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SPecIaL FocuS reVIew

Introduction

Clostridium perfringens is a major pathogen of humans and 
domestic animals.1,2 This Gram-positive, anaerobic spore-forming 
bacterium causes a range of diseases spanning from histotoxic 
infections, such as gas gangrene (clostridial myonecrosis),1,2 to 
infections originating in the intestines.1,2 C. perfringens intestinal 
infections manifest as either (1) an enteritis/enterocolitis 
that, depending upon the toxins produced by the infecting  
C. perfringens strain, results in a hemorrhagic or nonhemorrhagic 
diarrhea and/or (2) an enterotoxemia, which develops when this 
bacterium grows in the intestines and produces toxins that are 
absorbed into the circulation and then damage organs such as the 
brain, lungs or kidneys.1,2

C. perfringens pathogenicity is largely due to its abundant 
toxin production. Studies are now revealing that the  
C. perfringens strains causing mammalian enteritis or 
enterotoxemia apparently sense the presence of enterocytes and 
then respond, via signaling systems, by upregulating their toxin 
production. After a brief introduction to C. perfringens diseases 
originating in the intestines, this review will summarize the current 
knowledge of these signaling systems and their contributions to 
diseases originating in the mammalian intestines.

Clostridium perfringens Diseases Originating in the 
Intestines

As a species, C. perfringens produces a massive arsenal of  
16 toxins.1,2 However, there is considerable variation in the 
repertoire of toxins produced by different strains of this 
bacterium. These strain-to-strain differences in toxin production 
form the basis for a commonly used typing system that assigns 
C. perfringens isolates to types A-E, based upon their expression 
of four typing toxins (Table 1). While this historic typing system 
was devised before the identification of some C. perfringens 
toxins, it remains useful since different types, and even subtypes, 
of this bacterium are associated with certain diseases (Table 2).

It is now well-established that C. perfringens relies heavily 
upon production of toxins encoded by mobile genetic elements to 
cause most cases of enteritis or enterotoxemia.2 Specifically, the 
toxins clearly implicated in enteritis or enterotoxemia are mainly 
encoded by genes carried on large plasmids.2 An exception is the 
cpe gene encoding C. perfringens enterotoxin (CPE), which can 
be carried by either a large plasmid or a putative transposon that 
has apparently inserted onto the chromosome.2

The C. perfringens types and/or subtypes causing most cases 
of mammalian enteritis and/or enterotoxemia, and the toxins 
involved in those illnesses, will now be briefly reviewed.

CPE-positive C. perfringens type A strains
The most important human intestinal infection caused by this 

bacterium is C. perfringens type A food poisoning.3 This syndrome 
currently ranks as the second most common bacterial foodborne 
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Clostridium perfringens causes enteritis and enterotoxemia in 
humans and livestock due to prolific toxin production. In broth 
culture, C. perfringens uses the agr-like quorum sensing (QS) 
system to regulate production of toxins important for enteritis/
enterotoxemia, including beta toxin (cPB), enterotoxin, and 
epsilon toxin (eTX). The VirS/Virr two-component regulatory 
system (TcrS) also controls cPB production in broth cultures. 
Both the agr-like QS and VirS/Virr systems are important when 
C. perfringens senses enterocyte-like caco-2 cells and responds 
by upregulating cPB production; however, only the agr-like 
QS system is needed for host cell-induced eTX production. 
These in vitro observations have pathophysiologic relevance 
since both the VirS/Virr and agr-like QS signaling systems are 
required for C. perfringens strain cN3685 to produce cPB in vivo 
and to cause enteritis or enterotoxemia. Thus, apparently upon 
sensing its presence in the intestines, C. perfringens utilizes QS 
and TcrS signaling to produce toxins necessary for intestinal 
virulence.
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illness in the USA, where 1 million cases per year occur and 
economic losses exceed $310 million/year.4,5 C. perfringens type 
A food poisoning is typically a self-limiting enteritis, but fatalities 
do occur in the elderly or in people receiving medications that 
reduce intestinal motility, possibly due to an enterotoxemia.6

The CPE-positive type A strains responsible for ~75% of  
C. perfringens type A food poisoning cases carry a chromosomal 
enterotoxin gene (cpe) that may be part of an integrated 
transposon.3 These typical food poisoning strains are 
also genetically distinct in other respects from most other  
C. perfringens isolates. For example, the typical type A food 
poisoning strains with a chromosomal cpe gene lack the pfoA 
gene encoding perfringolysin O (PFO) and generally produce a 
small acid soluble protein-4 (Ssp4) variant with an Asp at residue 
36.7,8 This Asp36 Ssp4 variant binds tightly to DNA, which 
helps to confer exceptional spore resistance properties against 
food environment stresses, such as heat.8 Their exceptional spore 
heat resistance likely enhances the survival of these typical food 
poisoning strains in incompletely heated foods, thus facilitating 
their disease transmission.3

The remaining ~25% of C. perfringens type A food poisoning 
cases are caused by type A strains carrying a plasmid-borne 
cpe gene.2 These type A plasmid cpe food poisoning strains 
genetically resemble most other C. perfringens strains by carrying 
the pfoA gene and producing a Ssp4 variant with a Gly at residue 
36.7,8 Compared against the Asp36 Ssp4 variant, the Gly36 Ssp4 
variant binds more loosely to DNA, rendering spores containing 
the Gly36 Ssp4 variant less resistant to food environment 
stresses.8 Therefore, foodborne illness caused by type A plasmid 
cpe strains may involve less heated or unheated foods.3

