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Abstract

Enterotoxaemia is one of the important pathologies caused by Clostridium
perfringens, which produces intestinal and systemic disease in goats, sheep
and other animals. These Gram-positive anaerobic bacteria are normally res-
ident in the intestinal tract of ruminants but during favourable conditions,
proliferate uncontrollably and release toxins which produce disease in the
host. Different strains of C. perfringens are responsible for several clinical
syndromes, including lamb dysentery, pulpy kidney disease and struck.
However, the pathology and pathogenesis of caprine enterotoxaemia is not
well understood, with limited studies available in goats. Caprine enterotox-
aemia can be controlled with the better understanding of its risk factors and
pathogenesis. The diagnosis of enterotoxaemia in animals is complex and of-
ten requires group of tests than one single test for better specificity and sensi-
tivity. Tentative diagnosis of enterotoxaemia in sheep and goats is based on
the history, clinical signs and gross lesions during post-mortem examination
of animals; however, confirmatory diagnosis of enterotoxaemia requires dif-
ferent laboratory diagnostic tools. Toxin detection of C. perfringensin case of
enterotoxaemia is furthermost accepted benchmark in establishing a defini-
tive diagnosis of enterotoxaemia in intestinal contents. Measuring urine glu-
cose or observing Gram-stained smears of intestinal mucosa can be used as
supplementary tests. However, it is also imperative that enterotoxaemia can-
not be ruled out in the event of negativity of aforementioned diagnostic tests.
Hence, definitive diagnosis of enterotoxaemia in goats can be achieved with
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the use of molecular techniques (PCR, ELISA and immune-fluorescence)
coupled with toxin detection in intestine or biological assays including mouse
inoculation test (MIT). In case of goats, vaccine efficacy is poor which may be
due to need of high to moderate level of serum antibodies to protect against
both systemic and enteric effects because intestinal form of disease is partially
independent of the circulating anti-toxin antibodies. Thus, for the prevention
and control of enterotoxaemia in goats and sheep, these aspects must be con-
sidered to develop more holistic control measures.
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1. Introduction

The word “enterotoxaemia” denotes toxaemia of intestinal origin that occurs
when toxins produced in the intestines are absorbed into the bloodstream. En-
terotoxaemia can be caused by various microorganisms, but the term is most
frequently used in relation to the absorption of toxins produced by species of the
genus Clostridium [1] [2]. The genus Clostridium comprises more than 100 spe-
cies, several of which are pathogenic, producing exotoxins that act locally or sys-
temically on the host’s cells and tissues. Although several species of Clostridium
can cause enterotoxaemia in different hosts, the syndrome as come to be asso-
ciated with the species Clostridium perfringens in ruminants [2]. Sheep entero-
toxaemia caused by C. perfringensis well documented; however, the situation is
less clear in goats on account of limited studies carried in the goats. It causes
sudden death in goats of all age groups [3]. The excess toxin production is syn-
onymous with the disease and its absorption into systemic circulation produces
widespread effects [4]. But it is also recognized that some toxins of C. perfrin-
gens produced in intestine act locally [5]. In goat, histopathological changes are
not consistently found as in case sheep, and the confirmatory diagnosis of ente-
rotoxaemia is mostly based only on the detection of epsilon toxin in the intestin-
al contents at significant level. Toxinotyping based PCR can, in many cases, pro-
vide the final piece of information needed to establish a diagnosis.
Enterotoxaemia can be controlled only with better understanding of its risk
factors and pathogenesis. The current available vaccine provides short-lived
protective titres in goats than sheep [6] and needs booster doses very frequently
every three to four months interval throughout their life for full-proof protection
from the disease [7]. Moreover, the main contention for protection should en-
compass effective diagnosis of the C. perfringens toxinotypes during the worst
case scenario of vaccination failures or reduced effectiveness of immunization

against ET in goats.
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2. Aetiology

Clostridium perfringens is a Gram-positive, anaerobic rod-shaped bacterium,
successively named Bacterium welchii and Clostridium welchii in honour of
William Henry Welch, who first isolated it from a human cadaver died of an
aortic aneurism in 1891. The species name perfringens (“breaking through” in
Latin), proposed by Veillon and Zuber [8] in 1898 (Bacillus perfringens), re-
placed welchii in the fifth edition of Bergey’s Manual of Determinative Bacteri-
ology. C. perfringensis probably the best-known and most widespread anaerobic
pathogen throughout the world. It is a normal component of the intestinal flora
of healthy warm-blooded animals and human beings [9]. Like all bacterial spe-
cies, C. perfringens can be subdivided into strains according to the results of dif-
ferent typing methods. PCR based Genotyping is generally used for toxin geno-
typing of C. perfringens [10].

C. perfringens can produce up to 30 potential toxins, and as before now,
strains are traditionally classified into five categories (A, B, C, D and E) accord-
ing to the production of four major toxins (a, B, tand &) [9]. However, this clas-
sification system has been recently revised by including two more major toxins,
namely enterotoxin (CPE) and necrotic B-like toxin (NetB) [11] (Table 1). This
revised classification has introduced two new toxinotypes Ze. enterotoxin (CPE)
producing C. perfringens type F and necrotic enteritis B-like toxin (NetB) pro-
ducing C. perfringenstype G. NetB was identified as a principle toxin behind the
pathophysiology of necrotic enteritis in chickens [12]. In addition to these typ-
ing toxins, the bacterium is able to produce a number of other toxins such as £,
6, 6, v, A, k (collagenase), i (N acetyl galactosaminidase), sialidase, various hae-
molysins, enterotoxin and TpeL [13] [14].

The principal cause of caprine enterotoxaemia is Clostridium perfringens type
D [15] [16] [17] [18] whereas C. perfringens type A is most commonly isolated
type in ovine enterotoxaemia [19]-[24]. The bacterium is resident in the rumi-
nant digestive tract, generally in low numbers. It is passed in faeces and may
persist in soil, though it perishes more quickly in soil than other Clostridium
spp. The organism has a quick generation time, allowing for rapid proliferation
in the intestine under favourable conditions and release of toxins that causes

disease in the host.

Table 1. Revised classification scheme of C. perfringens[11].

C. perfrin-gens Major Toxins
type a (CPA) (CPB) e (ETX) ((ITX) CPE NetB
A + - - - - -
B + + + - - -
C + + - - +/- -
D + - + - +/- -
E + - - + +/- -
F + - - - + -
G + - - - - +
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3. Virulence Factors

C. perfringens produces an array of toxins and enzymes which are encoded by
23 virulence genes [25]. The inherent strategies followed by this organism helps
it to survive in host as well as in outer environment. This includes its ability to
survive in the presence of oxygen, ie. aero-tolerance [26], a very short genera-
tion time of 12 - 17 min at 37°C [27] and the spore-forming power, which plays
a crucial role in the transmission and persistence of organism in environment
and host [28]. The characteristics of various toxins and enzymes were depicted
in Table 2.

4. Predisposing Factors

Usually C. perfringens are found in intestine and in soil in fairly low numbers.
Investigation of intestinal tract materials from healthy goats had shown 2.94%
incidence of C. perfringens type D [29]. This was further supported by a recent
study on healthy goats in which type A, C and D isolate were detected respec-
tively in 75.6%, 0.4% and 0.4% of total faecal samples [30]. However, certain fa-
vorable conditions lead to the excess growth of C. perfringens. Excess carbohy-
drate-rich or pulverized feed or sudden change in diet can cause decrease in pe-
ristaltic movement, produce anaerobic environment, causing rapid and excessive
proliferation of organisms and production of lethal toxins in the intestine [9].
The disease may occur in goats of all ages with animals in good body condition
appears to be most susceptible [15]. Interestingly, several well understood pre-
disposing factors in sheep cannot be strictly applied to goats, such as the disease
usually occurs in single lambs of high milk producing ewes but type of birth is
not a predisposing factor in goats [31]. Further, enterotoxaemia causes the maxi-
mum loss in growing lambs fed on concentrate rations in feed lots, but this man-
agement condition is rarely encountered among goats [32]. Factors which slow
down peristalsis and retard the movements of the intestine, such as sudden ex-
posure to grain and garden greens, large increase in quantity of milk consumed
without gradually increasing the amount over several days [31], a heavy worm
burden (both tapeworms and lung worms), changes from poor to lush pasture,
feeding of bread or other bakery goods and feeding of a bran/molasses mash are
mentioned as the predisposing factors in goats. But some outbreaks of entero-
toxaemia type D have been earlier reported [33] in goats under extensive grazing
systems without known diet change. Recently, the association of several risk fac-
tors viz. age, deworming, season, overcrowding and carbohydrate rich diet with
occurrence of enterotoxaemia in sheep were studied [24]. Out of these, carbohy-
drate rich diet and overcrowding are found highly associated with elevated

in-vivo bacterial growth with odds ratio of 5.44 and 2.26, respectively.

5. Epidemiology

Enterotoxaemia is a common economically important devastating disease of sheep

and goats throughout the world [34] [35], and is probably the most important
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Table 2. Characteristics of toxins and enzymes of C. perfringens.

