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Abstract
Clostridium perfringens is a Gram-positive, rod shaped, anaerobic, spore forming bacterium and is
responsible for various forms of acute enteric diseases called enterotoxemias, in sheep, goats, and other
animals. Based on the toxin production, C. perfringens strains are classified into five toxinotypes, namely
alpha (CPA), beta (CPB), epsilon (ETX) and iota (ITX). However, this microorganism has the ability to
produce more than 16 toxins in various combinations, including lethal toxins such as perfringolysin O
(PFO), enterotoxin (CPE), and beta2 toxin (CPB2). C. perfringens produce many toxins with diverse
characteristics which imparts a virulence flexibility to it in order to cause an array of diseases. Most
diseases caused by this microorganism are mediated by one or more of these toxins. Many animal models
experiments have been done for C. perfringens infection and the use of toxin gene knock-out mutants
have demonstrated the specific pathogenic role of several toxins of C. perfringens in animal diseases.
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Introduction
Clostridium perfringens is a Gram-positive, spore-forming anaerobe under the genus
Clostridium. It was first isolated by William Welch and George Nuttall at Johns Hopkins
Hospital (Baltimore, MD, USA) following autopsy of a cancer/tuberculosis patient, eight
hours post-death and was termed as Bacillus aerogenes capsulatus (Welch and Nuttall, 1892)
[103]
. Most of clostridial toxins are pore forming toxins (PFTs) belonging to the PFT class.
They are secretory proteins rich in strands, recognize a specific receptor on target cells and
assemble in oligomers. Then, they undergo a conformational change that leads to the
formation of a barrel, which form functional pore into the lipid bilayer (Popoff, 2014) [63].
C. perfringens can be subtyped into five toxin types (A, B, C, D and E) based on the
production of four major toxins: alpha, beta, epsilon and iota (Songer, 1996) [82]. Molecular
typing of the major toxins produced by C. perfringens has been done by many researchers
(Engstrom et al., 2003; Nauerby et al., 2003) [17, 59]. Several new virulence factors viz;
enterotoxin, net B, Lux S, elongation factor Tu (EF-Tu), pyruvate : ferridoxin oxidoreductase
(PFO) and A/B toxin have been studied by a number of workers (Lee et al., 2011; Silva et al.,
2013) [39, 79].
Alpha toxin (CPA)
The most important virulence factor produced by clostridial myonecrosis (gas gangrene)causing isolates of C. perfringens is the toxin, the first toxin for which an enzymatic activity,
phospholipase C, was demonstrated (MacFarlane and Knight, 1941) [48]. The toxin is also
called sphingomyelinas and it hydrolyzes phospholipids which lead to membrane
disorganization. Alpha toxin is lethal and haemolytic having essential role in gas gangrene. A
crystallographic study of alpha-toxin revealed that the structure is divided into two domains;
the N domain, consisting of nine tightly packed helices, and the C-domain, consisting of an
eight stranded antiparallel sandwich motif. It contains three divalent cations containing zinc
ions in the active site, and that amino acid residues involved in zinc-coordination are essential
for the enzymatic activities. The fold of the C-domain is similar to those of the "C2" and "C2like" domains, present in eukaryotic proteins involved in signal transduction. This finding
suggested that C-domain plays a role in membrane interaction and promote binding of to lipid
bilayer (Naylor et al., 1998) [60].
Role of CPA in Animal Diseases
Intestinal Infections—In sheep, C. perfringens type A causes yellow lamb disease, a rare
form of acute enterotoxaemia in lambs. Information about pathogenesis of this disease is
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minimal and often contradictory, but it is generally assumed
that most clinical signs and lesions are due to the effects of
CPA (McGowan et al., 1988). However, no definitive proof
of the action of this toxin in the pathogenesis of yellow lamb
disease has been provided. The disease is characterized
clinically by depression, anemia, icterus, and hemoglobinuria.
Necropsy findings include pale and friable liver and spleen
and the presence of red urine in the urinary bladder.
Histopathological changes include periacinar necrosis of the
liver, splenic congestion, nephrosis with hemoglobin casts,
and pulmonary congestion and edema (Manteca et al., 2002)
[44]
. C. perfringens type A has been and is still frequently
blamed for enteritis, abomasitis and/or enterotoxaemia in
cattle (Songer and miskimins, 2005) [75-86], horses (Timoney et
al., 2005; Waters et al., 2005) [90, 100], goats (Songer, 1998) [85]
and pigs (Saenz et al., 2007) [67].