After consumption of contaminated foods containing 
vegetative cells of a CPE-positive type A strain, the ingested 
bacteria multiply before sporulating in the intestines.3 During 
this in vivo sporulation, C. perfringens produces CPE, which is 
a two domain protein of 35 kDa that belongs to the aerolysin 
pore-forming toxin family.9,10 CPE accumulates cytoplasmically 
until it is released into the intestines when the mother cell lyses 
at the completion of sporulation. Once present in the intestinal 
lumen, CPE binds to enterocytes via receptors that include 
certain members of the claudin tight junction protein family.11,12 
Bound CPE then oligomerizes into a hexameric prepore on the 
host cell membrane surface.13 This prepore rapidly inserts into 
membranes to form an active pore that increases Ca2+ influx, 
which then kills enterocytes via either oncosis or apoptosis.14,15 
Typically, CPE-induced death of enterocytes results in villus 
damage that culminates in an enteritis involving diarrhea and 
abdominal cramps. However, evidence suggests that CPE food 
poisoning occasionally develops into a lethal enterotoxemia 
when people receive medications that reduce their intestinal 
motility.6,16

CPE-producing type A strains also cause 5–15% of all cases 
of nonfoodborne human gastrointestinal (GI) diseases, including 
antibiotic-associated diarrhea.17 Like the type A plasmid cpe 
strains causing some food poisoning cases, these nonfoodborne 
GI disease strains carry their cpe gene on a conjugative plasmid, 
possess the pfoA gene, and produce the Gly36 Ssp4 variant.7,8 Not 

surprisingly, the spores of these antibiotic-associated diarrhea 
isolates are relatively sensitive to heat and other stresses.8

Molecular Koch postulate analyses and human volunteer 
feeding experiments have established a central role for CPE in 
the pathogenesis of both C. perfringens type A food poisoning 
and CPE-associated nonfoodborne GI diseases.18

Type C strains
These C. perfringens strains producing beta toxin (CPB) 

represent another important cause of disease originating in the 
intestines.19 In domestic animals, particularly neonatal lambs, 
piglets, foals and calves, type C strains cause both hemorrhagic 
necrotic enteritis and enterotoxemias. In humans, these bacteria 
cause enteritis necroticans (EN), which was first reported in 
malnourished people in post-World War II Germany, where 
it was locally known as Darmbrand.20 EN was subsequently 
recognized as the leading cause of death in children during the 
1960s-70s in the Papua New Guinea (PNG) highlands, where it 
was named PigBel.21 EN still occurs in PNG and, sporadically, in 
malnourished people in other developing countries. Occasional 
cases of this illness are observed in developed countries, mainly 
in people with pancreatic disease.22

A recent study20 showed that many Darmbrand strains 
produce both CPB and CPE, sometimes from toxin genes carried 
on the same plasmid. In addition, Darmbrand strains were 
found to closely resemble the type A chromosomal cpe strains 
causing most cases of C. perfringens type A food poisoning, 
i.e., Darmbrand isolates also lack a pfoA gene and produce the 
Asp36 Ssp4 variant,20 which likely helps to explain why these 
type C strains also produce very heat resistant spores and cause 
foodborne illness (see below). Multilocus sequencing typing of 
housekeeping genes further supported a close genetic relationship 
between the type A chromosomal cpe food poisoning strains and 
the type C Darmbrand strains.20 Whether PigBel strains share 
a close genetic relationship with Darmbrand strains and type A 
food poisoning strains has not yet been evaluated.

To cause EN, type C strains are transmitted via contaminated 
foods. However, most people ingesting these bacteria never 
develop disease because of a hallmark predisposing condition 
for EN, i.e., reduced intestinal trypsin activity. Because CPB 
is exquisitely sensitive to inactivation by trypsin, low trypsin 
levels in the intestines facilitate the persistence of this toxin.21 
In people developing EN, reduced trypsin activity can result 
from several conditions: a protein poor diet, pancreatic disease 
affecting trypsin production, co-infection with the trypsin 
inhibitor-producing intestinal parasite Ascaris lumbricoides, and/

Table 1. C. perfringens Toxinotyping

Type Toxin produced:

alpha Beta epsilon Iota

a + − − −

B + + + −

c + + − −

D + − + −

e + − − +
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or a diet rich in foods (e.g., sweet potato, soy beans, colostrum) 
containing a trypsin inhibitor.21

CPB is a pore-forming toxin that uses a still unidentified 
receptor for binding to host cells.23 Once bound, this toxin forms 
a heptameric or hexameric pore to cause cell death.24,25 CPB 
shares 20–28% identity with some staphylococcal pore-forming 
toxins and 38% identity with C. perfringens NetB toxin, which is 
important for the development of avian necrotic enteritis.26

CPB plays a critical role during type C infections of humans 
or domestic animals. Molecular Koch postulate analyses 
demonstrated that CPB production is important for type C strain 
CN3685 to cause either hemorrhagic necrotic enteritis in rabbit 
small intestinal loops or lethal enterotoxemia in mouse and goat 
type C challenge models.27,28 Furthermore, CPB alone is sufficient 
to cause hemorrhagic necrotic enteritis or lethal enterotoxemias 
in rabbit and mouse models, respectively.29,30

Type D strains
When the microbial balance in the intestines of domestic 

animals becomes disrupted by dietary or other poorly understood 
changes, C. perfringens type D strains sometimes proliferate and 
produce toxins, including epsilon toxin (ETX).1 These toxins 
cause a classic enterotoxemia in lambs (and occasionally adult 
sheep) that involves mostly neurologic clinical signs or sudden 
death. In goats, type D disease often involves necrotizing 
enterocolitis or colitis, usually along with lethal enterotoxemia.