. . Molecular
Toxin/ Location of LD;, . . . . .
Enzvme ene ass (mice) Main targets Biological activity of toxin References
v 8 (kDs)
o Essential for growth & dissemination of infection
¢ Hemolysis via phospholipase & sphingomyelinase
Alpha toxin Phosphatidylcholine, activity
Ch 43 3 58]-[63
(CPA) romosome He Sphingomyelin o Inhibition of neutrophil & erythroid differentiation [58]-[631]
e Vasoconstriction via activation of arachidonic acid
cascade
o Necrosis of intestinal mucosal epithelium and
vascular endothelium
Intestinal epithelial,
Beta toxin Plasmid 35 <400 En ;S tl}r: 1':1p1 He 1 e Oedema, dermonecrosis & plasma extravasation  [64] [65]
asmi n, ndothelial cells,
(CPB) & though release of substance P from toxin-stimulated [66] [67]
sensory neurons
v sensory neurons
e Cytotoxic to platelets
o Increased permeability of intestine & blood vessels
Endothelial cells, o Degeneration of distal tubule cells in kidney
mucosal tight o Cerebral oedema & necrosis via damage to BBB
Epsilon toxin Plasmid 3 20 - 100 1. junctions, ¢ Demyelination by causing necrosis of [5] [54]
(ETX) 6 lymphocytes, all oligodendrocytes [68]-[74]
vital organs including e Release of glutamate by stimulating target cells in
brain cerebellum & hippocampus
e Cytotoxic to lymphocytes
Iota toxin Pl id Ta-48 0 Cell cytoskeleton e Increased permeability & necrosis of intestinal [75] [76]
(ITX) asmt Ib-72 18 (actin) epithelial cells by actin depolymerization [77]
Enterotoxi Ch Claudins of tight 8] [79
nterotoxin romos.ome 35 81 pg . au . 1ns ot tig e Loss of contact between intestinal epithelial cells 1179]
(CPE) or plasmid junctions 80] [81]
Necrotic . . . .
e . . e Destruction of extracellular matrix, lamina propria
enteritis B-like Plasmid 33 - Enterocytes ] . ) [82]
toxin (NetB) and intercellular junctions
oxi e
Beta-2 toxi Ent tes,
(gPaBz) X% Plasmid 28 160 pg " dert;ql]_:ls 1 e Dermonecrosis, oedema & enterotoxic [83]
endothelial cells
Perfringolysin Enterocytes, o Act synergistically with CPA & ETX [84] [85]
O (PFO)/Theta Chromosome 54 15 ug endothelial cells, e Disruption of endothelial integrity (6]
toxin leucocytes e Leukocytotoxic at high dose
Toxin _— -
C. perfringen e Inactivation of Ras protein with resultant
) -rpe ! tge ; Plasmid 191 600 pg GTPase Ras disruption of intercellular junctions & increased ~ [87] [88]
(?FECLC)Y'CO oxt cell barrier permeability
e
e Increases vascular permeability
i Plasmid 36 - Endothelial cell 89] [90
Lamba toxin asmi ndothetial cells o Activates prototoxin forms of ETX & ITX (891 [90]
Different blood cells, e Cytotoxic to various eukaryotic cells such as
Delta toxin Plasmid 32 - GM2 ganglioside on macrophages, platelets, erythrocytes including [91]
cell membranes various cell lines
Necrotizi
;Cl;(?t}Z{cng‘n Pl id 343 Sialic acid on cell o Cytotoxic to various cell lines such as equine (92] [93]
asmi . -
; (; lt;s) oxl membranes ovarian, porcine kidney 15, Vero cell line etc.
e
Sialidase o Alters host cell surface to promote bacterial (52] [53]
(NanH, Nanl, Chromosome 43,77, 129- Sialic acid linkages attachment & colonization [94]
Nan]) o Increased ETX binding & cytotoxicity
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cause of sudden death in small ruminants of different ages [3]. The suckling
lambs between 3 and 10 weeks of age are highly susceptible [36]. The ovine en-
terotoxemia was reported from different countries such as India [37], Switzer-
land [38], Italy [39], United Kingdom [40], Turkey [41].

The caprine enterotoxaemia has been reported in Argentina, Australia, Brazil,
Canada, Germany, Great Britain, Greece, France, India, Iran, South Africa, Sri
Lanka, Switzerland and in the United States [42] [43] (Figure 1). The prevalence
rates of enterotoxaemia ranging between 24.13% and 100% were reported from
different countries around the world [44]. In an extensive prevalence study
conducted in Iran, the prevalence rate of enterotoxaemia in sheep was 0.14%
(128/87,802) and case fatality rate ranged between 0% and 80% with an average
of 40% [45]. In general, morbidity rate does not exceed 10% of the herd but
nearly kills 100% of the affected animals owing to its high lethality [46]. Another
study states 31% and 22% prevalence of C. perfringens in sheep and goats, re-
spectively [47]. A total of fourteen outbreaks in Tamil Nadu state of India are
reported through active and passive surveillance during the period of two years
(June 2007 to May 2009) [48]. In a recent study, incidence enterotoxaemia in
goat kids was found to be 15.13% (n = 238) and 27.38% (n = 84) in diarrhoeic
faecal and intestinal loop samples, respectively (Singh, 2017), whereas in
post-weaned goats the incidence was 16.07% (n = 168) and 22.75% (n = 189) in

diarrhoeic faecal and intestinal loop samples, respectively [43].

6. Pathogenesis and Pathogenicity

C. perfringens is a normal commensal of digestive tract [49]. They reside in the
gut without producing much damage as low bacterial number produces small
quantity of toxins that too removed quickly from gut by normal peristalsis.
Apart from this, gut microenvironment poses certain barriers against bacterial
proliferation and colonization. These include competition with other commen-
sals such as Escherichia coli for common niche, inhibition of proliferation of C.
perfringens by secondary bile acids, Deoxycholate [50] and inhibition of growth
and toxin production by Lactobacillus spp. [51]. However, certain virulence fac-
tors and environmental conditions favor bacterial proliferation and colonization.
Sialidases (Nanl, NanH, Nan]) secreted by organism seems to be important in
initial establishment of infection. They alters host cell surface and promote bac-
terial attachment [52] [53].

Sudden ingestion of carbohydrate-rich feeds permits more undigested starch
to pass through the rumen to the abomasum and intestine where it serves as a
nutrient substrate for rapid proliferation of the organism (Figure 2). Excess
carbohydrate intake may also predispose to reduced motility. This proliferation
of C. perfringens type D in conjunction with reduced peristalsis enhances the
concentration and pathogenic potential of the epsilon toxin produced by the or-
ganism. Based on in vitro findings, it is postulated that the absence of glucose in

small intestine, due to failure of starch digestion, can stimulate ETX production
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[l Enterotoxaemia prevalent countries

Figure 1. Prevalence of enterotoxaemia among small ruminants in

different countries of world.
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Figure 2. Pathogenesis of C. perfringens type D enterotoxaemia in small ruminants. Presence of excess carbohydrate in intes-

tine provide good medium for rapid proliferation of C. perfringens type D organisms with production of alpha toxin (CPA),

epsilon prototoxin, enzymes (sialidases) and other minor toxin like beta2 toxin (depending on the isolate). Host trypsin in

intestine activates the epsilon prototoxin to active epsilon toxin (ETX). Sialidases helps in breaching the host mucosal barrier

(mucus layer) and thus establishing bacterial attachment and colonization. CPA disrupts the intestinal epithelial cell mem-

brane, leading to necrosis, mucosal sloughing and pseudomembrane formation. Formation of pores in epithelial cells by ETX

cause leakage of sodium ions and water which results in secretory diarrhoea. ETX also cleaves the mucosal tight junctions and

enters the lamina propria (paracellular pathway). In lamina propria, ETX binds to endothelial cells of mucosal capillaries and

increases its permeability via endothelial injury. There is resultant systemic absorption of ETX, haemorrhage and diapedesis

of leucocytes to the site of injury. *Prominent features of caprine enterotoxaemia.
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by C. perfringens type D [54]. The interaction between C. perfringens and intes-
tinal cells was studied using type D isolates and cultured enterocyte-like Caco-2
cells [55] [56] [57]. This study revealed that C. perfringens senses the presence of
enterocytes and contact with host cell is essential for upregulation of epsilon
toxin production.

And it was later found that the host cell induces C. perfringensto utilize Agr-like
quorum sensing system for ETX production [95]. Also the sialidases were found
to enhance ETX binding and cytotoxicity [52]. Production of ETX is a highly
regulated process and found to be produced maximally at neutral pH [96]. In
order to exert its toxic effects, the prototoxin form of epsilon toxin is needed to
be converted by intestinal trypsin and lambda protease of C. perfringensto more
active form. This activation requires removal of the 13 N-terminal and 29
C-terminal residues of prototoxin by trypsin or 10 N-terminal residues by
lambda protease [54] [89]. This activation process was also studied ex vivo using
caprine small intestinal contents which showed that it is activated in a stepwise
manner into a ~27-kDa protein [97]. Once activated, it increases the permeabil-
ity of the gut wall, facilitates its own absorption and then transported to several
target organs, including brain, lungs and kidney [54] [98]. On the other hand,
alpha toxin (CPA) is trypsin sensitive and does not require activation. In an expe-
riment to study the role of ETX on the small intestinal permeability in mice and
rats, it was evident that ETX alters the intestinal permeability by opening the mu-
cosal tight junction and this allowed the passage of macromolecules through these
tight junctions [99]. This explains the massive absorption of ETX via paracellular
pathway. ETX was also found to increase the vascular permeability of rat me-
sentery by directly damaging the endothelium [100]. Effect of intestinal micro-
environment, differential absorption and corresponding toxicity of ETX from
different intestinal segments was extensively studied in mice model. It was evi-
dent that low pH or increased glucose level enhance ETX absorption and lethal-
ity of ETX was more when absorbed from colon than from small intestine [101].
The author also reported that ETX absorption occurred from small and large in-
testines but not from stomach. The effects of alpha toxin on intestinal barrier are
not yet studied in caprine intestine but peculiar findings were observed in ovine
and bovine gut. In cattle, this include exfoliation in alpha toxin treated small in-
testine loops while ETX treated colonic loops showed haemorrhage histological-
ly and dilation of the intercellular spaces ultrastructurally [102]. In sheep, alpha
toxin treated ileal and colonic loops retained more fluid along with the net re-
duction in water absorption from lumen. There was moderate neutrophilic infil-
tration in lamina propria and submucosa of ileum and colon [103]. Beside this,
some recent studies in mice unravels the biological action of alpha toxin. This in-
cludes impairment of neutrophil differentiation [59] [104], impaired erythropoie-
sis via inhibition of erythroid differentiation and impaired granulopoiesis via de-
gradation of granulocyte colony-stimulating factor receptor (G-CSFR) [105].

Reverse genetics approach had proved that epsilon toxin is responsible for all

clinical manifestations and pathology of disease [106]. On the other hand, the role
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of alpha toxin in enteric disease is poorly understood [107]. Upon absorption, ep-
silon toxin affects wide range of organs as studied in different animal models,
including mice [108] [109] [110], rats [111], sheep [112], goats [113] and cattle
[114] [115]. The pathogenic effects on different cell types and organs of animals
and in cell cultures are discussed here under.

Kidney is one of the target organs of epsilon toxin. The so called “pulpy kid-
ney” lesion has a diagnostic significance in ovine enterotoxaemia whereas renal
lesions are not considered as diagnostic facet of caprine enterotoxaemia [5].
However, it is still not proved that epsilon toxin is associated with this condition
or not. Thus, it is considered to be a postmortem change rather an antemortem
lesion [54]. But association of ETX with kidney was demonstrated in mice in
which immunolabelling of ETX was seen predominantly in glomeruli, capillaries
and collecting ducts [116]. Cytotoxic activity of ETX has been studied using cell
lines from renal origin of dogs, mice and human. In mice, ETX caused degenera-
tion of distal tubules in nephrons and haemorrhages in the medulla [68]. These
findings are further supported by an experiment on mouse kidney sections
which revealed that ETX specifically binds to distal tubule [117].