Gangrene/Malignant Edema—Studies with isogenic
mutants strongly suggest that CPA is the major C. perfringens
toxin involved in gas gangrene in humans (Awad et al., 2001)
[2]
, which is characterized by extensive local tissue destruction
and necrosis progressing to shock and death (Flores et al.,
2003) [25]. C. perfringens type A is also involved in gas
gangrene (malignant edema) of domestic mammals including
sheep, cattle, goats, and horses, acting alone or in
combination with other clostridial species. Predisposing
factors for this disease in animals include trauma associated to
injections, shearing, castration, docking and milking. Also,
the fact that most cases of malignant edema in food producing
animals are associated with a mixed clostridial infection
(which may or may not include C. perfringens type A)
suggests that, even if CPA is responsible for some cases of
malignant edema, other clostridial toxins can also produce
this disease (Blood et al., 1983) [7]. Grossly, malignant edema
is characterized by severe subcutaneous and muscular edema,
skeletal muscle necrosis and generalized petechiae on serous
membranes, the latter being a manifestation of terminal
disseminated intravascular coagulation due to toxemia.
Histologically, in contrast to other bacterial myonecrosis, C.
perfringens gas gangrene and malignant edema are
characterized by a marked absence of inflammatory cells in
affected tissues and the accumulation of leukocytes within
vessels at the lesion periphery, most likely due to the
inhibitory effect that CPA has over leukocyte migration. The
myotoxic effects could result from a direct activity of CPA on
muscle cell membrane, from alteration of local blood flow,
and/or inflammatory mediators as a consequence of
endothelial cells stimulated by CPA (Stevens et al., 1988) [84].
The role of CPA in gas gangrene was demonstrated by
protection of mice against this disease by immunization with
recombinant CPA, and by reduced virulence of CPA knockout mutants of C. perfringens when injected into mice (Awad
et al., 2001) [2].
Beta toxin (CPB)
C. perfringens types B and C produce toxin, which is both
lethal and necrotic. Although type B strains cause concern in
veterinary medicine, type C isolates can be important in
human disease and are responsible for necrotic enteritis,
which has decimated poorly nourished individuals in post war
Germany and New Guinea, where the disease is known as
darmbrand and pigbel, respectively. The cpb gene encodes a
prototoxin of 336 amino acids that includes a 27-amino acid
signal sequence removed during secretion, resulting in a
mature toxin of ~35 kDa (Sakurai and Duncan, 1978) [69].

Purified CPB is thermolabile, with >90% of its lethal activity
being inactivated by incubation for 1 h at 50°C (or 10 min at
100°C). CPB is also highly sensitive to in vitro trypsin and
pepsin treatment (Shatursky et al., 2000) [76]. Low pH does
not seem to affect its activity (Uzal et al., 2009) [95]. CPB is
encoded by the cpb gene, which is carried on virulence
plasmids (Katayama et al., 1996) [34] of different molecular
size. The beta-toxin is a highly trypsin-sensitive protein that
causes mucosal necrosis and possibly central nervous signs
observed in domestic animals. It is responsible for the
diseases caused by C. perfringens type C which includes
struck of sheep and enterotoxemia of lambs, calves and
piglets and necrotic enteritis of man and fowls.
Role of CPB in Animal Diseases
CPB is responsible for diseases in several animal species and
it is produced by types B and C of C. perfringens. Type B
isolates cause an often fatal hemorrhagic dysentery in sheep,
and possibly in other species, while type C isolates cause
enteritis necroticans (also called pigbel) in humans and
necrotic enteritis and/or enterotoxaemias in almost all
livestock species. Both types B and C animal disease are often
accompanied by sudden death or acute neurological signs
(McClane et al., 2004) [50]. Type B disease is a rare
occurrence in farm animals and mostly seen in Middle East
countries and the UK. Clinical disease can be characterized by
diarrhea, neurological signs or both. Post-mortem gross and
histopathological findings are similar to those of type C
infections, except for those rare cases of focal symmetrical
encephalomalacia, believed to be due to the effect of ETX
(Uzal, 2004) [96]. Clinical signs and histopathologic findings
in type C infections are very similar in most livestock animal
species. The course of disease can be peracute, acute, or
chronic, with signs of the acute and peracute condition
including intense abdominal pain, depression, and bloody
diarrhea. Chronic disease can occur in older animals of some
species (e.g. pigs), and it is characterized by persistent
diarrhea without blood and dehydration (Songer, 1998) [85]. At
necropsy, the predominant lesions are most frequently
observed in small intestine, but caecum and spiral colon can
sometimes be involved; occasionally, lesions may be confined
to large intestine. Lesions are similar in all segments of
intestine, and in acute cases consist of intestinal and
mesenteric hyperemia, diffuse or segmental, extensive fibrin
necrotic enteritis, with emphysema and bloody gut contents.
Mesenteric lymph nodes are red, an excess of hemorrhagic
peritoneal and pleural fluid is found, there may be fibrin
strands on intestinal serosa, and adhesions may develop
between intestinal loops. Diffuse edema with variable
amounts of protein and inflammatory cell exudate can be seen
throughout all intestinal layers, including serosa (Songer and
Uzal, 2005) [75-86].