Recent studies fulfilling Molecular Koch postulates 
established that ETX is required for type D strains to cause 
lethal enterotoxemias in sheep or goats or to produce intestinal 
damage in goats.31 Like CPE, ETX is a member of the aerolysin 
pore-forming toxin family.32 However, ETX is initially produced 
as a prototoxin that becomes activated by removal of critical 
C-terminal amino acids, which can be meditated by host 
intestinal proteases or by proteases produced by C. perfringens 
itself.33-35 The identity of the ETX receptor remains unclear, 
although this toxin can bind in vitro to hepatitis A virus cellular 
receptor 1.36 After binding, ETX forms a heptameric prepore that 
rapidly inserts into membranes to form an active pore.33 This pore 
quickly causes loss of intracellular K+ and increased cytoplasmic 

levels of Cl- and Na+.37 The ETX-induced K+ loss results in rapid 
cell death due to a necrosis process involving ATP depletion.37

Other strains
Type B strains, which produce the greatest variety of toxins 

among C. perfringens types, cause mainly enterotoxemias in 
young animals, particularly lambs.1 There are no reports of type 
B infections of humans. Interestingly, for unknown reasons, type 
B disease in animals only occurs in highly restricted geographic 
locations, e.g., type B infections have not been diagnosed in 
North America. The pathological role of individual toxins during 
C. perfringens type B-associated infections is still undefined.

Type E strains are the only C. perfringens producing iota 
toxin. Iota toxin is an ADP-ribosyltransferase that targets host 
cell actin, causing cell rounding.38 Type E strains have been 
suggested to cause enterotoxemias in neonatal calves, lambs and 
possibly rabbits.1 There has not yet been an association between 
these bacteria and human disease.

Introduction to the VirS/VirR and Agr-like  
C. perfringens Regulatory Systems

The VirS/VirR two-component system
Two-component regulatory systems (TCRS) are signal 

transduction systems with a wide distribution among bacteria.39 
They typically consist of a membrane sensor and a cytoplasmic 
response regulator. Upon detecting environmental signals such 
as light, temperature, nutrients, osmotic stress or cell density, the 
sensor usually undergoes autophosphorylation and then transfers 
the phosphate to the response regulator. The activated response 
regulator then typically causes gene expression changes that can 
affect processes such as virulence, biofilm formation, competence, 
protein degradation, osmoregulation, bioluminescence, antibiotic 
resistance, and development.

The C. perfringens genome encodes approximately 18 sets of 
TCRS, along with several apparent orphan response regulators 
or sensor kinases.40 Of those TCRS, most have received little 
study except for VirS/VirR. This TCRS, encoded by the virS/

Table 2. Diseases associated with Clostridium perfringens

Type of C. perfringens* Major toxins Most significant diseases**

a cPa*** Human and animal myonecrosis (gas gangrene);

cPa, cPe***
Human food poisoning and non-foodborne gastrointestinal disease; canine 

gastrointestinal disease

cPa, NetB*** Necrotic enteritis of poultry

B cPa, cPB, eTX
Human biodefense concerns (eTX); necro-hemorrhagic enteritis of sheep (lamb 

dysentery)

c cPa, cPB***
Human necrotic enteritis (enteritis necroticans, pigbel); necrotic enteritis of 

neonatal individuals of several animal species (horse, cattle, sheep, pigs)

D cPa, eTX*** Human biodefense concerns (eTX); enterotoxemia of sheep and goats

e cPe, ITX
No known association with human disease; suspected, but not confirmed 

association with gastrointestinal disease of cattle, sheep and rabbits.
*all types of C. perfringens may also produce several other toxins, including, but not limited to, cPB2, PFo, and Tpe. **only diseases that have been confirmed 
to be associated with each type of C. perfringens, and that are significant in terms of prevalence, are included in this table. ***critical toxin for virulence. PFo 
also contributes to virulence during myonecrosis (see text). Some type c, D, and e strains also produce cPe.
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virR operon, was first identified nearly 20 y ago in type A strain 
13 and consists of the VirS membrane sensor histidine kinase 
and the VirR response regulator.41,42 VirS is predicted to contain 
six or seven transmembrane domains in the N-terminal region, 
while its C-terminal region has several conserved motifs typical 
of histidine kinases, including the autophosphorylation site. 
Upon detection of a still undefined signal by the N-terminal 
sensor region, VirS is autophosphorylated and then transfers 
the phosphate to a conserved aspartate residue located in the 
N-terminal region of VirR.

Once phosphorylated, the activated VirR binds via its 
C-terminal domain to specific DNA binding sites, known as 
VirR boxes.43 Five C. perfringens genes, including pfoA, vrr (the 
RNA regulator VR-RNA), ccp (encoding α-clostripain), virT 
(RNA regulator) and virU (RNA regulator) have two VirR 
boxes located upstream of their promoters and are directly 
regulated by the VirS/VirR TCRS system.44 The VirS/VirR 
TCRS indirectly regulates the expression of >100 other genes, 
which include some toxin genes (e.g., the cpa gene encoding α 
toxin, CPA) and housekeeping genes that lack VirR boxes44; VirR 
regulates expression of these genes indirectly via regulatory RNA 
intermediates such as VR-RNA.44,45

The Agr-like quorum sensing (QS) system
Many bacteria regulate gene expression in response to their 

population density, a phenomenon known as “quorum sensing” 
(QS). QS signaling in Gram-positive bacteria is often mediated 
by the production of extracellular molecules named autoinducing 
peptides (AIPs).46-48 Typically, AIPs signal bacteria by activating 
a classical TCRS.46-48