In addition to kidneys, Brain is also a prime target of epsilon toxin [118]. ETX
initially binds to endothelial cells of the blood-brain-barrier (BBB) which subse-
quently causes swelling, vacuolation and necrosis of affected vascular endothelial
cells with rupture of perivascular astrocyte processes [69] [108] [119]. This results
in leakage of fluid and proteins, hypoxia of the neural parenchyma [120] [121].
Microscopic lesions such as proteinaceous perivascular oedema and degeneration
of white matter, astrocytes are considered diagnostic in sheep but similar findings
are rare in goats [5] [113] [122]. However, proteinaceous intramural vascular oe-
dema was recently reported in brain sections of goats died of C. perfringens type
D enterotoxaemia [123]. Brain responds to oedema by upregulating the expres-
sion of a water channel protein, aquaporin 4 (AQP4) [124]. This overexpression
was seen in astrocytes of mice, sheep and goats [78] [123]. Apart from its effect
on BBB, ETX can directly damage neurons, astrocytes and oligodendrocytes re-
sulting in neuronal damage and demyelination [70] [71] [125] [126] [127]. Re-
cently, a myelin and lymphocyte protein (MAL) expressed on endothelial cells,
oligodendrocytes, myelin, maturing T-lymphocytes and renal cell is proposed as
a specific ETX receptor [128] [129] (Figure 3). Action of ETX on MAL express-
ing oligodendrocytes explains the reason behind demyelination which is sup-
ported by the decrease in immunoreactivity to myelin basic protein [130]. After
binding, ETX causes demyelination by inhibiting potassium inward rectifier
(Kir) channels in oligodendrocytes [131]. ETX was known to stimulate the re-
lease of glutamate, an excitatory neurotransmitter, by targeting the hippocampal
glutamatergic system and cerebellar granule cells in mice [71] [132]. This might
be the reason behind nervous signs in affected animals. However, another study
contradicts these findings as no glutamate was released from GFP-ETX incu-
bated nerve terminals [133]. A subsequent study revealed the indirect role of

ETX induced vasogenic oedema and neuronal toxicity behind permanent neu-
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ronal degeneration and resulting behavioural changes [134]. Experimental stu-
dies in sheep and goats showed the preferential action of ETX on certain regions
of brain namely, cerebral cortex, basal ganglia, superior colliculi, pons, cerebel-
lum, thalamus, cerebellar peduncles and obex [119] [135].

Other than intestine, kidneys and brain, some other cells and organs are also
susceptible to epsilon toxin. One of this is T-cells as shown in an experimental
study. They demonstrate that MAL protein is essential for ETX binding and cy-
totoxicity in T-cells [74]. This cytotoxicity might be a result of hampered MAL
protein functions such as T-cell maturation [136], exosome secretion [137] or
intracellular membrane traffic [138]. Not only vascular endothelial cells of intes-
tine and brain are susceptible to ETX, blood vessels in few other organs are also
seems to be susceptible. ETX was shown to damage retinal microvessels in rat
which was evidenced by loss of immunoreactivity to endothelial barrier antigen
[139]. The damaged retinal microvessels may subsequently affects the function
of retina. This may be the reason behind blindness, as one of the clinical signs of

type D enterotoxaemia in sheep and goats [140] [141].
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their putative receptors, Hepatitis A virus cellular receptor 1 (HAVCRI1) and myelin and
lymphocyte (MAL) protein distributed on cell membrane of different cells. This is fol-
lowed by oligomerization of ETX and subsequent membrane insertion. This constitutes
the pre-pore stage. This oligomerization is suggested to be facilitated by ceramide (CER)
which is in turn produced by ETX activated neutral sphingomyelinase (nSMase). Matura-
tion of ETX pore results in efflux of K* ions and influx in Ca®* ions. This increased intra-
cellular ionised calcium ion concentration is suggested to increase mitochondrial mem-
brane permeability. This reduces mitochondrial membrane potential (A¥m), thereby
causing ATP depletion and opening of membrane permeability transition (MPT). This
results in translocation of Apoptosis-inducing factor (AIF) from mitochondria to nucleus
which results in caspase-independent cell death. Red dashed arrows depict proposed cel-
lular effects of ETX.
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C. perfringens type D enterotoxaemia in goats is responsible for the severe
enterocolitis with clinically prominent diarrhoea which is considered as the most
consistent finding [141]. Besides, other important toxins produced by C. per-
fringens are enterotoxin and f2-toxin, and both have been reportedly associated
with the disease [142]. Few experimental studies were successful in reproducing
disease in goats [43] [135] [143] [144] [145]. Whole culture of C. perfringens
type D, its culture supernatant and washed cells were administered in-
tra-duodenally in three different animal groups. A starch solution was also in-
jected into the abomasum of each animal so as to mimic the natural condition.
Most of the animals experienced diarrhoea, necrotizing pseudomembranous co-
litis and cerebral oedema are salient necropsy findings. The reason for this dif-
ference in clinical manifestation of diarrhoea was studied in a comparative intes-
tinal loop assay using epsilon toxin in sheep and goats. This study showed that
there is a rapid and greater accumulation of fluid and sodium in ileal and colonic
loops of goats than sheep. This suggested that the fluid quickly flushes away
toxins from gut of goats, thereby reducing transit time for toxin absorption. The
delayed response in sheep allows greater absorption of toxin from gut resulting
in systemic disease [103].

Experimental type D enterotoxaemia in sheep was studied by many authors
[119] [146] [147] [148]. In a study, prominent nervous signs were observed such
as paddling, convulsions, ophisthotonus, blindness and bleating but diarrhoea
was absent in experimental animal [119]. Similarly, intestinal lesion was absent
in lambs but severe haemorrhagic enterocolitis was found in kids at necropsy
[147]. Systemic findings such as lung oedema, hydropericardium and cerebral
oedema are more prominent in sheep with minor and inconsistent changes in
intestine [119] [149]. These prominent systemic findings may be the effect of ep-
silon toxin which was found in different body fluids like pericardial fluid,
aqueous humour including intestinal contents from duodenum, colon and ileum
of experimentally infected sheep [148].

Cellular mechanism of action of epsilon toxin

At molecular level, ETX act on cells in a step-wise manner. Attachment of
ETX with cell receptor occur prior to or after activation by intestinal proteases
(Figure 3). Few authors had suggested that some receptors may involve in faci-
litating cytotoxicity such as hepatitis A virus cellular receptor (HAVCRI) in
MDCK cells [150] and myelin and lymphocyte (MAL) protein in different cells
[128] [129]. This results in oligomerization to form a pre-pore complex [118].
The oligomerization is observed in rat synaptosomes [151] [152] and MDCK
cells [152] [153]. ETX forms a large membrane complex (155 kDa) on the cell
membranes of MDCK. The structure of ETX pore and dynamics of ETX pore
formation was recently unveiled [154]. Action of ETX on plasma membrane is
most commonly studied on Madin-Darby canine kidney (MDCK) cell line due
to its high degree of specificity [155]. Recently, Fischer rat (FRT) thyroid cell line
was identified as a novel model to study ETX action [156]. The importance of

ETX oligomerization in mediating cytotoxicity was recently came in light when a
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novel set of rabbit monoclonal antibodies blocked this step which subsequently
abolishes ETX endocytosis and cellular vacuoaltion [157].

This oligomerization is reported to be facilitated by ETX activated neutral
sphingomyelinase which in turn produce ceramide in the plasma membrane
[158]. The binding affinity of ETX and pro-ETX to liposomes was shown to in-
crease by the presence of sulphatide in liposomes and calcium enhances this ef-
fect for ETX but not pro-ETX [159] [160]. Action of ETX as a pore-forming
toxin is supported by the early efflux of K" ions and influx of Na* and Cl” ions
followed by rise in intracellular Ca** levels in MDCK cells [153] [161]. This leads
to membrane permeabilisation, decrease in mitochondrial membrane potential
and a subsequent ATP depletion. There is translocation of apoptosis-inducing
factor (AIF) from mitochondria to nucleus which results in caspase-independent
cell death [162]. Apart from its effect on cell membranes, it was demonstrated
that ETX blocks mitosis at early stage of cell cycle with a resultant increase in
duration of S phase in MDCK cells [163]. However, cellular dynamics can be af-
fected even without pore-formation in oligodendrocytes suggesting some unde-

fined mechanism behind demyelination [70] [130].

7. Clinical History

In sheep and goats, most cases of enterotoxaemia occur soon (a few hours to a
few days) after overeating or sudden changes in diet, usually diets rich in highly
fermentable carbohydrates [164] [165]. In addition to dietary factors, other un-
known prerequisites seem to be necessary for the development of enterotoxae-
mia in sheep and goats. An outbreak of enterotoxaemia was reported in a herd of
goats that had consistently been fed a diet of hay and concentrates for many
months before the outbreak [166]. Also, some outbreaks of enterotoxaemia type
D have been reported to occur in goats under extensive grazing systems without
known diet change [33]. Other factors that disturb the intestinal environment
include heavy tapeworm infestation and dosing with phenothiazine in sheep. In
goats, a triad of an accidental overdose of netobimin, cold weather stress and a
concomitant coccidial infestation were suggested as possible predisposing factors
in an outbreak of caprine enterotoxaemia [33]. Heavy worm burden could also
be a predisposing factor in goats. A history of sudden change in diet is therefore
a useful indicator of a possibility of enterotoxaemia, but the absence of this
precedent should not be used to preclude a possible diagnosis of this disease.
Vaccination history is frequently used by animal owners and veterinarians to
rule out infections by C. perfringens. However, the quality of the C. perfringens
vaccines varies greatly between countries and manufacturers, and vaccines are
not always correctly transported, stored and/or administered. In addition, indi-
vidual variation in antibody responses between animals occurs frequently in
both sheep and goats [6]. The history of vaccination as an indicator of possible
disease is even less valuable in goats than in sheep. This is due to the fact that

vaccination against C. perfringens in the former produces antibody titers of
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lower level and lower duration than in sheep. Also, the occurrence of enterotox-
aemia in goats that have been vaccinated and that have serum levels of epsilon
antitoxin which would be protective for sheep [6] suggests that the enteric form
of the disease is partially independent of circulating epsilon toxin. Vaccination
history alone should therefore not be used to rule out a diagnosis of enterotox-

aemia in sheep or goats.

8. Clinical Signs

Clinical signs are suggestive at the most of C. perfringens infections, and no final
diagnosis can be based on clinical grounds only. The clinical signs vary accord-
ing to the type of C. perfringens involved. In sheep, C. perfringens type A pro-
duces a rare form of acute enterotoxaemia in lambs, also known as yellow lamb
disease, characterized clinically by depression, anemia, icterus and haemoglobi-
nuria. C. perfringens types B and C produce similar clinical diseases in sheep
that are characterized by sudden death or acute neurological signs with presence
or absence of hemorrhagic diarrhoea [165]. Lamb dysentery and hemorrhagic
enteritis (C. perfringens type B) occur in lambs under 3 weeks of age, whilst
struck (C. perfringens type C) is a condition of adult sheep [165]. C. perfringens
type D produces an acute to chronic neurological condition in sheep. The condi-
tion is characterized clinically by sudden death or acute to chronic neurological
signs including blindness, opisthotonous, convulsions, bleating and recumbency.
Enterotoxaemia in goats occurs in four forms, ie., peracute, acute, subacute and
chronic form. In this, peracute form is frequent in young goats and characte-
rized by sudden loss of appetite, marked abdominal pain, kicking at belly, fever
up to 40.5°C and death within twenty-four hours and acute form frequently oc-
curs in adult goats and is clinically characterized by diarrhoea, abdominal pain,
severe shock, opisthotonus and convulsions [32] [123] and ultimately causes re-
covery or death within 2 - 4 days after the onset of clinical signs [147] [167].
Subacute form is characterized by initial softening of faeces which subsequently
become diarrhoeic with occasional presence of shreds of intestinal mucosa but
abdominal pain is absent [15]. Chronic form of disease lasting days or weeks
may also occur in adult animals and shows signs of profuse watery diarrhoea
(sometimes mixed with blood and mucus) weakness, abdominal discomfort,

weight loss, anaemia and may terminate in death or recovery [141].