C. perfringens types B and C disease begins in the host
intestine with absorption of toxin (s) from the intestines into
the circulation that then leads to the death of an infected
animal. Different animal models have been developed to help
in understanding the mechanism of those diseases involving
CPB intoxication (Nagahama et al., 2008) [57]. Purified CPB
produces abundant dermonecrosis, edema and plasma
extravasation when directly injected into the skin of guinea
pigs or mice (Nagahama et al., 2003) [58]. CPB also provokes
the release of TNF-α and IL-1β, as well as activates
tachykinin NK1 receptors by a still unknown mechanism
(Nagahama et al., 2008) [57]. In vivo, type B and type C
isolates produce intestinal lesions consisting of diffuse or
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multifocal hemorrhagic and necrotizing enteritis, mainly in
the ileum, with excess of sanguineous serous fluid in the
abdominal cavity. Similar intestinal lesions have been
observed after inoculating purified CPB into rabbit intestinal
loops (Vidal et al., 2008) [99]. In recent work, Miclard and his
co-workers showed that CPB specifically binds vascular
endothelial cells, during peracute or acute cases of type Cinduced disease in piglets or humans. The authors reported
that binding of CPB to those cells produced acute endothelial
degeneration and vascular necrosis (Miclard et al., 2009a) [54].
Epsilon toxin (ETX)
ETX is an example of an aerolysin-like, pore-forming toxin.
C. perfringens ETX and C. septicum alpha-toxin are
structurally related to aerolysin although ETX shows no
significant sequence homology with aerolysin at the amino
acid level. ETX and C. septicum alpha-toxin form heptameric
pores, like aerolysin, and are very potent cytolysins (Sakurai,
1995) [68]. The toxin is the most potent toxin that causes
oedema in various organs and is cytotoxic to Madin Darby
Canine Kidney (MDCK) cell cultures. It is produced by type
B and D strains and causes a rapidly fatal enterotoxemia
which is commonly referred to as pulpy kidney or overeating
disease (McDonel, 1986) [51]. The secreted protein (32.9 kDa)
is poorly active and is called a prototoxin. The prototoxin is
activated by proteases such as trypsin, chymotrypsin, and
protease by proteolytic cleavage. It results in a reduction in
size (28.6 kDa) and an important decrease in the pI value,
probably accompanied by a conformational change (Minami
et al., 1997) [55]. ETX is considered the major virulence factor
of C. perfringens types B and D (Sayeed et al., 2007) [73-95].
This toxin causes blood pressure elevation, increased
contractility of smooth muscle, vascular permeability
increase, as well as brain and lung edema in multiple animal
species, while in goats ETX also causes colitis (Tamai et al.,
2003). ETX is the third most potent clostridial toxin after
botulinum toxin and tetanus toxin, with a mouse lethal dose of
100 ng/kg [3]. ETX is secreted as a prototoxin (32,981 Da)
(Hunter et al., 1992), which is converted into a fully active
toxin (~1000 times more toxic than the prototoxin) when
activated by proteases such as trypsin, chymotrypsin, and a
metalloproteinase named lambda toxin that is produced by C.
perfringens (Minami et al., 1997) [55].
The ETX gene (etx) is localized on conjugative plasmids, with
most type B isolates possessing the same ~65 kb etx plasmid
that also carries the gene encoding beta2 toxin (Miyamoto et
al., 2008) [56]. The etx gene in type B, and some type D,
isolates is flanked by IS1151 and a gene related to the
transposase (tnpa) gene from Tn3 transposons that lie
upstream of etx. A region with similarity to transposases from
S. aureus and Lactococcus is located downstream from etx
(Hughes et al., 2007) [32].
As immunity can be conferred by vaccination with a toxoid
preparation, the gene for toxin represented a major target for
biotechnologists. Among the symptoms produced by toxin are
increased intestinal permeability, lung edema, and excess
pericardial fluid accumulation. Its most striking effect is on
the kidneys, which become swollen and hyperemic or, in
sheep, pulpy a few hours before death. ETX is able to cross
the blood brain barrier and stimulate the release of glutamate,
which is the root cause of nervous excitation in animal
enterotoxemia. ETX causes rapid swelling in cells followed
by cell death involving necrosis. ETX retains an elongated
form and contains three domains that are mainly composed of
sheets. The overall structure of ETX is significantly related to

that of the poreforming toxin aerolysin (although having poor
sequence identity) produced by Aeromonas species (Gurcel et
al., 2006) [30], and to the model of alpha toxin from C.
septicum, an agent of gangrene (Melton et al., 2004) [53].
However, ETX is a much more potent toxin than aerolysin
and C. septicum alpha toxin having 100 times more lethal
activity in mouse (Tweten, 2001) [91].