The best-studied AIP-dependent QS system is the accessory 
gene regulator (Agr) QS system of S. aureus.46,47 In this bacterium, 
the chromosomal agr locus encodes the RNAIII regulatory RNA 
and four genes linked in the agr operon. This operon encodes 
AgrD, which is the AIP precursor peptide, and AgrB, which 
is an integral membrane endopeptidase. The AgrD peptide is 
produced in the cytoplasm and then processed and exported 
through AgrB action at the cytoplasmic membrane to form an 
active AIP. The operon also encodes the AgrA/AgrC TCRS, 
where AgrA is the response regulator and AgrC the membrane 
histidine kinase. AIP binding to the proper AgrC histidine 
kinase results in phosphorylation of the AgrA response regulator 
and increased transcription of (1) the agr system promoter (P2), 
leading to more transcription of the agr operon, and (2) the 
RNAIII promoter (P3). RNAIII represents a major downstream 
effector of the agr system that regulates the expression of many 
virulence factors in S. aureus, including toxins. RNAIII acts at 
the post-transcriptional level, where it can affect message stability 
and promote or inhibit translation, including blocking translation 
of a major transcriptional regulator named Rot.

In 2009, two research groups independently identified the 
presence of an Agr-like QS system in C. perfringens type A 
strain 13 and showed that this QS system regulates PFO and 
CPA production when this strain is growing vegetatively in TGY 
broth.49,50 The deduced strain 13 AgrB amino acid sequence 
(214aa) has 29% identity and 50% similarity with the AgrB 
protein of S. aureus,49 while the deduced strain 13 AgrD amino 

acid sequence (44aa) has 32% identity and 46% similarity 
with the AgrD propeptide of S. aureus. All other examined  
C. perfringens strains carry ORFs encoding a nearly identical 
(>93% identity) AgrB and AgrD. However, no TCRS similar 
to AgrA/AgrC in S. aureus is identifiable in the agr locus of 
C. perfringens. It has been suggested that, instead, VirS/VirR 
binds AIP to mediate Agr-like QS signaling in C. perfringens. 
This hypothesis may prove to be generally true but, if so, there is 
already at least one apparent exception, i.e., as discussed later, the 
etx gene of CN3718 is regulated by the Agr-like QS system, but a 
virR mutant of this strain still expresses wild-type levels of ETX.

Interestingly, the C. perfringens agr regulon does contain 
two other ORFs encoding “hypothetical proteins,” which are 
co-transcribed together with agrB and agrD in the C. perfringens 
agr operon. Some results suggest that these two ORFs are 
important when complementing agrB knockout mutants to 
restore toxin production,49-52 although the mechanism behind 
this contribution remains unclear. Also absent from strain 13 are 
sequences with identifiable homology to the RNAIII-encoding 
gene in S. aureus.

S. aureus makes four different AIPs, named AIP-I, AIP-II, 
AIP-III and AIP-IV, with varying amino acid sequences.46,47 All 
four S. aureus AIPs contain a central cysteine and a five residue 
thiolactone macrocyclic ring formed between the cysteine 
sulfhydryl side chain and the C-terminal carboxylate. In contrast, 
bioinformatic analysis of sequenced C. perfringens strains 
determined that only two, very similar AgrD peptides are encoded 
by C. perfringens type A-E isolates. An eight amino acid synthetic 
peptide corresponding to this putative AIP sequence, with the last 
five residues constrained in a thiolactone ring, can activate the 
Agr-like system in C. perfringens type C strain CN3685.51

The Agr-like QS System and VirS/VirR TCRS Control 
Toxin Production in C. perfringens Broth Cultures

As mentioned, the Agr-like QS system and VirS/VirR TCRS 
were first discovered in strain 13, where they were shown to 
regulate both PFO and CPA production by vegetative broth 
cultures.42,49,50 While CPA and PFO are important toxins for the 
pathogenesis of gas gangrene,53 strain 13 does not produce CPB, 
CPE or ETX, which are critical toxins when C. perfringens causes 
most cases of mammalian enteritis and enterotoxemia.18,27,31,52 
Therefore, a series of recent studies used null mutants and 
complementing strains to evaluate the roles of the Agr-like QS 
system and VirS/VirR TCRS in regulating production of those 
three toxins by C. perfringens growing in broth culture.

The Agr-like QS regulates CPB, CPE and (sometimes) ETX 
production by C. perfringens growing in broth culture

To address whether the Agr-like QS system controls toxin 
production by CPE-positive type A strain F5603, type C strain 
CN3685, Type D strain CN3718 and Type B strains CN1793 and 
CN1795, the agrB gene in each of those strains was inactivated 
by Targetron insertional mutagenesis.50,52,54,55 Additionally, 
complementing strains were prepared using a shuttle plasmid 
carrying the agr locus. No differences were noted in broth culture 
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growth rates between any agrB mutant or complementing strain 
vs. its wild-type parent.

As summarized in Table 3, results from these studies first 
confirmed that, as reported earlier for strain 13, production of 
PFO and CPA during vegetative growth in TGY broth is regulated 
by the Agr-like QS system for these five other C. perfringens 
strains. These agrB mutants and complementing strains were 
then used to evaluate if the Agr-like QS system controls ETX or 
CPB production when C. perfringens grows vegetatively in broth 

culture (Fig. 1; Table 3). These studies established that CPB 
production by type C strain CN3685, or type B strains CN1793 
and CN1795, is strongly regulated by the Agr-like QS system 
during growth in TGY broth.51,55 Similarly, during growth in 
TGY broth, ETX production by type D strain CN3718 is also 
controlled by the Agr-like QS system.54 However, inactivating the 
Agr-like QS system in either of two type B strains, i.e., CN1793 
or CN1795, did not affect their ETX production levels during 
growth in TGY broth.55 Collectively, since CPB and ETX are 
both plasmid-encoded,2 these results indicate that the Agr-
like QS system can regulate plasmid-borne genes, as well as 
chromosomal genes such as pfoA or cpa, during vegetative growth 
in TGY broth. Furthermore, the finding that ETX expression 
is controlled by the Agr-like QS system in CN3718, but not in 
CN1793 or CN1795, revealed that the same toxin gene can be 
regulated differently between C. perfringens strains.