9. Postmortem Lesions

In sheep, C. perfringens type A enterotoxaemia is characterized by generalized
icterus and enlarged, pale and friable livers. Red tinged urine is found in the
urinary bladder. C. perfringens types B and C in sheep produce similar intestinal
lesions consisting of diffuse or multifocal haemorrhagic enteritis, predominantly
in the ileum, with excess of sero-sanguineous fluid in the abdominal cavity. C.
perfringens type D in sheep may produce brain lesions that are pathognomonic
for this form of enterotoxaemia. This includes herniation of cerebellum in fora-
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men magnum (cerebellar coning) in acute or subacute cases and focal symme-
trical encephalomalacia (FSE) in chronic cases, characterised by symmetrical
haemorrhagic foci in corpus striatum, thalamus, midbrain, cerebellar peduncles
and white matter [5]. Other lesions are pulmonary oedema and pulpy kidney
condition.

In case of goats, the disease caused by C. perfringens type A, B and C are not
well documented and the lesions produced are not specific for these conditions.
In enterotoxaemia by C. perfringens type D in goats, there may be changes that
are suggestive of the disease, but none of these alterations is pathognomonic of
enterotoxaemia. An excess of straw colored pericardial fluid rich in protein that
clots on exposure to air, interstitial lung edema and sub-endocardial hemorr-
hages are frequently seen in the per-acute form of the disease [145]. In chronic
form of the disease, fibrino-haemorrhagic enterocolitis and pulmonary oedema
seem to be the most consistent lesions [141]. Mucosal ulceration has been re-
ported in goats with chronic enterotoxaemia [149]. Kidney lesions are inconsis-
tently seen and any such change could be considered to be suggestive of caprine
enterotoxaemia. The lesion in kidneys includes petechial and ecchymotic sub-
capsular haemorrhages but pulpy kidney condition in case of goats is inconsis-
tent or absent [33] [141]. Recently, cerebellar coning was reported in a goat with
C. perfringens type D enterotoxaemia for the first time [123]. This lesion is con-
sidered pathognomonic in sheep.

10. Histopathology

In sheep and goats, the most of the histopathological changes due to enterotox-
aemia are not very specific but if present, can be highly suggestive of the disease.
Histopathological findings in C. perfringens type B and C enterotoxemia in
sheep and goats is characterised by coagulative necrosis in intestinal mucosa,
thrombosis of mucosal and submucosal blood vessels and a variable inflamma-
tory response [5]. In sheep, the histopathological changes produced by C. per-
fringens type D epsilon toxin in the brain are unique and pathognomonic for
this type of enterotoxaemia. The most consistent change is perivascular protei-
naceous oedema, consistent of acidophilic lakes of protein surrounding small
and medium sized arteries and veins [168]. This change can be seen in animals
after a few hours of the onset of clinical signs. If the animals survive for several
hours, degeneration of white matter, hemorrhage, astrocyte and axonal swelling
can also be observed [168]. In the chronic form of the disease the lesion is cha-
racterized by necrosis of white matter, grossly known as focal symmetric ence-
phalomalacia (ESE). Both the perivascular edema and the degeneration and ne-
crosis of brain parenchyma are always bilateral and symmetrical and they have
been described most frequently in corpus striatum, internal capsule, thalamus,
mid brain, cerebellar peduncles and cerebellar white matter [112] [168].

In a study, severe congestion, haemorrhage and necrosis were found at the tip
of the villi in duodenum, ileum and of colonic epithelium of goats [33]. Fibri-

no-necrotic or pseudo-membranous colitis was also observed in sub-acute and
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chronic cases of enterotoxaemia caused by C. perfringens type D [166]. Histo-
logical lesions in the kidney are not a characteristic of sheep or goat enterotox-
aemia. The so-called pulpy kidney disease described in cases of this diseases is
assumed to be a post-mortem change due to rapid autolysis of the tissues [149]
and it has very little, if any, diagnostic significance. Changes in the brain are not
considered to be a common feature of caprine enterotoxaemia, although menin-
geal congestion with perineuronal oedema in the cerebral cortex and cerebellum
may be observed in per-acute and acute cases [42] [43] [113] [145] [149]. How-
ever, few reports describe about the neuropathology involved in caprine entero-
toxaemia. Bilaterally symmetrical homogenous eosinophilic, proteinaceous pe-
rivascular oedema in the internal capsule and superior colliculi was observed in
goat kids died of C. perfringens type D enterotoxaemia [135]. Recently, intra-
mural vascular oedema in brain of C. perfringens type D enterotoxaemic goats
was described in which the highly proteinaceous oedema was present in between
the muscularis and adventitia of the vascular wall [123].

11. Clinical Pathology

There is limited literature on haematologic and clinical biochemistry studies on
enterotoxaemia. The presence of urinary glucose in any amount is strongly in-
dicative of enterotoxaemia in both sheep and goats [5]. In contrast to ovine en-
terotoxaemia, hyperglycaemia and glycosuria are inconsistent [33] [147] and
thus not considered pathognomonic in goats. In context to urine protein and
glucose, no significant difference was found in treated and control groups of
goats in an experimental study [135]. The effects of C. perfringens type D infec-
tion on haematological and biochemical parameters in sheep and goats are stu-
died. In goats, mean erythrocytes count (RBC) and haemoglobin level decreased
significantly while the white blood cells (WBC) increased significantly in dis-
eased animals compared to the healthy animals [145]. Non-significant changes
were observed in packed cell volume and platelet count. Similarly biochemical
analysis showed a significant increase in liver enzymes, serum creatinine, total
bilirubin, blood urea and glucose in diseased goats [169]. In sheep, mean leuko-
cyte count and packed cell volume was significantly higher in infected than con-
trol animals. Serum biochemistry revealed a significant rise in blood glucose,
urea and serum creatinine levels in infected animals as compared to control

groups [140].

12. Diagnosis

A tentative diagnosis can be given on the basis of clinical history and signs, pre-
disposing factors, postmortem lesions. The definitive diagnosis of enterotoxae-
mia can be given on the basis of detection of epsilon toxin in intestinal fluid, tis-
sue, culture supernatants and other body fluids with the help of serological tests
and molecular techniques such as ELISA, PCR, real time PCR, immunohisto-
chemistry etc. Various techniques used for diagnosis of enterotoxaemia are out-

lined in Figure 4.
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Figure 4. Methods for diagnosis of enterotoxaemia.

1) Field diagnosis—It is based on a combination of characteristic clinical
history and signs, necropsy. Sudden death without any premonitory signs and
the presence of acute haemorrhagic enterocolitis with haemorrhagic intestinal
contents at necropsy examination are highly specific. Information must be taken
into account with particular attention to any stress observed 12 to 36 hours be-
fore death. The ideal sample obtained at post-mortem examination for bacterial
analysis is a ligated intestinal loop in the location of the entero-haemorrhagic le-
sions. For bacteriological and culture examination, samples should be obtained
from freshly dead animals. Therefore, in practice, post-mortem examination
must be performed on-site (or on-farm) as quickly as possible and the ligated
intestinal loop should be kept at 4°C in appropriate transport conditions. To
further maintain the stability of toxins, one drop of chloroform can be added in
each 10 ml of intestinal content [170].

2) Laboratory diagnosis—It is based on isolation of C. perfringens from the
faeces or gut lumen [164] and identification of epsilon toxin or the gene ex-
pressing epsilon toxin in C. perfringens cultures from faeces or gut lumen con-
tent [5].

Bacteriological and Biochemical Tests

Isolation and cultural examination of C. perfringens from gut contents of
animals is of merely importance in diagnosis for enterotoxaemia because this
organism is a normal inhabitant of intestine in most of the small ruminants. A
bacterial count of 10* - 10" CFU/g of faecal sample is considered as normal in the
sheep and goats [119]. However, impression smears from the small and large in-
testine of affected animals’ revealed almost pure population of short, thick
usually non-sporulated, Gram positive rods [32]. This can be suggestive of ente-

rotoxaemia and thus helpful in further diagnostic interventions to be followed.
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The common culture media utilized for isolation are Robertson’s cooked meat
media (RCMM), thioglycolate media, reinforced clostridial media, clostridial
supplemented brucella blood agar (CLS-BBA), tryptose sulphite cycloserine
(TSC) agar, TSC-egg yolk agar (TSC-EYA) [43] [171] [172] etc. Gas production
in RCMM, double zone of hemolysis in CLS-BBA [43] [145] and pitch black co-
lonies with opaque halos in TSC-EYA are presumptive of C. perfringens [171].
Various biochemical tests for C. perfringens type D were depicted in Table 3.

Detection of Toxin Genes

PCR

In the beginning, in 1990s, polymerase chain reaction test were developed to
detect the presence of bacterial genes for production of C. perfringens toxins
based on the genes encoding the respective toxins [173]. Polymerase chain reac-
tion (PCR) provides a useful alternative to in vivo toxin neutralization tests for
typing of C. perfringens [10]. Therefore, detection of epsilon toxin encoding
gene (etx) is very important and helpful in the diagnosis of enterotoxaemia
[174]. Multiplex PCR based toxinotyping of C. perfringens strains present in the
intestinal contents or faeces [20] [174] [175] and intestinal tissue of sheep and
goats [23] [43] [176] are now commonly used for the diagnosis of disease. Mul-
tiplex PCR based toxinotyping revealed the high prevalence of beta2 gene in type
A isolates (73%) and type D isolates (67%) in faecal samples from healthy and
diseased sheep and goats [175].

Real-time PCR

Real-time PCR technique was used by many authors for detection of toxin
genes of C. perfringens. It was used for detection of C. perfringens in horses af-
fected by enterocolitis and the results showed that prevalence of infection by C.
perfringens type C was 40% (12/30) in 30 faecal samples [177]. Similarly, alpha
toxin gene was detected in 40% and 70% of cattle and sheep faecal samples [178].
Real-time fluorogenic PCRs were developed for the detection of C. perfringens
a, B, 2, & entero- and rtoxin [179]. Dual-labeled fluorescence hybridization
probe (TagMan')-based real-time multiplex PCR assay was developed for detec-
tion of toxin genes alpha (c¢pa), beta (¢pb), iota (ia), epsilon (etx), beta2 (cpb2)
and enterotoxin (cpe) of C. perfringens directly from cattle faeces [180].