Role of ETX in Animal Diseases
ETX-producing C. perfringens type D strains are the most
common cause of clostridial enterotoxemia in sheep and
goats. Since the gross and histological changes observed in
type D enterotoxemia have been reproduced by intravenous
inoculation of ETX in sheep and goats. C. perfringens type D
produces an acute, subacute, or chronic neurological condition
in sheep, characterized by sudden death or neurological and
respiratory signs, including blindness, opisthotonos,
convulsions, bleating, frothing from the mouth, and
recumbency with paddling immediately before death (Uzal
and Kelly, 1997) [92-94]. Diarrhoea is occasionally observed,
although this is not a common clinical sign in sheep. When
present, intestinal gross changes consist of hyperemic small
intestine mucosa with slight to marked red fluid contents.
Colitis may occur, but is not a consistent finding in sheep
enterotoxemia. Several gross findings, such as excess
pericardial, pleural, and/or abdominal fluids (with or without
fibrin strands), which may clot on exposure to air, serosal
petechiation, and lung edema are frequently seen (Uzal, 2004)
[96]
. Gross changes in sheep are rarely observed in brain, and
consist of herniation of the cerebellar vermis (cerebellar
coning) in acute or subacute cases and focal symmetrical
encephalomalcia (FSE), in chronic cases. FSE is characterized
by dark hemorrhagic foci in corpus striatum, thalamus,
midbrain, and cerebellar peduncles and white matter. The
kidney lesion from which one of the common names of the
disease is derived (pulpy kidney disease) is likely to be a
postmortem change (Barker et al., 1993) [4].
Microscopic changes in the brain of sheep with type D
infection are unique and pathognomonic, and they are present
in approximately 90% of cases (Uzal et al., 2004) [96]. They
consist
of
perivascular
proteinaceous
edema
(microangiopathy) in the brain In the brain, microvascular
endothelial damage by this toxin appears to be the
fundamental cause of cerebral parenchymal injury and lesions
occur in an apparently dose- and timedependant manner.
Large doses of circulating toxin produce a severe, generalized
vasogenic cerebral edema and an acute or peracute clinical
course to death. With lower doses in partially immune
animals, bilaterally symmetrical focal necrosis, occurs in
certain selectively vulnerable brain regions (Finnie, 2003) [23].
In goats, type D produces acute, subacute, or chronic disease
as well. The acute form occurs more frequently in young,
unvaccinated animals and is clinically similar to the acute
disease in sheep (Blackwell et al., 1992) [6]. The subacute
form is more frequently seen in adult goats, vaccinated or not,
and is characterized by hemorrhagic diarrhea, abdominal
discomfort, severe shock, opisthotonos, and convulsions
(Smith and Sherman, 1994) [81]. Gross changes in acute
caprine type D enterotoxemia are similar to those in the ovine
disease. In the chronic form of the disease in goats,
fibrinohemorrhagic colitis with occasional involvement of the
distal small intestine seems to be the most consistent lesion
(Blackwell et al., 1992) [6]. A combination of the findings in
acute and chronic forms of disease are frequently seen in
subacute forms. The so-called pulpy kidney has not been
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reported in caprine enterotoxaemia, nor has cerebellar
herniation or FSE. In goats, there are few descriptions of
histological changes in type D enterotoxemia, and changes in
brain are not considered a consistent feature of caprine
enterotoxemia. Nevertheless, perivascular edema and
degeneration of white matter, similar to those observed in
sheep, can be observed in cases of acute and subacute caprine
enterotoxemia (Uzal et al., 1997) [92-94].
Iota toxin (ITX)
C. perfringens ITX is a clostridial binary toxin. These toxins
have a common structure consisting of two independent
protein components that are not covalently linked, one being
the binding component (Ib, 100 kDa), and the other the
enzymatic component (Ia, 45 kDa). Both components are
required for biological activity (Barth et al., 2000) [5]. The two
proteins that comprise iota toxin were designated as Iota a or
Ia (slow moving) and Iota b or Ib (fast moving), based upon
electrophoretic mobility in crossed immuno-electrophoresis.
The Ia or Ib are separately non-toxic however, mixture of Ia
Ib is a potent cytotoxin that is lethal to mice and
dermonecrotic in guinea pigs (Gibert et al., 2011) [27]. Ia is an
ADPribosyltransferase specific for actin wheareas Ib,
although lacking any discernible enzymatic activity, binds to
a cell surface protein and subsequently translocates Ia into the
cytosol of a targeted cell (Richard et al., 2002) [65]. This
results in inhibition of cell functions by actin filament
depolymerization. Thus far, the role of iota toxin as a
virulence factor is unknown. In one report, iota toxin showed
positive effects on adherence and colonization of C.
perfringens type E by altering the enterocyte morphology and
strongly inhibit intra-specific growth of other strains
(Redondo et al., 2015) [64].