Unlike most other C. perfringens toxins, CPE production only 
occurs during sporulation,3 where it is under the control of the 
Spo0A and SigF master sporulation regulators.56,57 In Duncan-
Strong sporulation medium, an agrB null mutant of CPE-positive 
type A strain F5603 produced no detectable CPE in sporulating 
conditions (Fig. 1; Table 3) and also lost its ability to form 
spores, i.e., while wild-type F5603 formed refractile spores with 
an efficiency of 60–70% in this sporulation broth, the agrB gene 
null mutant had <1% sporulation efficiency.52 These reductions 
in sporulation and CPE production were partially reversible by 
complementation of the F5603 agrB null mutant with a plasmid 
carrying the wild-type agr locus (Fig. 1). The negative effects of 
an agrB null mutation on both CPE production and sporulation 
by F5603 were then shown to involve reduced levels of spo0A 
and sigF transcripts in the isogenic agrB null mutant.52 Thus, 
these results revealed that the Agr-like QS system can control 
toxin and regulatory genes expressed by C. perfringens during in 
vitro sporulation, as well as regulating genes expressed during 
vegetative broth culture growth.

For all of the toxin genes regulated by the Agr-like QS 
system, as described above, RT-PCR analyses showed that,  

Figure 1. regulation of C. perfringens toxin production by the agr-like 
QS system. (A) western blot analysis of cPe production by 16 h sporulat-
ing cultures of cPe-positive type a strain F5603 (F5603wT), an isogenic 
agrB null mutant (F5603::agrB) or an agr locus complementing strain 
(F5603agrBcomp). (B) western blot analysis of eTX production by 4 or 
8 h vegetative cultures of type D strain cN3718 (wT), the isogenic agrB 
null mutant (Δ) or the agr locus complementing strain (P3). (C) western 
blot of cPB production by overnight vegetative cultures of type c strain 
cN3685 (wT), an isogenic agrB null mutant (agrBKo) or the agr locus 
complementing strain (P3). reproduced with permission from refs. 51, 
52, and 54.

Table 3. Summary of toxin production regulation by the agr-like QS system and VirS/Virr TcrS for C. perfringens broth cultures

Strain: CPA PFO CPE CPB ETX

13
(cPe-negative
type a)

agr-like QS +
VirS/Virr +

agr-like QS +
VirS/Virr +

Nr2 Nr Nr

F56031

(cPe-positive
type a)

agr-like QS+ agr-like QS+ agr-like QS+ Nr Nr

cN3685
(type c)

agr-like QS+
VirS/Virr+

agr-like QS+
VirS/Virr+

Nr
agr-like QS+
VirS/Virr+

cN3718
(type D)

agr-like QS+
VirS/Virr+

agr-like QS+
VirS/Virr+

Nr Nr
agr-like QS+
VirS/Virr-

cN17931

(type B)
agr-like QS+ agr-like QS+ Nr agr-like QS+ agr-like QS-

cN17951

(type B)
agr-like QS+ agr-like QS+ Nr agr-like QS+ agr-like QS-

1VirS/Virr involvement in toxin regulation by F5603, cN1793 an cN1795 has not yet been evaluated. 2Nr is not relevant because that strain does not encode 
this toxin.
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(1) lower transcript levels are present in the isogenic agrB mutant 
vs. the wild-type parent during in vitro growth and (2) this effect 
is reversible when the mutant is complemented with a plasmid 
carrying the wild-type agr locus.50,52,54,55

The Agr-like QS system uses a diffusible signal to control 
toxin production in C. perfringens vegetative broth cultures

Studies next explored whether the regulation of toxin 
production by the Agr-like QS system during vegetative broth 
culture growth involves a diffusible signaling molecule, as 
expected of a QS system. For this purpose, Transwells were 
used where two different chambers containing TGY broth 
are separated by a membrane filter that is impermeable to 
bacteria, yet allows passage of small signaling molecules (if 
present) between the chambers. Using this culture system, 
PFO production was readily detectable when strain 13 pfoA or 
agrB null mutants were grown in different Transwell chambers 
separated by a membrane filter.50 In contrast, no PFO production 
was observed when either a strain 13 agrB or pfoA null mutant 
was grown in a Transwell by itself. Consistent with a QS effect, 
these physical complementation results indicated that PFO 
production is regulated by a secreted factor produced by the 
pfoA null mutant, which has an intact Agr-like QS system; this 
secreted factor then diffuses into the other Transwell chamber, 
where it signals the strain 13 agrB mutant, which has a functional 
pfoA gene, to produce PFO. Similar Transwell studies (Fig. 2) 
later demonstrated that Agr-like control of CPB production by 
type C strain CN3685 or ETX production by CN3718 also 
involve a diffusible signal.51,54

As mentioned earlier, insights into the nature of the Agr-
like QS signal have been obtained using an eight-mer synthetic 
peptide that was designed based upon the C. perfringens AgrD 
sequence and knowledge of the S. aureus AIPs.51 When this 
peptide contained a pentameric thiolactone ring, it could signal 
the CN3685 agrB mutant to produce CPB during vegetative 
growth in TGY broth. However, an eight-mer control peptide 
lacked any signaling activity.51

The VirS/VirR TCRS regulates CPB production by  
C. perfringens during growth in vegetative broth culture

As mentioned earlier, studies conducted nearly 20 y ago 
established that the VirS/VirR system controls production of 
PFO and CPA by vegetative cultures of strain 13.41,42,58 Similarly, 
PFO and CPA production were also diminished when virR null 
mutants were constructed in type C strain CN3685 or type D 
strain CN3718 (Table 3); in TGY broth cultures of both strains, 
wild-type production levels of these toxins were restored after 
complementation with a plasmid carrying the wild-type virS/virR 
operon. No differences were noted in vegetative broth culture 
growth rates of any virR null mutant or complementing strains 
vs. its wild-type parent.