Detection of Toxins

Immunohistochemistry

The immunohistochemistry represents possible diagnostic significance in those
cases in which culture and PCR detection is not possible. The immunohistoche-
mistry has been used surpassing to detect the presence of clostridial toxins in
tissues, including Clostridium perfringens enterotoxin (CPE) in the colon of
rabbits [181], ileal mucosa of goat [182], different parts of gastrointestinal tract
of horses [183] and Clostridium perfringens beta toxin in the small intestine of
piglets [184]. CPB2 was demonstrated in small and large intestine of goats with
beta2 toxin/enterotoxin-positive C. perfringens type D enterotoxaemia [17].
Further studies are required for demonstration of alpha and epsilon toxin in
sheep and goat tissues.
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Table 3. Biochemical characteristics of C. perfringenstype D [172].

Biochemical tests C. perfringens type D
Sugar fermentation-glucose, maltose, .
lactose, sucrose, fructose, galactose, dulcitol
Indole production -
Methyl red -
Voges Proskauer -
Catalase -
litmus milk +
Urease -
H,S production +
Nitrate reduction +
Phospholipase reaction +

+, positive; —, negative reaction.

Serological and biological neutralization tests

Detection of toxin in the intestinal contents from enterotoxaemia affected
animals is considered as best diagnostic test for enterotoxaemia. There are sever-
al tests available for detection of toxin from intestinal contents as well as other
body fluids and culture supernatants. The techniques are several including ELI-
SAs, counter-immunoelectrophoresis and mouse neutralization test [185].

1) Mouse neutralization test (MNT)

It is a commonly used biological neutralization test to detect epsilon toxin in
biological and non-biological samples. Its use has been reduced as other sero-
logical tests are developed. MNT is commonly used as a comparative test for va-
lidating or comparing the diagnostic efficacy of other serological tests and also
used for potency testing of clostridial vaccines. MNT has absolute sensitivity and
specificity of 54.54% and 100%, respectively in detecting epsilon toxin in intes-
tinal contents and body fluids [186].

2) Enzyme-linked immunosorbent assay (ELISA)

ELISA is considered satisfactory test for detection of epsilon toxin in gut con-
tents [187]. Sandwich ELISA has high sensitivity and specificity rates, respec-
tively of 97.4% and 94.6% for epsilon toxin assay in intestinal contents [188].
Recently, a highly sensitive sandwich immunoassay and immunochromato-
graphic test was developed to detect epsilon toxins with fivefold detection limits
in different matrices such as serum, intestinal contents [189]. In a comparative
study using polyclonal capture-ELISA (PC-ELISA), monoclonal capture-ELISA
(MC-ELISA), counter-immunoelectrophoresis and MNT for the detection of C.
perfringens type D epsilon toxin in intestinal contents and different body fluids

of sheep and goats, PC-ELISA was found to be the most sensitive technique re-
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gardless of fluid type [186]. Recently, CPA and ETX are detected in the small
and large intestine contents of the goats with type D enterotoxaemia using mo-
noclonal antibody-based capture ELISA [123].

3) Latex agglutination test (LAT)

Latex agglutination test (LAT) was developed as a qualitative test to detect ep-
silon toxin in intestinal contents of animals suspected of dying from enterotox-
aemia. It has showed a sensitivity of 96.5 per cent and a specificity of 95.2 per
cent which was found slightly less than that of ELISA [190]. In another study,
ELISA was found significantly more sensitive than LAT in detecting C. perfrin-
gens toxins in intestinal contents of sheep with suspected enterotoxaemia. ELISA
and LAT detected toxins in 84.61% and 58.46% of intestinal contents, respec-
tively [21]. However, the LAT has some additional advantages over ELISA. It is
comparatively simple, cheap and quick to perform and thus can serve as a po-
tential field test for diagnosing enterotoxaemia. Unlike ELISA, it can demon-
strate the biological activity of epsilon toxin [191].

4) Indirect haemagglutination test (IHT) and Indirect haemagglutination in-
hibition test (IHIT)

Indirect haemagglutination test was effectively used to measure serum anti-
body titre against adjuvanated toxoid vaccines [192]. Likewise, these tests were
developed in our laboratory to detect anti-epsilon toxin antibodies in the sera
and epsilon toxin in intestinal contents of enterotoxaemia affected animals re-
spectively (Unpublished data). In THT, glutaraldehyde tannic acid treated sheep
RBCs were sensitized separately with both crude-ETX and peptide ETX antigens,
both of which gave encouraging results as mode of measuring protective anti-
body titre in vaccinated animals and passive protective titre in neonates.

Mass spectrometry techniques

Novel MS techniques are now utilized in some specialized laboratories to
detect and quantify epsilon toxin in different biological and non-biological sam-
ples [193] [194] [195]. This includes liquid chromatography-mass spectrometry
(LC-MS), ultraperformance liquid chromatography-tandem mass spectrometry
(UPLC-MS) and MALDI-TOF tandem mass spectrometry. Despite of high sen-
sitivity in detecting ETX, upto 0.2 ppb [194], MS techniques are used infre-
quently due to its high initial investment cost which limits its use in laboratories
dealing with biological warfare agents. In addition to this, it cannot determine

the biological activity of toxin.

13. Treatment

In general, the clinical course of disease is too rapid for effective treatment. The
treatment should be focused on following targets—inhibiting bacterial prolifera-
tion, preventing absorption of toxins from intestine, neutralization of already
absorbed toxins (serotherapy) and supplementary treatment to counteract de-
hydration, acidosis and shock, especially in per-acute and acute cases. Bacterial

proliferation can be inhibited by oral and/or parenteral antibiotic therapy. Re-
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cently, an extensive in vitro antibiotic sensitivity testing and in vivo antibiotic
trials against C. perfringensin diarrhoeic sheep and goats revealed ciprofloxacin,
penicillin and ceftriaxone as most effective antibiotics [196]. In face of bacterial
proliferation, the second important step is to flush away released toxins from in-
testinal tract so as to inhibit its absorption. Cathartics can be helpful in this situ-
ation but condition of animal especially dehydration status must be kept in
mind. As disease progresses very rapidly, administration of antitoxin (serothe-
rapy) is considered better option over antimicrobial therapy [197]. Serotherapy
with ETX antitoxin has been used in experimental C. perfringens type D infected
sheep and goats [54]. The immediate losses in outbreaks can be prevented by
administering epsilon antitoxin at a dose rate of 200 IU/Kg BW in sheep [171].
The lack of identification of the toxins involved the cost and unavailability of an-
titoxin and the existence of a risk of anaphylaxis (equine origin antitoxin) rend-
ers this approach very uncommon in field conditions. However, the combined
treatment with antisera and antibiotics was found more effective than antibiotics
or antitoxin alone in few experimental studies in goats [143] [144]. The efficacy
of combined therapy with hyperimmune sera and procaine penicillin, hyperim-
mune sera and oxytetracycline dihydrate, procaine penicillin alone, hyperim-
mune serum alone and oxytetracycline dihydrate alone was 83.33%, 50%, 50%,
33% and 33% [143]. Beside these, intravenous administration of electrolyte fluid
mixed with bicarbonate can be helpful in alleviating dehydration, acidosis and

toxaemic state [32].

14.. Prevention and Control

Immunoprophylaxis

Small ruminants are considered highly susceptible to enterotoxaemia and it is
universally recommended that they should be vaccinated against the disease.
There is marked variation in immune response in sheep and goats against tox-
ins. The commonly available commercial vaccines do not offer the proper pro-
tection in goats [6] [135] [198]. The goats with titre below 0.1 IU/ml were found
to be unprotected [6] while titre of 0.25 IU/ml is considered protective in goats
[135]. A single administration of enterotoxaemia-cum-lamb dysentery vaccine
in sheep and goats produced an antibody titre of 6.5 and 2.64 respectively and
the booster dose of same vaccine produced titre of 59.7 and 12.12. This depicts
that protective serum antibodies level is maintained for limited period of time in
goats [199]. In another study, a booster dose after 40 days from first vaccination
was found successful in generating satisfactory antibody levels in goat kids [198].
So, in order to generate adequate protection, goats should be vaccinated at in-
tervals of three to four months or at least semi-annually with currently available
commercial vaccines [32]. In case of sheep, two doses of vaccine, about 4 - 6
weeks apart followed by subsequent annual booster is sufficiently protective
against enterotoxaemia [54]. A polyvalent enterotoxaemia vaccine seems to be

effective in sheep as shown by a significant difference in disease occurrence
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among vaccinated (3.3%) and unvaccinated groups (64%) [200]. In terms of an-
tibody response in goats, incomplete Freund’s adjuvanted vaccine was found
best among aluminium hydroxide adjuvanted and liposome-adjuvanted C. per-
fringens type epsilon toxoid vaccine [7]. Recombinant C. perfringens epsilon
toxoid vaccine confers protection against enterotoxaemia with protective anti-
body titers of 14.3 and 26 IU/ml in goats and sheep respectively [201]. Recently,
a recombinant trivalent vaccine against alpha, beta and epsilon toxins generated
a good antibody response in multiple species (sheep, goats, cattle and rabbits)
than commercial vaccines [202]. Despite of exciting results, the recombinant
vaccines are not commonly used.

Feeding Strategies

Smart feeding of goats can reduce the occurrence of disease in flock or herd. It
is better to give hay before feeding of carbohydrate rich feed stuffs and these
should be divided into many small feedings. Additionally avoid excessive feeding
of carbohydrates, decrease amount of feed with intermittent feeding schedule
and increase animal movement [46]. Recently it was also identified that, vegeta-
ble tannins can inhibit the in vitro growth of C. perfringensin a dose-dependent
manner [203]. But practical utility needs to be explored to establish the effect of
tannins and more studies are required in this direction to mitigate the disease.
To summarise, timely vaccination, avoiding sudden feed changes, preventing
overeating and preventing accidental access to grains and other stored feeds are

keys to control enterotoxaemia in small ruminants.

15. Conclusion

Enterotoxaemia is a devastating disease of sheep and goats throughout the
world. Though there are significant differences between caprine and ovine en-
terotoxaemia, documentations and research specifically on the condition in
goats are very little. At the same time caprine enterotoxaemia continues to
cause economic losses to goat farmers all over the world. The characteristics of
enterotoxaemia in goats differ from sheep mainly in terms of clinical signs and
lesions in different organs at necropsy and failure of vaccination strategy.
Hence, basis for all these differences needs to be clarified for timely diagnosis
and effective control of this disease in goats. In the field settings, enterotoxae-
mia incurs huge cost and loss of valuable germplasm. Further research studies
are required to provide better understanding of the pathogenicity of C. perfrin-
gens, which in turn will help in the development of molecular biomark-
ers/diagnostics to provide confirmatory diagnosis, vaccination strategies, better
management and feeding practices for preventing enterotoxaemia in small ru-

minants, particularly in goats.