Role of ITX in Animal Diseases
Toxinotype E enteric infection of domestic animals was first
reported in the late 1940s, and these infections have generally
been considered a rare occurrence. As with type A infections
and CPA, infections by C. perfringens type E are usually
assumed to be mediated by ITX, although no definitive
evidence in this regard has been provided. C. perfringens type
E produces enterotoxemia in rabbits. A very similar disease,
thought to be mediated by iota-like toxin, is produced in
rabbits by Clostridium spiroforme. However, because of cross
reactivity between C. perfringes type E and C. spiroforme
toxins with the diagnostic methods currently available, it is
thought that some previously reprted outbreaks of
entropathies associated with C. perfringensmay have been due
to C. spiroforme. Both diseases are clinically characterized by
diarrhea and loss of condition and characteristic necropsy
changes include hemorrhages of the cecal serosa and mucosa,
sometimes with involvement of the distal ileum and proximal
colon, and the presence of watery mucoid content in these
organs. Histologically, there is an acute necrosis of the
superficial epithelium with relative sparing of the crypt
epithelium, and submucosal hemorrhage and transmural
hemorrhage (Perey and Barthold, 2007) [62]. Toxinotype E is
an occasional cause of hemorrhagic enteritis and sudden death
in beef calves (Songer and Miskimins, 2005) [75-86]. Type E
disease has rarely been described in sheep and goats (Songer,
1998) [85].
Beta2 toxin (CPB2)
Over the past decade a variant of the beta toxin known as
beta2 (cpb2) has been associated with enteric diseases in a

wide range of animals including swine, cattle, poultry, sheep,
horses, dogs, avian and aquatic species (Boujon et al., 2005)
[8]
. Beta2 toxin has been implicated as an accessory toxin in C.
perfringens mediated antibiotic associated diarrhea and
sporadic diarrhea (Fisher et al., 2005) [24]. Schotte et al.
(2004) [74] observed the clinical signs in CPB2-mediated
enteric diseases ranging from pasty to watery diarrhoea with
blood in faeces, abdominal pain, and loss of body condition in
animals. It was hypothesized that CPB2 toxin may act in
synergy with other major toxins of C. perfringens in the
production of necrotic and hemorrhagic enteritis. The cpb2
toxin gene is transcribed during vegetative growth, especially
during the exponential phase and regulation by the VirS/VirR
two-component regulatory system (Ohtani et al., 2003) [61].
The cpb2 gene is present on C. perfringens type D isolates on
plasmids 48 kb to 110 kb in size (Sayeed et al., 2007) [73-95]. In
these isolates, the gene is either present on the same plasmid
carrying the etx gene or on a different plasmid. In type E
isolates, cpb2 gene is present on plasmids sizes varying from
70 kb to 90 kb. The gene is always present on different
plasmid carrying the iota toxin gene (itx) (Li et al., 2007) [41].
Role of CPB2 in Animal Disease
Over the past decade CPB2 has been associated with enteric
diseases in a wide range of animals including swine
(Hendriksen et al., 2006) [31], cattle (Ferrarezi et al., 2008) [22],
horses (Waters et al., 2005) [100], sheep and goats (uzal et al.,
2008) [20-93-99], and wild animals such as deer (Embury et al.,
2005) [16] and bears (Greco et al., 2005) [28]. The clinical signs
observed in CPB2-mediated enteric diseases range from pasty
to watery diarrhea with blood in faeces, abdominal pain, and
loss of body condition. It is hypothesized that CPB2 toxin
may act in synergy with other major toxins of C. perfringens
in the production of necrotic and hemorrhagic enteritis. Based
on the reported findings related to the pathology of C.
perfringens encoding CPB2-related enteritis seen in food
producing and wild animals, (Ceci et al., 2006) [10], the gross
pathology is characterized by hemorrhage and necrosis of the
small and large intestines. Other prominent gross pathologic
lesions include swollen, hemorrhagic mesenteric lymph
nodes, as well as thickened and congested abomasal walls.
The characteristic histological lesions include degenerated
and necrotic desquamated epithelial cells, cell debris,
inflammatory cells, fibrin and variable numbers of bacterial
vegetative cells and spores. The pathologic lesions observed
suggest that CPB2 toxin is a primary enteric toxin affecting
the nutrient absorptive capacity of the intestine, thereby
debilitating the affected animal (Embury et al., 2005) [16]. A
much larger proportion of strains carrying the cpb2 gene was
found in the intestine of pigs with diarrhea than in normal
control animals, which strongly suggests that CPB2 is
implicated in pig enteritis. However, the same does not seem
to be true for other animal species and the role of CPB2 in
enteric disease of those animals remains, therefore,
undetermined (Uzal et al., 2014) [97].