Using those same virR null mutants and complementing 
strains, western blot analyses then showed (Fig. 3) that the VirS/
VirR TCRS also strongly controls CPB production by CN3685 
vegetative cells growing in TGY broth. This finding confirms 
previous findings by others59 that the VirS/VirR system can 
regulate plasmid-encoded genes, as well as chromosomal genes, 
of C. perfringens. Interestingly, while the virR null mutant of 

CN3718 produced reduced amounts of PFO and CPA in TGY 
broth, this culture still contained wild-type ETX levels (Fig. 3 
and Table 3). Since ETX expression by CN3718 is regulated by 
the Agr-like QS system, the ability of the virR null mutant of 
CN3718 to produce wild-type levels of ETX indicates that the 
Agr-like QS system does not always work through the VirS/VirR 
TCRS.

Figure 2. agr-like QS system regulation of C. perfringens toxin production 
involves a diffusible signal. (A) Inoculation of Transwell chambers with, 
as indicated, the type c parent strain cN3685, the isogenic cpb null 
mutant (cN3685::cpb) or an isogenic agrB null mutant (cN3685::agrB) in 
two chambers, or cN3685::cpb in one chamber and cN3685::agrB in the 
other chamber. after 5 h, cPB production in each culture was examined 
by cPB western blot. (B) Inoculation of Transwell chambers with, as 
indicated, type D parent strain cN3718, an isogenic etx null mutant 
(cN3718::etx) or an agrB null mutant (cN3718::agrB) in two chambers, 
or cN3718::etx in one chamber and cN3718::agrB in the other chamber. 
after 5 h, eTX production in each culture was examined by eTX western 
blot. reproduced with permission from refs. 51 and 54.

Figure  3. regulation of C. perfringens toxin production by the VirS/
Virr TcrS. (A) western blot analysis of cPB production by overnight 
vegetative cultures of type c strain cN3685, an isogenic virR null mutant 
(Virr knockout) or the virS/virR complementing strain (Virr/pTS405). For 
comparison, the migration of purified cPB is also shown in the left lane 
of the blot. (B) western blot analyses of eTX production by 4 h vegetative 
broth cultures of type D strain cN3718, the isogenic virR null mutant (Virr 
knockout) or the complementing strain (Virr/pTS405). reproduced with 
permission from refs. 54 and 61
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C. perfringens Upregulates Toxin Production  
upon Contacting Cultured Host Cells: The Agr-like 

QS and VirS/VirR systems can Participate  
in this Signaling

The broth culture studies of toxin gene regulation described 
in the preceding section are informative, but it was important 
to explore more directly the pathophysiologic relevance of those 
observations. As a first step toward addressing this important 
issue, recent studies identified host: pathogen cross-talk between 
C. perfringens and cultured host cells, including enterocyte-like 
Caco-2 cells. Furthermore, participation of the Agr-like QS system 
and VirS/VirR TCRS in this process has now been established.

This work began with the discovery that C. perfringens 
vegetative cells significantly upregulate their production of many 
toxins when grown in the presence of cultured host cells.60 For 
type C strain CN3685, host-cell induced toxin upregulation was 
observed for PFO, CPA, and CPB production (Fig. 4 and data 
not shown). There were no differences in bacterial numbers when 
CN3685 was grown in the presence of host cells vs. tissue culture 
medium alone, supporting host cell-induced cross-talk signaling 
as causing the upregulation of toxin production.60 This signaling 
effect was shown to involve increased toxin transcript levels upon 
host cell contact.60 Several host cell lines, including enterocyte-
like Caco-2 cells, were capable of inducing this upregulation of 
toxin production.60 This signaling to increase toxin production 
requires close contact between the cultured host cells and CN3685 

bacterial cells and could not be produced using host cell culture 
supernatants.60 This toxin upregulation occurred regardless 
of whether CN3685-infected Caco-2 cell cultures were grown 
aerobically or anaerobically.51,60 Together, those observations 
suggest that direct contact between C. perfringens and enterocytes 
triggers signaling that leads to increased toxin production.

Similarly, ETX, PFO and CPA production was also shown 
to increase substantially when vegetative cells of type D strain 
CN3718 are grown in the presence of Caco-2 cells (Fig. 4). 

Supporting the possible relevance of these cross-talk events for 
pathogenicity, the encounter between C. perfringens and cultured 
host cells not only increases toxin production levels but also has 
profound cytotoxic consequences for host cells. For example, when 
sterile supernatants were removed from CN3685-infected Caco-2 
enterocyte-like cells and then applied to fresh Caco-2 cells, they 
caused much higher cytotoxicity than did comparable supernatants 
removed from CN3685 grown in tissue culture medium alone.60 
Similarly, when sterile supernatants from CN3718 cultures grown 
in the presence of Caco-2 cells were trypsin-treated to activate 
their ETX and then applied to MDCK cells, these supernatants 
were much more cytotoxic than trypsin-activated supernatants 
removed from CN3718 grown in tissue culture medium alone.54