Conflicts of Interest

The authors declare no conflicts of interest regarding the publication of this pa-

per.

DOI: 10.4236/aim.2020.105019

258 Advances in Microbiology


https://doi.org/10.4236/aim.2020.105019

R. S. Pawaiya et al.

References

(1]

(14]

Manteca, C. and Daube, G. (Eds.) (1994) L'entérotoxémie bovine en Belgique. L
Introduction et contexte bibliographique. Annales de Médecine Vétérinaire,
Université de Liege, Liege.

Popoff, M.R. (1998) Interactions between Bacterial Toxins and Intestinal Cells.
Toxicon, 36, 665-685. https://doi.org/10.1016/S0041-0101(97)00100-1

Veschi, J.L., Bruzzone, O.A. Losada-Eaton, D.M., Dutra, 1.S. and Fernan-
dez-Miyakawa, M.E. (2008) Naturally Acquired Antibodies against Clostridium
perfringens Epsilon Toxin in Goats. Veterinary Immunology and Immunopatholo-
gy, 125, 198-202. https://doi.org/10.1016/j.vetimm.2008.04.015

Bullen, J. (1963) The Influence of the Diet on the Pathogenesis of Enterotoxaemia of
Sheep. Bulletin de I'Office International des Epizooties, 59, 1453-1461.

Uzal, F.A. and Songer, J.G. (2008) Diagnosis of Clostridium perfringens Intestinal
Infections in Sheep and Goats. Journal of Veterinary Diagnostic Investigation, 20,
253-265. https://doi.org/10.1177/104063870802000301

Blackwell, T.E., Butler, D.G. and Bell, J.A. (1983) Enterotoxemia in the Goat: The
Humoral Response and Local Tissue Reaction Following Vaccination with Two
Different Bacterin-Toxoids. Canadian Journal of Comparative Medicine, 47, 127-132.

Uzal, F.A., Wong, ].P., Kelly, W.R. and Priest, J. (1999) Antibody Response in Goats
Vaccinated with Liposome-Adjuvanted Clostridium perfringens Type D Epsilon

Toxoid. Veterinary Research Communications, 23, 143-150.
https://doi.org/10.1023/A:1006206216220

Veillon, A. and Zuber, A. (1898) Recherches sur quelques microbes strictement
anaérobies et leur role en pathologie. Archivos de Medicina Experimental, 10, 517-545.

Songer, J.G. (1996) Clostridial Enteric Diseases of Domestic Animals. Clinical Mi-
crobiology Reviews, 9, 216-234. https://doi.org/10.1128/CMR.9.2.216

Meer, R.R. and Songer, ].G. (1997) Multiplex Polymerase Chain Reaction Assay for
Genotyping Clostridium perfringens. American Journal of Veterinary Research, 58,
702-705.

Rood, ]I, Adams, V., Lacey, J., Lyras, D., McClane, B.A., Melville, S.B., et al (2018)
Expansion of the Clostridium perfringens Toxin-Based Typing Scheme. Anaerobe,
53, 5-10. https://doi.org/10.1016/j.anaerobe.2018.04.011

Keyburn, AL, Boyce, ].D., Vaz, P., Bannam, T.L., Ford, M.E., Parker, D., et al
(2008) NetB, a New Toxin That Is Associated with Avian Necrotic Enteritis Caused
by Clostridium perfringens. PLoS Pathogens, 4, e26.
https://doi.org/10.1371/journal.ppat.0040026

Amimoto, K., Noro, T., Oishi, E. and Shimizu, M. (2007) A Novel Toxin Homo-
logous to Large Clostridial Cytotoxins Found in Culture Supernatant of Clostridium

perfringens Type C. Microbiology, 153, 1198-1206.
https://doi.org/10.1099/mic.0.2006/002287-0

Coursodon, C., Glock, R., Moore, K., Cooper, K. and Songer, J. (2012) TpeL-Producing
Strains of Clostridium perfringens Type A Are Highly Virulent for Broiler Chicks.
Anaerobe, 18, 117-121. https://doi.org/10.1016/j.anaerobe.2011.10.001

Ogxer, D. (1956) Enterotoxaemia in Goats. Australian Veterinary Journal, 32, 62-66.
https://doi.org/10.1111/j.1751-0813.1956.tb14864.x

Von Rotz, A., Corboz, L. and Waldvogel, A. (1984) Clostridium perfringens Typ
D-Enterotoxaemie der Ziege in der Schweiz. Pathologisch-anatomische und bakte-
riologische Untersuchungen. Schweizer Archiv fiir Tierheilkunde, 126, 359-364.

DOI: 10.4236/aim.2020.105019

259 Advances in Microbiology


https://doi.org/10.4236/aim.2020.105019
https://doi.org/10.1016/S0041-0101(97)00100-1
https://doi.org/10.1016/j.vetimm.2008.04.015
https://doi.org/10.1177/104063870802000301
https://doi.org/10.1023/A:1006206216220
https://doi.org/10.1128/CMR.9.2.216
https://doi.org/10.1016/j.anaerobe.2018.04.011
https://doi.org/10.1371/journal.ppat.0040026
https://doi.org/10.1099/mic.0.2006/002287-0
https://doi.org/10.1016/j.anaerobe.2011.10.001
https://doi.org/10.1111/j.1751-0813.1956.tb14864.x

R. S. Pawaiya et al.

(17]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

Uzal, F.A., Fisher, D.J., Saputo, J., Sayeed, S., McClane, B.A., Songer, G., et al. (2008)
Ulcerative Enterocolitis in Two Goats Associated with Enterotoxin-and beta2 Tox-
in-Positive Clostridium perfringens Type D. Journal of Veterinary Diagnostic In-
vestigation, 20, 668-672. https://doi.org/10.1177/104063870802000526

Karthik, K., Manimaran, K., Bharathi, R. and Shoba, K. (2017) Report of Entero-
toxaemia in Goat Kids. Advances in Animal and Veterinary Sciences, 5, 289-292.

Itodo, A., Adesiyun, A., Adekeye, J. and Umoh, J. (1986) Toxin-Types of Clostri-
dium perfringens Strains Isolated from Sheep, Cattle and Paddock Soils in Nigeria.
Veterinary Microbiology, 12, 93-96. https://doi.org/10.1016/0378-1135(86)90045-3

Kalender, H., Ertas, H., Cetinkaya, B., Muz, A., Arslan, N. and Kilic, A. (2005) Typ-
ing of Isolates of Clostridium perfringens from Healthy and Diseased Sheep by
Multiplex PCR. Veterinarni Medicina, 50, 439-442.
https://doi.org/10.17221/5646-VETMED

Goekee, H.I,, Geng, O., Soezmen, M. and Gokge, G. (2007) Determination of Clo-
stridium perfringens Toxin-Types in Sheep with Suspected Enterotoxemia in Kars

Province, Turkey. Turkish Journal of Veterinary and Animal Sciences, 31, 355-360.

Mignaqui, A.C., Marcellino, R., Ronco, T., Pappalardo, J., Nonnemann, B., Pedersen,
K., et al. (2017) Isolation and Molecular Characterization of Clostridium perfrin-
gens from Healthy Merino Lambs in Patagonia Region, Argentina. Anaerobe, 43,
35-38. https://doi.org/10.1016/j.anaerobe.2016.10.015

Fahimeh, Y., Peyman, N., Gholamreza, H., Gholamali, K., Mohammad, R. and
Jamshid, R. (2018) Major and Minor Toxins of Clostridium perfringens Isolated
from Healthy and Diseased Sheep. Small Ruminant Research, 168, 1-5.
https://doi.org/10.1016/j.smallrumres.2018.09.008

Hussain, K., Ijaz, M., Durrani, A., Anjum, A., Nasir, A., Farooqj, S., et al (2018)
Bacterial Count and Predisposing Factors of Clostridium perfringens (Targeting
CPA Gene) Infection along with Antimicrobial Sensitivity in Diarrheic Sheep in Pa-
kistan. Tropical Biomedicine, 35, 434-441.

Kiu, R. and Hall, L.J. (2018) An Update on the Human and Animal Enteric Patho-
gen Clostridium perfringens. Emerging Microbes & Infections, 7, 1-15.
https://doi.org/10.1038/s41426-018-0144-8

Briolat, V. and Reysset, G. (2002) Identification of the Clostridium perfringens
Genes Involved in the Adaptive Response to Oxidative Stress. Journal of Bacteriol-
0gy, 184, 2333-2343. https://doi.org/10.1128/]B.184.9.2333-2343.2002

Li, J. and McClane, B.A. (2006) Further Comparison of Temperature Effects on
Growth and Survival of Clostridium perfringens Type A Isolates Carrying a Chro-
mosomal or Plasmid-Borne Enterotoxin Gene. Applied and Environmental Micro-
biology, 72, 4561-4568. https://doi.org/10.1128/ AEM.00177-06

Li, J., Paredes-Sabja, D., Sarker, M.R. and McClane, B.A. (2016) Clostridium per-
fringens Sporulation and Sporulation-Associated Toxin Production. Microbiology
Spectrum, 4(3). https://doi.org/10.1128/microbiolspec. TBS-0022-2015

Sinha, H. and Kuppuswamy, P. (1969) Heat Resistant Variants of Clostridium wel-
chiiin the Alimentary Tract of Healthy Goats. Indian Journal of Animal Health, 8,
89-93.

Santana, J.A., de Andrade Ferreira, AC, de Souza, MCC, Moreira, M.A.S., Lima,
M.C,, Cruz, D.S.G,, et al. (2018) Isolation and Genotyping of Clostridium perfrin-
gens from Goats in Minas Gerais, Brazil. Ciéncia Rural, 48, No. 7.
https://doi.org/10.1590/0103-8478cr20180101

DOI: 10.4236/aim.2020.105019

260 Advances in Microbiology


https://doi.org/10.4236/aim.2020.105019
https://doi.org/10.1177/104063870802000526
https://doi.org/10.1016/0378-1135(86)90045-3
https://doi.org/10.17221/5646-VETMED
https://doi.org/10.1016/j.anaerobe.2016.10.015
https://doi.org/10.1016/j.smallrumres.2018.09.008
https://doi.org/10.1038/s41426-018-0144-8
https://doi.org/10.1128/JB.184.9.2333-2343.2002
https://doi.org/10.1128/AEM.00177-06
https://doi.org/10.1128/microbiolspec.TBS-0022-2015
https://doi.org/10.1590/0103-8478cr20180101

R. S. Pawaiya et al.

(31]

(34]

(35]

(43]

Ayers, J.L. (1984) Enterotoxaemia. In: Haenlein, G.F.W. and Ace, D.L., Eds., Exten-
sion Goat Handbook, United States Department of Agriculture, Washington, DC,
1-10.