Theta toxin/ Perfringolysin O (PFO)
PFO is a 54 kDa cytolytic toxin that binds to cholesterolcontaining eukaryotic membranes. This toxin forms a large
oligomeric prepore complex on the membrane surface prior to
insertion into the cell membrane. Structurally, PFO is
comprised of 4 domains. The C-terminal domain (domain 4)
binds cholesterol and then a conformational change in domain
three exposes a β–hairpin that spontaneously inserts into the
lipid bilayer (Shepard et al., 1998) [77]. PFO pore formation

~ 2158 ~

Journal of Pharmacognosy and Phytochemistry

includes the binding of water-soluble PFO monomers to
cholesterol of a lipid bilayer mediated by domain 4. The
primary sequence of toxin, deduced from the pfoA gene
sequence, revealed a 494 residue preprotein from which a 28
residue signal peptide is removed and secreted to the medium.
pfoA gene is located on the chromosomal DNA near the
origin of replication. PFO is synthesized with a 27 amino acid
signal peptide, and the mature protein consists of 472 amino
acids (53 kDa) (Shimizu et al., 2002a) [78].
The pfoA gene is directly regulated by the VirS/VirR twocomponent regulatory system (Lyristis et al., 1994) [43]. Once
activated by the VirS sensor kinase, the VirR response
regulator binds to specific VirR boxes (VirR box 1 and VirR
box 2) located upstream of the pfoA promoter, to activate its
transcription. The signal(s) that activates the VirS/VirR twocomponent regulatory system is unknown (Cheung et al.,
2004) [12]. The presence of enterocytes rapidly upregulates
PFO production and transcription of the pfoA gene, via the
same VirS/VirR two-component regulatory system. All five
types of C. perfringens produce a lethal hemolysin, toxin,
which is also known as hemolysin, perfringolysin O, or the
thiol activated cytolysin. The toxin plays a role in the tissue
necrosis associated with C. perfringens gas gangrene and is
responsible for the depletion of PML (polymorphonuclear
leukocytes) in the affected area. Low concentrations of -toxin
cause altered polymorphonuclear leukocyte morphology,
metabolism, and migration. Together with toxin, the -toxin
impairs neutrophil migration into the site of infection and to
the dysregulation of endothelial cells. This damage causes
oedema and ischemia, leading to reduced oxygen delivery and
thus favours the growth of C. perfringens (Stevens et al.,
1997) [88].
Role of PFO in Animal Diseases
PFO participates with CPA in the production of local lesions
of gangrene/ malignant edema in humans and animals
(Kennedy et al., 2009) [35]. When CPA and PFO knock-out
mutants of C. perfringens type A were used in a mouse
model, elimination of both CPA and PFO toxin genes
removed most of the histopathological features typical of
clostridial myonecrosis. These effects were completely
restored when the double mutant was complemented with the
alpha-toxin structural gene. However, restoring only PFO
activity produced variable results. Reconstitution of both
toxins produced histopathology similar to that observed with
the alpha-reconstituted strain (Garmory et al., 2000) [26]. PFO
and CPA stimulate leucocyte adherence, probably by
increasing vascular leucostasis and local ischemia. PFO is
leukocytotoxic at high doses, and at a sublethal concentration
it significantly stimulates the production of ICAM-1 and
adherent glycoprotein CD11b/CD18 in endothelial cells,
which contributes to leukostasis in vessels adjacent to
gangrenous lesions (Bryant et al., 1993). The toxin effects on
endothelial cells participate in disruption of endothelial
integrity resulting in local edema and ultimately in systemic
shock and multiorgan failure. Thus, PFO and CPA exhibit
synergistic effects (Stevens et al., 2002) [87].
PFO might also have a synergistic effect with ETX. The
effects of purified CPA and PFO on the lethal activity of
purified ETX were studied in a mouse model. Mice were
injected intravenously or intragastrically with CPA or PFO
with or without ETX. Sublethal doses of CPA or PFO did not
affect the lethality of ETX when either was injected together
with the latter intravenously. However, sublethal or lethal
doses of CPA or PFO reduced survival times of mice injected

simultaneously with ETX versus animals given ETX alone.
When PFO was inoculated intragastrically with ETX, there
was a reduction in survival time. CPA did not alter the
survival time when inoculated intragastrically with ETX.
These results suggest that both CPA and PFO have the
potential to enhance the ETX lethal effects during
enterotoxemia in natural hosts such as sheep and goats
(Fernandez et al., 2008) [20].
Enterotoxin (CPE)
CPE is a 35 kDa polypeptide and the structure that was
reported by Kitadokoro et al. (2011) [38] revealed that it
consists of three domains; domain I which is C-terminal,
responsible for receptor binding, domain II is responsible for
oligomerization and membrane insertion, and domain III takes
part in physical changes in course of insertion into
membranes. Native CPE binds to claudin receptors, a
components of the tight junction. The bound toxin then
assembles into a hexameric prepore form on the membrane
surface, prior to the insertion of this oligomer into membranes
to form an active pore (Anderson and Van Itallie, 2009).
Although CPE lacks sequence homology with other toxins, its
C-terminal receptor-binding domain structurally resembles
that of some Bacillus thuringiensis cry toxins (Vanitallie et
al., 2008) [98]. The gene (cpe) encoding CPE can reside on
either the chromosome or on plasmids (Cornillot et al., 2009).