Involvement of the Agr-like QS system and VirS/VirR 
TCRS in host cell-induced upregulation of toxin production by 
C. perfringens was first established when it was demonstrated 
that inactivating the virS/virR operon abrogates the ability of 
CN3685 to increase production of toxins, including CPB, in 
infected Caco-2 cell cultures.51 Again, this increase in toxin 
production appears to be a cross-talk mediated signaling event 
since there was no difference in C. perfringens numbers between 
CN3685 vs. the isogenic virR mutant in the presence of Caco-2 
cells. Later studies demonstrated that the Agr-like QS system is 
similarly required to obtain the host cell-induced increase in CPB 
production by CN3685. It was also shown that this effect was 
not attributable to lower bacterial numbers in the agrB mutant 
vs. wild-type CN3685 during growth in the presence of Caco-2 
cells.51 Interestingly, not all QS systems are necessary for this host 
cell-induced upregulation of toxin production since inactivating 
the LuxS QS system did not affect the increase in CPB production 
after CN3685 senses the presence of host cells.51

The Agr-like QS system is also important when type D strain 
CN3718 upregulates ETX production upon contact with host 
cells.54 However, as described earlier, production of wild-type 
ETX levels by CN3718 does not require a functional VirS/VirR 
system. Consistent with this finding, supernatants removed from 
cultures of CN3718 or its isogenic virR mutant, grown in the 
presence of Caco-2 cells, proved equally cytotoxic for MDCK 
cells after trypsin activation of those supernatants.54

Involvement of the Agr-like QS System  
and VirS/VirR TCRS in C. perfringens Intestinal 

Infections of Animal Models

The observation that close contact with enterocyte-like Caco-2 
cells causes C. perfringens to increase production of CPB and ETX 

Figure 4. contact with host caco-2 cells induces an upregulation of toxin 
production by C. perfringens. (A) western blot analysis of eTX production 
by type D strain cN3718 (wT), the isogenic ΔagrB null mutant (Δ) or the 
P3 agr locus complementing strain (P3). Shown is eTX production by 
these strains after 1–2 h in the presence (caco-2 cells) or absence (MeM) 
of enterocyte-like caco-2 cells. (B) western blot analysis of cPB produc-
tion by type c strain cN3685 (wT), the isogenic ΔagrB null mutant (Δ) 
or the P3 complementing strain (P3) after 2 h in the presence of caco-2 
cells. No cPB production was detected after 2 h growth of these strains 
in the absence of caco-2 cells. (C) western blot analysis of cPB pro-
duction by cN3685, the isogenic virR null mutant (Virr ko) or the Virr/
pTS405 complementing strain after 2 h in the presence of caco-2 cells. 
reproduced with permission from refs. 51 and 54.
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suggested that vegetative cells of this bacterium may similarly 
sense contact with enterocytes during intestinal infections and 
respond by in vivo upregulation of toxin production to increase 
virulence. If so, our cell culture results described above would 
strongly suggest that signaling via the Agr-like QS system 
and VirS/VirR TCRS can play a critical role in the ability of  
C. perfringens to cause intestinal infections.

To begin testing this hypothesis, pathogenicity was compared 
after intestinal infection of rabbits and mice with washed 
vegetative cells of isogenic agrB null mutants, complementing 
strains and their wild-type CN3685 parent.51 Results from those 
studies demonstrated that a functional Agr-like QS system 
is necessary for this type C strain to cause either necrosis in 
rabbit small intestinal loops (Fig. 5) or enterotoxemic lethality 
in mice (not shown). These studies further determined that 
this virulence dependence on the Agr-like QS system does not 
entail differences in bacterial multiplication between CN3685 
and the agrB mutant but instead involves this regulatory 
system controlling in vivo CPB production by CN3685 during 
intestinal infection. Furthermore, this work revealed that not all 
QS systems are required for CN3685 pathogenicity since washed 
vegetative cells of a luxS null mutant remained fully virulent in 
both the intestinal necrosis and lethal enterotoxemic animal 
models.

Similarly, since VirS/VirR is involved when CN3685 senses 
close contact with Caco-2 cells and responds by upregulating 
toxin production,61 this TCRS might also be important 
for the virulence of this type C strain. This hypothesis was 
confirmed using washed vegetative cells of a virR null mutant 
and complementing strain of CN3685,61 which revealed that a 
functional VirS/VirR system is necessary for this type C strain 
to cause either necrosis in rabbit small intestinal loops (Fig. 6) or 
lethal enterotoxemias in mice (not shown). The mechanism by 
which VirS/VirR mediates virulence was shown to involve effects 
on in vivo CPB production levels rather than affecting in vivo 
bacterial multiplication.61

Models for C. perfringens Signaling  
during Intestinal Infections

Type C and D infections
The recent findings described in this review suggest a possible 

model for how signaling could participate in the mammalian 
intestinal infections caused by C. perfringens type C and D strains, 
which require in vivo production of CPB and ETX (respectively) 
by vegetative cells of those bacteria growing in the intestines. It is 
likely that at least two steps are involved during Agr-like signaling 
in the intestines. First, based on Caco-2 cell culture results,51,54 
C. perfringens senses the presence of enterocytes and responds by 
activating the Agr-like QS system to produce an AIP (Fig. 7A). 
Second, infection by type C and D strains involves the adherence 
of their vegetative cells to the intestinal epithelium,1,21,62 which 
locally concentrates the infecting strain. Therefore, together with 
in vivo multiplication, this locally increased density of adherent 
C. perfringens cells on the intestinal epithelium likely facilitates 

the efficacy of activated Agr-like QS signaling, via the secreted 
AIP.

