions
during C. perfringens human intestinal infections. Precedent al-
ready exists for C. perfringens toxins acting synergistically during
histotoxic infections since studies using isogenic mutants of type
A strain 13 demonstrated that perfringolysin O (PFO) and CPA
exert synergistic effects in a mouse model of C. perfringens gas
gangrene (27). Whether PFO and CPA act individually or syner-
gistically during intestinal infections remains unsettled. A recent
study (28) using mutants of strain 13, which is not an intestinal
disease strain, reported that PFO and CPA have synergistic effects
in bovine intestinal loops. In contrast, studies with type C animal
intestinal disease strain CN3685 determined that inactivating
the cpb gene eliminated the pathogenicity of that strain in mice,
goats (a natural disease host), and rabbit small intestinal loops
(12, 29, 30). Furthermore, eliminating expression of both CPA
and PFO by CN3685 had little or no effect on virulence in rabbit
small intestinal loops or mouse models (12, 29). These differences
may suggest the importance of using natural intestinal disease
strains for dissecting the intestinal pathogenicity of C. perfringens
strains.

Determining whether CPA and PFO have synergistic intestinal
effects is not highly germane for understanding many human in-
testinal infections. The majority of CPE-positive type A strains
causing food poisoning and many CPE-positive type C EN strains,
including CN3758, do not even carry the pfoA gene (11). In addi-
tion, little or no CPA production was detectable in the superna-
tants from MDS cultures that were used as inocula in the current
study (data not shown). The absence of CPA and PFO from the
inocula used in our study further highlights the importance of
CPB and CPE for the enteropathogenic properties of CN3758 un-
der the conditions assayed.

Demonstrating that lower concentrations of CPB and CPE can
work together synergistically in the small intestine is also thought
provoking since these two toxins share similar molecular actions;
i.e., CPB and CPE form pores that induce a strong potassium
efflux and calcium influx into sensitive cells, effects which trigger
cell death pathways (31–33). However, one explanation for the
ability of these toxins to act synergistically may involve their ap-
parent use of different receptors; i.e., some cell lines, such as Vero
cells, that respond to CPE are insensitive to CPB (33–35). Further-
more, CPE preferentially affects enterocytes in the upper parts of
the villi, while CPB possibly affects both endothelial cells and en-
terocytes (5, 36). These cell target variations could help to explain
the synergistic intestinal effects noted using lower concentrations
of these two toxins.

Finally, the discovery that some concentrations of CPB and
CPE can act together synergistically may have broader implica-
tions. Many other C. perfringens intestinal disease strains produce
combinations of toxins proven to be important for intestinal dis-
ease. For example, type B strains produce both CPB and ETX,
either of which can be important for enteropathogenicity when
expressed alone by type C and D strains, respectively (12, 37).
Similarly, type D strains often express both CPE and ETX, so it is
possible that these two toxins also exert synergistic effects during
infection. Future studies will examine the relative enteropatho-
genic contributions and potential synergism of these toxins in
animal models.
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