Most human food-poisoning isolates carry cpe on the
chromosome (McClane et al., 2006) [49], and recent multi
locus sequence typing (MLST) studies suggest these
chromosomal cpe isolates are relatively divergent from other
C. perfringens isolates (Deguchi et al., 2009) [15]. In contrast,
cpe-positive isolates recovered from diseased animals or
humans suffering from non-foodborne human gastrointestinal
disease typically carry their cpe gene on large plasmids
(Sparks et al., 2001) [83]. In type A isolates, there are two
major cpe plasmid families : i) a family of ~75 kb plasmids
that also carry the beta2 toxin gene (cpb2); ii) a family of ~70
kb plasmids lacking the cpb2 gene. These two cpe plasmid
families in type A isolates share a conserved 35 kb region.
Some, if not all, cpe plasmids of type A isolates can transfer
between C. perfringens via conjugation, probably because
they possess the same tcp locus that mediates transfer of C.
perfringens tetracycline resistance plasmid pCW3 (Bannam et
al., 2006) [3]. Some type C and D isolates also carry a
plasmid-borne cpe gene, although those plasmids do not
appear to be closely related to the cpe plasmids of type A
isolates. Interestingly, most type E isolates carry silent cpe
sequences on their iota toxin-encoding plasmids, which are
often related to cpe plasmids of type A isolates (Li et al.,
2007) [41].
CPE action starts when the toxin binds to claudin receptors
(claudins are important components of the tight junctions
made by epithelial and endothelial cells), forming a small
complex (Sayeed et al., 2009) [73-95]. Several small complexes
then oligomerize on the membrane surface to form a prepore
named CH-1; CH-1 minimally contains six copies of CPE,
claudin receptor, and some non-receptor claudins that are
likely interacting with the claudin receptors (Robertson et al.,
2007) [66]. After its formation, the CH-1 prepore inserts into
the membrane bilayer to generate a cationselective pore
(Sayeed et al., 2009) [73-95]. The resultant calcium influx
activates apoptotic and oncotic cell death pathways that cause
morphologic damage to the CPE-treated cells. This
morphologic damage exposes the basolateral surface of the
cell, allowing CPE to interact with occluding and additional
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claudins to form a second CPE-complex named CH-2.
Formation of CH-2 triggers internalization of occludin (and
probably claudins), which may contribute to paracellular
permeability changes and diarrhea (Robertson et al., 2007) [66].
All tested mammalian species are sensitive to CPE. This toxin
affects all small intestinal regions but is most active in the
ileum. CPE has only weak effects on the colon of rabbits or
human colonic tissue ex vivo (Fernandez et al., 2005) [21]. In
the ileum, CPE causes villus shortening and epithelial
desquamation (Sarker et al., 1999) [70], and such damage
appears necessary for accumulation of fluids and electrolytes
in the lumen (Smedley et al., 2008) [80-98].
The Role of CPE in Animal Diseases
C. perfringens enterotoxin (CPE) causes the symptoms
associated with several common gastrointestinal diseases.
Most, but not all, C. perfringens type A food poisoning strains
carry their enterotoxin gene (cpe) on the chromosome
(McClane, 2007) [47]. Experiments using isogenic mutants
have clearly shown that CPE production is important for C.
perfringens type A food poisoning or non-foodborne
gastrointestinal (GI) disease isolates to cause diarrheal
symptoms in experimental animals (Sarker et al., 1999) [70].
Coupled with extensive epidemiologic evidence, these
findings support CPE as an important virulence factor for C.
perfringens type A food poisoning or CPE-associated
nonfoodborne human GI disease (McClane et al., 2006) [49].
In contrast to the well-established role of this toxin in human
GI disease, the data implicating CPE in animal disease
remains more ambiguous. Animals with diarrhea are rarely
tested for the presence of CPE in their feces and diagnostic
criteria for establishing CPE-mediated animals disease are
lacking (Songer and Uzal, 2005) [75-86]. Nevertheless, there are
case reports suggesting CPE may cause GI disease in both
domestic animals (including dogs, pigs, horses, and goats)
and possibly wild animals (such as penguins, leopards and
tortoises) (Fernandez et al., 2007) [19]. For example, a
relatively recent study definitively showed the presence of
CPE-positive, type A isolates and CPE in the small intestines
of a goat kid suffering from necrotic enteritis (Deguchi et al.,
2009) [15]. Additionally, faecal CPE and CPE-positive faecal
isolates have been associated with canine diarrhoea and it has
been suggested that CPEpositive strains can cause recurrent
diarrhea in dogs (Weese et al., 2001a) [101]. Finally, in horses,
faecal CPE was detected in ~20% of adults with diarrhea and
~30% of foals with diarrhoea ; thus supporting a role for this
faecal toxin contributing to disease in those animals, while no
faecal CPE was detected in healthy adult horses or foals
(Weese et al., 2001b) [102].