A major unanswered question for understanding C. perfringens 
signaling concerns the AIP target (Fig. 7A). In S. aureus, the AIPs 
bind to the AgrC/AgrA TCRS, which C. perfringens lacks. In 
reponse, it was proposed that the AIP target in C. perfringens 
is the VirS/VirR TCRS.49 While VirS/VirR involvement in 

Figure 5. The agr-like QS system controls the intestinal virulence of type 
c strain cN3685. (A) Histologic damage in rabbit small intestinal loops 
treated for 6 h with control (sterile) broth or washed cells of wild-type 
cN3685, an isogenic luxS null mutant, an isogenic agrB null mutant or 
the an agr locus complementing strain. Tissues were processed routinely 
for production of hematoxylin and eosin-stained sections. Sections 
were photographed at 200 × final magnification. (B) Fluid accumula-
tion in small intestinal loops after challenge with the indicated strains. 
The asterisk indicates statistically significant (p < 0.05) differences from 
cN3685 and BMJV13. (C) western blot analysis of in vivo cPB production 
in luminal fluids recovered from small intestinal loops challenged for 6 h 
with washed cells of each indicated strain. The migration of purified cPB 
is indicated to the left of the blot. Similar analyses of luminal fluids col-
lected from loops challenged with washed cells of the luxS null mutant 
detected wild-type levels of cPB production (not shown). reproduced 
with permission from ref. 51.
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Agr-like QS signaling remains a possibility, it appears that AIP 
does not only bind to VirS/VirR given that ETX production by 
CN3718 is controlled by the Agr-like QS, yet wild-type levels of 
ETX production by this strain do not require a functional VirS/
VirR system.54 Those findings suggest that other C. perfringens 
TCRS may also mediate Agr-like QS signaling.

In any event, the initiation of AIP-signaling triggers 
increased C. perfringens toxin production (Fig. 7A). In vivo, 
this upregulation of ETX or CPB production then allows C. 
perfringens to achieve intestinal toxin levels necessary for causing 
the necrosis, enteritis, or enterotoxemias associated with type C 
or D strains.

CPE-positive type A strains
The in vitro results demonstrating that the Agr-like QS 

system is necessary for both sporulation and CPE production in 
broth cultures suggest, but do not yet prove, that this QS system 
is also involved during C. perfringens type A food poisoning. 
If so, it is interesting that Bacillus subtilis sporulation is also 
triggered (in part) by population density sensed by QS systems. 
Together with poor nutrient conditions that remove repression 
of sporulation by the CodY protein, the resultant QS signaling 
initiates sporulation.63

By analogy, it can be postulated how the Agr-like QS system 
might contribute to C. perfringens type A food poisoning.3 This 
foodborne illness starts with the ingestion of contaminated foods 
containing large numbers of CPE-positive type A vegetative cells, 
which then rapidly multiply in the intestines. This high bacterial 
concentration in the intestines may facilitate accumulation of 
AIP to concentrations capable of activating pathways that lead 
to increased levels of master sporulation regulators such as SigF; 
these regulators, in turn, initiate sporulation and CPE production 
(Fig. 7B). Whether this process involves CPE-positive type A 
strains sensing the presence of enterocytes or involves a TCRS 
has not yet been determined. This in vivo sporulation leads to 
CPE production,56,64 which (after mother cell lysis) then triggers 
diarrhea and cramps.

Concluding Remarks

Remarkable progress has recently been achieved in 
understanding the pathogenesis of mammalian intestinal 
infections caused by C. perfringens. These advancements2 
include dissecting the role of individual toxins during disease, 
demonstrating the role of toxin plasmids in pathogenesis, 
identifying potential adherence mechanisms for mammalian 
intestinal disease strains, and (most recently) evaluating the 
contributions of the Agr-like QS and VirS/VirR signaling 
systems to mammalian intestinal disease. It should be mentioned 
that at least some of these same signaling systems are probably 
used by C. perfringens strains causing intestinal disease in other 
animals. Specifically, C. perfringens type A strains producing 
NetB toxin, which is essential for those strains to cause avian 
necrotic enteritis, is also regulated by VirS/VirR.65

Despite this progress, many unanswered questions remain. 
Examples include: Is the Agr-like QS system essential for type 
A or D isolates to cause mammalian intestinal infections? Do 
the Agr-like QS system and VirS/VirR system talk directly with 
each other during intestinal signaling? If so, how? The type 
D agrB and virR knockout results suggest that other TCRS 
systems besides VirS/VirR can be involved in regulating ETX 

Figure  6. The VirS/Virr TcrS controls the intestinal virulence of type 
c strain cN3685. (A) Histologic damage in rabbit small intestinal loops 
challenged for 6 h with sterile control broth, washed cells of wild-type 
cN3685, an isogenic virR null mutant or a virS/virR complementing strain. 
Tissues were processed by histology and stained using hematoxylin 
and eosin. Sections were photographed at 200 × final magnification. 
(B) Fluid accumulation in small intestinal loops after challenge with 
the indicated strains. The asterisk indicates statistically significant (p 
< 0.05) differences from cN3685. (C) western blot analysis of in vivo 
cPB production in luminal fluids recovered from small intestinal loops 
challenged for 6 h with washed cells of each indicated strain. The 35 kDa 
size of purified cPB is indicated to the left of the blot. reproduced with 
permission from ref. 61.
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D strains. The agr-like QS system generates an autoinducing peptide (aIP) that interacts with one or more TcrS, possibly including VirS/Virr and/or for 
eTX regulation in type D strain cN3718, another still unidentified TcrS (sensor = membrane sensor; rr = response regulator). This signaling results in 
direct or indirect increased production of cPa and PFo in both type c and D strains, cPB in type c strain cN3685 and eTX in type D strain cN3718 (but not 
in type B strains). (B) regulation of sporulation and cPe production in cPe-positive type a strains. The agr-like QS system generates aIP, which (possibly 
via a TcrS) increases Spo0a production and, under sporulation-inducing conditions, alternative sigma factor expression levels to promote sporulation 
and cPe production.
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