Smith, M.C. and Sherman, D.M. (2011) Goat Medicine. 2nd Edition, Wiley-Blackwell,
Hoboken.

Uzal, F.A., Pasini, M.I., Olaechea, F.V., Robles, C.A. and Elizondo, A. (1994) An
Outbreak of Enterotoxaemia Caused by Clostridium perfringens Type D in Goats in
Patagonia. Veterinary Record, 135, 279-280. https://doi.org/10.1136/vr.135.12.279

Niilo, L. (1980) Clostridium perfringens in Animal Disease: A Review of Current
Knowledge. The Canadian Veterinary Journal, 21, 141.

Kriek, N.P.J., Odendaal, M.W. and Hunter, P. (1994) Clostridium perfringens Type
D Enterotoxaemia. In: Coetzer, J.A.W., Thomson, G.R. and Tustin, R.C., Eds., In-
fectious Diseases of Livestock with Special Reference to Southern Africa, Oxford
University Press, Cape Town, 1314-1344.

Scholes, S.F., Welchman Dde B., Hutchinson, J.P., Edwards, G.T. and Mitchell, E.S.
(2007) Clostridium perfringens Type D Enterotoxaemia in Neonatal Lambs. Vete-
rinary Record, 160, 811-812. https://doi.org/10.1136/vr.160.23.811-a

Kumar, N.V., Sreenivasulu, D. and Reddy, Y. (2014) Prevalence of Clostridium per-
fringens Toxin Genotypes in Enterotoxemia Suspected Sheep Flocks of Andhra
Pradesh. Veterinary World, 7, 1132-1136.
https://doi.org/10.14202/vetworld.2014.1132-1136

Miserez, R., Frey, ]., Buogo, C., Capaul, S., Tontis, A., Burnens, A., et al. (1998) De-
tection of Alpha- and Epsilon-Toxigenic Clostridium perfringens Type D in Sheep
and Goats Using a DNA Amplification Technique (PCR). Letters in Applied Micro-
biology, 26, 382-386. https://doi.org/10.1046/j.1472-765X.1998.00356.x

Greco, G., Madio, A., Buonavoglia, D., Totaro, M., Corrente, M., Martella, V., et al
(2005) Clostridium perfringens Toxin-Types in Lambs and Kids Affected with Ga-
stroenteric Pathologies in Italy. The Veterinary Journal, 170, 346-350.
https://doi.org/10.1016/j.tvjl.2004.08.001

Radostitis, O.M., Gay, C.C., Hinchcliff, K.H. and Constable, P.D. (2007) Veterinary
Medicine. 10th Edition, Saunders Elsevier, London.

Tutuncu, M., Kilicoglu, Y., Guzel, M., Pekmezci, D. and Gulhan, T. (2018) Preva-
lence and Toxinotyping of Clostridium perfringens Enterotoxins in Small Rumi-

nants of Samsun Province, Northern Turkey. Journal of Animal & Plant Sciences,
28, 1204-1207.

Singh, D.D. (2017) Molecular Pathogenesis of Enterotoxaemia in Neonatal Goat
Kids. Ph.D. Thesis, U.P. Pandit Deen Dayal Upadhyaya Pashu Chikitsa Vigyan
Vishwavidyalaya Evam Go Anusandhan Sansthan (DUVASU), Mathura.

Gangwar, N.K. (2018) Molecular Pathology and Transcriptional Profiling of Ente-
rotoxaemia in Post-Weaned Goats. Ph.D. Thesis, U.P. Pandit Deen Dayal Upad-
hyaya Pashu Chikitsa Vigyan Vishwavidyalaya Evam Go Anusandhan Sansthan
(DUVASU), Mathura.

Nazki, S., Wani, S.A., Parveen, R., Ahangar, S.A., Kashoo, Z.A., Hamid, S., et al (2017)
Isolation, Molecular Characterization and Prevalence of Clostridium perfringens in
Sheep and Goats of Kashmir Himalayas, India. Veterinary World, 10, 1501-1507.
https://doi.org/10.14202/vetworld.2017.1501-1507

Tooloei, M. and Masodei, M.H. (2008) The Distribution and Prevalence Rate of En-
terotoxaemia in Sheep in East Azerbaijan Province, Northwestern Iran in Spring
2008. Journal of Animal and Veterinary Advances, 7, 1434-1439.

DOI: 10.4236/aim.2020.105019

261 Advances in Microbiology


https://doi.org/10.4236/aim.2020.105019
https://doi.org/10.1136/vr.135.12.279
https://doi.org/10.1136/vr.160.23.811-a
https://doi.org/10.14202/vetworld.2014.1132-1136
https://doi.org/10.1046/j.1472-765X.1998.00356.x
https://doi.org/10.1016/j.tvjl.2004.08.001
https://doi.org/10.14202/vetworld.2017.1501-1507

R. S. Pawaiya et al.

(46]

(51]

(52]

(54]

(55]

(56]

(57]

Miyashiro, S., Nassar, A., Del Fava, C., Cabral, A. and Silva, M. (2007) Clostridium
perfringens Types A and D Associated with Enterotoxemia in an 18-Month-Old
Goat. Journal of Venomous Animals and Toxins including Tropical Diseases, 13,
885-893. https://doi.org/10.1590/S1678-91992007000400017

Magbool, B, Igbal, M.K., Ijaz, M., Aslam, M.B., Ahmad, H.I. and Hussain, K.
(2017) Prevalence and Chemotherapy of Enterotoxemia ( Clostridium perfringens)
in Diarrheic Sheep and Goats. /IB-Research, 1, 30-35.

Selvaraju, G. (2014) Forecasting of Enterotoxaemia Outbreak in Small Ruminants.
International Journal of Agriculture Innovations and Research, 3, 86-89.

McClane, B.A., Uzal, F.A., Miyakawa, M.F., Lyerly, D. and Wilkins, T. (2005) The
enterotoxic Clostridia. In: Dworkin, M., Falkow, S., Rosenberg, E., Schleifer, K.H.
and Stackebrandt, E., Eds., The Prokaryotes: An Evolving Electronic Resource for
the Microbiological Community, Vol. 4, Springer-Verlag, New York, 698-752.
https://doi.org/10.1007/0-387-30744-3_22

Sorg, J.A. and Sonenshein, A.L. (2008) Bile Salts and Glycine as Cogerminants for
Clostridium difficile Spores. Journal of Bacteriology, 190, 2505-2512.
https://doi.org/10.1128/JB.01765-07

Guo, S., Liu, D, Zhang, B., Li, Z,, Li, Y., Ding, B., et al (2017) Two Lactobacillus
Species Inhibit the Growth and alpha-Toxin Production of Clostridium perfringens

and Induced Proinflammatory Factors in Chicken Intestinal Epithelial Cells in Vi-
tro. Frontiers in Microbiology;, 8, 2081. https://doi.org/10.3389/fmicb.2017.02081

Li, J., Sayeed, S., Robertson, S., Chen, J. and McClane, B.A. (2011) Sialidases Affect
the Host Cell Adherence and Epsilon Toxin-Induced Cytotoxicity of Clostridium
perfringens Type D Strain CN3718. PLoS Pathogens, 7, €1002429.
https://doi.org/10.1371/journal.ppat.1002429

Li, J., Uzal, F.A. and McClane, B.A. (2016) Clostridium perfringens Sialidases: Po-
tential Contributors to Intestinal Pathogenesis and Therapeutic Targets. Toxins
(Basel), 8(11). https://doi.org/10.3390/toxins8110341

Uzal, F.A., Giannitti, F., Finnie, ].W. and Garcia, J.P. (2016) Diseases Produced by
Clostridium perfringens Type D. In: Clostridial Diseases of Animals, Wiley Black-
well, Ames, IA, 157-172. https://doi.org/10.1002/9781118728291.ch13

Vidal, J.E., Ohtani, K., Shimizu, T. and McClane, B.A. (2009) Contact with Entero-
cyte-Like Caco-2 Cells Induces Rapid Upregulation of Toxin Production by Clostri-

dium perfringens Type C Isolates. Cellular Microbiology, 11, 1306-1328.
https://doi.org/10.1111/j.1462-5822.2009.01332.x

Ma, M., Vidal, J., Saputo, J., McClane, B.A. and Uzal, F. (2011) The VirS/VirR
Two-Component System Regulates the Anaerobic Cytotoxicity, Intestinal Pathoge-

nicity, and Enterotoxemic Lethality of Clostridium perfringens Type C Isolate
CN3685. MBio, 2, €00338-10. https://doi.org/10.1128/mBi0.00338-10

Chen, J., Ma, M., Uzal, F.A. and McClane, B.A. (2014) Host Cell-Induced Signaling
Causes Clostridium perfringens to Upregulate Production of Toxins Important for
Intestinal Infections. Gut Microbes, 5, 96-107. https://doi.org/10.4161/gmic.26419

Ochi, S., Oda, M., Matsuda, H., Ikari, S. and Sakurai, J. (2004) Clostridium perfrin-
gens Alpha-Toxin Activates the Sphingomyelin Metabolism System in Sheep Eryt-
hrocytes. The Journal of Biological Chemistry, 279, 12181-12189.
https://doi.org/10.1074/jbc.M307046200

Takehara, M., Takagishi, T., Seike, S., Ohtani, K., Kobayashi, K., Miyamoto, K., ef
al. (2016) Clostridium perfringens Alpha-Toxin Impairs Innate Immunity via Inhi-
bition of Neutrophil Differentiation. Scientific Reports, 6,28192.