NetB Toxin
The C. perfringens necrotic enteritis B-like toxin (NetB) is a
recently discovered member (Keyburn et al., 2008) [36] of the
barrel pore-forming toxin family and is produced by a subset
of avian C. perfringens type A strains. NetB is cytotoxic for
avian cells and is associated with avian necrotic enteritis
(Lovland and Kaldhusdal, 2001) [42]. Its main cell wall
component, peptidoglycan (PGN), can be recognized by Tolllike receptor 2 and nucleotide-binding oligomerization
domain (NOD). Consequently, the immune response is
initiated via activation of nuclear factor kappa B (NF- B)
signalling pathway (Guo et al., 2015) [29]. Fernandes et al.
(2014) [18] identified amino acids that play a role in NetB
oligomerisation and poreformation using site-directed
mutagenesis.

A novel pore-forming toxin of C. perfringens named NetB
was identified in the NE strains of C. perfringens. It has a
similar molecular size to β-toxin, hence the name NetB
(necrotic enteritis toxin B-like). Its amino acid sequence has
limited similarity with other pore forming toxins similar to the
β-toxin of C. perfringens (38% identity) and the α-toxin of
Staphlococcus aureus (31% identity). It has cytotoxic activity
against chicken leghorn male hepatoma cell line (LMH)
including karyorehexis and karyolysis (Keyburn et al., 2008)
[36]
.
The structure of the NetB monomer has been determined to a
resolution of 1.8 Å, which revealed that it had the β-sandwich,
latch, rim, and pre-stem domains that are typical of proteins
that belong to the α-hemolysin family of β-pore-forming
toxins. It has an almost identical structure to δ-toxin from C.
perfringens despite the fact that these toxins have very
different amino acid sequences. NetB has a four amino acid
deletion in the rim domain, in a region that in other β-poreforming toxins is responsible for lipid binding, suggesting that
NetB has a different cell surface target. Finally, analysis of
the ability of NetB to form pores in planar phospholipid
bilayers revealed that the NetB pore channels have a
preference for cations over anions (Yan, et al., 2013) [104]. The
structure of the NetB pore, without the first 20 N-terminal
amino acids, has been solved to a resolution of 3.9 Å after
solubilisation and purification of the complex from lipid
vesicles (Savva et al., 2013) [71]. Like the monomer, the pore
structure shows similarity to staphylococcal α-hemolysin. It
comprises seven Net B monomers in a ring structure, with the
predicted hydrophobic transmembrane domain spanning
residues I121 to V146 (numbering from the N-terminal amino
acid of the secreted toxin). Liposome studies showed that
oligomerisation of Net B was enhanced by cholesterol, which
was postulated to play an important role in pore formation.
Both site-directed mutagenesis and random mutagenesis have
been used to isolate single amino acid substitution derivatives
of Net B that have reduced biological activity (Fernandes et
al., 2014) [18].
The Role of Net B in Animal Diseases
Net B toxin is crucial for the induction of avian necrotic
enteritis. It is only found in chicken C. perfringens isolates
(Martin and Smyth, 2009) [45]. A 100% correlation has been
found between Net B production and the ability to produce
disease in a necrotic enteritis induction model (Smyth and
Martin, 2010) [46]. Net B forms pores in a chicken epithelial
cell line in vitro. Its activity in vivo has not yet been shown,
but it may induce necrotic lesions by forming pores in
enterocytes leading to cell death (Keyburn et al., 2010) [13-37].
The toxin causes cell rounding and lysis in a chicken Leghorn
male hepatoma cell line, and it was shown that NetB forms
plasma membrane pores with an estimated pore diameter of
1.6 to 1.8 nm (Keyburn et al., 2008) [36]. Lepp et al. (2010) [40]
found that the netB gene is located on an approximately 85 kb
plasmid. The VirSR two-component signal transduction
system regulates the expression of netB. The NetB toxin
production is upregulated when the VirSR system is activated
as a result of a high C. perfringens population density. This is
an efficient environmental adaptation since NetB would only
be produced when the C. perfringens concentration is high
and there is an increased probability of subsequent nutrient
limitation. Damage of the host cells caused by NetB might
provide enough nutrients for C. perfringens (Cheung et al.,
2010) [13]. Confirmation of the role of NetB in disease came
from the finding that most necrotic enteritis outbreak strains
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carry the netB gene, whereas non-necrotic enteritis-derived C.
perfringens isolates lack this gene (Keyburn et al., 2010) [1337]
. This gene is only found in poultry C. perfringens strains,
except for one isolate that was recovered from a cow (Martin
and Smyth, 2009) [45]. Moreover, several groups screened C.
perfringens isolates derived from different countries for the
occurrence of netB. In a Canadian study, 95% -of C.
perfringens isolates from broilers with necrotic enteritis were
positive for netB while only 35% isolates from healthy boilers
were netB-positive (Chalmers et al., 2008) [11].
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