DOI: 10.4236/aim.2020.105019

262 Advances in Microbiology


https://doi.org/10.4236/aim.2020.105019
https://doi.org/10.1590/S1678-91992007000400017
https://doi.org/10.1007/0-387-30744-3_22
https://doi.org/10.1128/JB.01765-07
https://doi.org/10.3389/fmicb.2017.02081
https://doi.org/10.1371/journal.ppat.1002429
https://doi.org/10.3390/toxins8110341
https://doi.org/10.1002/9781118728291.ch13
https://doi.org/10.1111/j.1462-5822.2009.01332.x
https://doi.org/10.1128/mBio.00338-10
https://doi.org/10.4161/gmic.26419
https://doi.org/10.1074/jbc.M307046200

R. S. Pawaiya et al.

[60]

(61]

(62]

(63]

(64]

(65]

(6]

(67]

(68]

[69]

(72]

https://doi.org/10.1038/srep28192

Sakurai, J., Fujii, Y. and Shirotani, M. (1990) Contraction Induced by Clostridium
perfringens Alpha Toxin in the Isolated Rat Ileum. Zoxicon, 28, 411-418.
https://doi.org/10.1016/0041-0101(90)90079-M

Fujii, Y. and Sakurai, J. (1989) Contraction of the Rat Isolated Aorta Caused by Clo-
stridium perfringens Alpha Toxin (Phospholipase C): Evidence for the Involvement
of Arachidonic Acid Metabolism. British Journal of Pharmacology; 97, 119-124.
https://doi.org/10.1111/j.1476-5381.1989.tb11931.x

Sakurai, J., Nagahama, M. and Oda, M. (2004) Clostridium perfringens Alpha-Toxin:
Characterization and Mode of Action. The Journal of Biochemistry, 136, 569-574.
https://doi.org/10.1093/jb/mvh161

Takagishi, T., Takehara, M., Seike, S., Miyamoto, K., Kobayashi, K. and Nagahama,
M. (2017) Clostridium perfringens Alpha-Toxin Impairs Erythropoiesis by Inhibi-
tion of Erythroid Differentiation. Scientific Reports, 7, 5217.
https://doi.org/10.1038/s41598-017-05567-8

Sayeed, S., Uzal, F.A,, Fisher, D.]., Saputo, J., Vidal, J.E., Chen, Y., ef al (2008) Beta
Toxin Is Essential for the Intestinal Virulence of Clostridium perfringens Type C
Disease Isolate CN3685 in a Rabbit Ileal Loop Model. Molecular Microbiology, 67,
15-30. https://doi.org/10.1111/j.1365-2958.2007.06007.x

Schumacher, V.L., Martel, A., Pasmans, F., Van Immerseel, F. and Posthaus, H.
(2013) Endothelial Binding of Beta Toxin to SMALL intestinal Mucosal Endothelial
Cells in Early Stages of Experimentally Induced Clostridium perfringens Type C
Enteritis in Pigs. Veterinary Pathology, 50, 626-629.
https://doi.org/10.1177/0300985812461362

Nagahama, M., Hayashi, S., Morimitsu, S. and Sakurai, J. (2003) Biological Activi-
ties and Pore Formation of Clostridium perfringens Beta Toxin in HL 60 Cells. J Bi-
ol Chem, 278, 36934-36941. https://doi.org/10.1074/jbc.M306562200

Thiel, A., Mogel, H., Bruggisser, J., Baumann, A., Wyder, M., Stoffel, M.H., et al.
(2017) Effect of Clostridium perfringens Beta-Toxin on Platelets. ZToxins (Basel), 9,
336. https://doi.org/10.3390/toxins9100336

Soler-Jover, A., Blasi, J., de Aranda, I.G., Navarro, P., Gibert, M., Popoff, M.R., et al.
(2004) Effect of Epsilon Toxin-GFP on MDCK Cells and Renal Tubules in Vivo.
Journal of Histochemistry & Cytochemistry, 52, 931-942.
https://doi.org/10.1369/jhc.4A6254.2004

Soler-Jover, A., Dorca, J., Popoff, M.R., Gibert, M., Saura, J., Tusell, ].M., et al.
(2007) Distribution of Clostridium perfringens Epsilon Toxin in the Brains of
Acutely Intoxicated Mice and Its Effect upon Glial Cells. Toxicon, 50, 530-540.
https://doi.org/10.1016/j.toxicon.2007.04.025

Wioland, L., Dupont, J.-L., Bossu, J.-L., Popoff, M.R. and Poulain, B. (2013) Attack
of the Nervous System by Clostridium perfringens Epsilon Toxin: From Disease to
Mode of Action on Neural Cells. Toxicon, 75, 122-135.
https://doi.org/10.1016/j.toxicon.2013.04.003

Lonchamp, E., Dupont, J.-L., Wioland, L., Courjaret, R., Mbebi-Liegeois, C., Jover,
E., et al. (2010) Clostridium perfringens Epsilon Toxin Targets Granule Cells in the
Mouse Cerebellum and Stimulates Glutamate Release. PLoS One, 5, €13046.
https://doi.org/10.1371/journal.pone.0013046

Miyamoto, O., Minami, J., Toyoshima, T., Nakamura, T., Masada, T., Nagao, S., ef
al. (1998) Neurotoxicity of Clostridium perfringens Epsilon-Toxin for the Rat Hip-
pocampus via the Glutamatergic System. Infection and Immunity, 66, 2501-2508.

DOI: 10.4236/aim.2020.105019

263 Advances in Microbiology


https://doi.org/10.4236/aim.2020.105019
https://doi.org/10.1038/srep28192
https://doi.org/10.1016/0041-0101(90)90079-M
https://doi.org/10.1111/j.1476-5381.1989.tb11931.x
https://doi.org/10.1093/jb/mvh161
https://doi.org/10.1038/s41598-017-05567-8
https://doi.org/10.1111/j.1365-2958.2007.06007.x
https://doi.org/10.1177/0300985812461362
https://doi.org/10.1074/jbc.M306562200
https://doi.org/10.3390/toxins9100336
https://doi.org/10.1369/jhc.4A6254.2004
https://doi.org/10.1016/j.toxicon.2007.04.025
https://doi.org/10.1016/j.toxicon.2013.04.003
https://doi.org/10.1371/journal.pone.0013046

R. S. Pawaiya et al.

(771

(78]

(79]

(85]

https://doi.org/10.1128/1A1.66.6.2501-2508.1998

Linden, J.R., Ma, Y., Zhao, B., Harris, ].M., Rumah, K.R., Schaeren-Wiemers, N., et
al. (2015) Clostridium perfringens Epsilon Toxin Causes Selective Death of Mature

Oligodendrocytes and Central Nervous System Demyelination. MBio, 6, €02513-14.
https://doi.org/10.1128/mBio.02513-14

Blanch, M., Dorca-Arévalo, J., Not, A., Cases, M., de Aranda, 1.G., Martinez-Yélamos,
A, et al. (2018) The Cytotoxicity of Epsilon Toxin from Clostridium perfringens on

Lymphocytes Is Mediated by MAL Protein Expression. Molecular and Cellular Bi-
ology, 38, e00086-18. https://doi.org/10.1128/MCB.00086-18

Gibert, M., Petit, L., Raffestin, S., Okabe, A. and Popoff, M.R. (2000) Clostridium
perfringens Tota-Toxin Requires Activation of Both Binding and Enzymatic Com-
ponents for Cytopathic Activity. Infection and Immunity, 68, 3848-3853.
https://doi.org/10.1128/IAL.68.7.3848-3853.2000

Richard, J.F., Mainguy, G., Gibert, M., Marvaud, J.C., Stiles, B.G. and Popoff, M.R.
(2002) Transcytosis of Iota-Toxin across Polarized CaCo-2 Cells. Molecular Micro-
bio[ogy, 43, 907-917. https://doi.org/10.1046/j.1365-2958.2002.02806.x

Tsuge, H., Nagahama, M., Oda, M., Iwamoto, S., Utsunomiya, H., Marquez, V.E., et
al. (2008) Structural Basis of Actin Recognition and Arginine ADP-Ribosylation by
Clostridium perfringens 1-Toxin. Proceedings of the National Academy of Sciences,
105, 7399-7404. https://doi.org/10.1073/pnas.0801215105

Freedman, J.C., Shrestha, A. and McClane, B.A. (2016) Clostridium perfringens
Enterotoxin: Action, Genetics, and Translational Applications. Zoxins (Basel), 8, 73.
https://doi.org/10.3390/toxins8030073

Smedley, J.G., Uzal, F.A. and McClane, B.A. (2007) Identification of a Prepore
Large-Complex Stage in the Mechanism of Action of Clostridium perfringens En-
terotoxin. Infection and Immunity, 75, 2381-2390.
https://doi.org/10.1128/1A1.01737-06

Katahira, J., Inoue, N., Horiguchi, Y., Matsuda, M. and Sugimoto, N. (1997) Mole-
cular Cloning and Functional Characterization of the Receptor for Clostridium per-
fringens Enterotoxin. Journal of Cell Biology, 136, 1239-1247.
https://doi.org/10.1083/jcb.136.6.1239

Shrestha, A. and McClane, B.A. (2013) Human Claudin-8 and -14 Are Receptors
Capable of Conveying the Cytotoxic Effects of Clostridium perfringens Enterotoxin.
MBio, 4, €00594-12. https://doi.org/10.1128/mBi0.00594-12

Olkowski, A.A., Wojnarowicz, C., Chirino-Trejo, M., Laarveld, B. and Sawicki, G.
(2008) Sub-Clinical Necrotic Enteritis in Broiler Chickens: Novel Etiological Con-
sideration Based on Ultra-Structural and Molecular Changes in the Intestinal Tis-

sue. Research in Veterinary Science, 85, 543-553.
https://doi.org/10.1016/j.rvsc.2008.02.007

Li, J., Adams, V., Bannam, T.L., Miyamoto, K., Garcia, J.P., Uzal, F.A., et al (2013)
Toxin Plasmids of Clostridium perfringens. Microbiology and Molecular Biology
Reviews, 77, 208-233. https://doi.org/10.1128/ MMBR.00062-12

Awad, M.M,, Ellemor, D.M.,, Boyd, R.L., Emmins, ].J. and Rood, J.I. (2001) Synergistic
Effects of Alpha-Toxin and Perfringolysin O in Clostridium perfringens-Mediated
Gas Gangrene. Infection and Immunity, 69, 7904-7910.
https://doi.org/10.1128/1A1.69.12.7904-7910.2001

Fernandez-Miyakawa, M.E., Jost, B.H., Billington, S.J. and Uzal, F.A. (2008) Lethal
Effects of Clostridium perfringens Epsilon Toxin Are Potentiated by Alpha and

Perfringolysin-O Toxins in a Mouse Model. Veterinary Microbiology, 127, 379-385.

DOI: 10.4236/aim.2020.105019

264 Advances in Microbiology


https://doi.org/10.4236/aim.2020.105019
https://doi.org/10.1128/IAI.66.6.2501-2508.1998
https://doi.org/10.1128/mBio.02513-14
https://doi.org/10.1128/MCB.00086-18
https://doi.org/10.1128/IAI.68.7.3848-3853.2000
https://doi.org/10.1046/j.1365-2958.2002.02806.x
https://doi.org/10.1073/pnas.0801215105
https://doi.org/10.3390/toxins8030073
https://doi.org/10.1128/IAI.01737-06
https://doi.org/10.1083/jcb.136.6.1239
https://doi.org/10.1128/mBio.00594-12
https://doi.org/10.1016/j.rvsc.2008.02.007
https://doi.org/10.1128/MMBR.00062-12
https://doi.org/10.1128/IAI.69.12.7904-7910.2001

R. S. Pawaiya et al.

(87]

(88]

(89]

[91]

[92]

(93]

(94]

(98]

https://doi.org/10.1016/j.vetmic.2007.09.013

Bryant, A.E. and Stevens, D.L. (1996) Phospholipase C and Perfringolysin O from
Clostridium perfringens Upregulate Endothelial Cell-Leukocyte Adherence Mole-
cule 1 and Intercellular Leukocyte Adherence Molecule 1 Expression and Induce
Interleukin-8 Synthesis in Cultured Human Umbilical Vein Endothelial Cells. /n-
fection and Immunity, 64, 358-362. https://doi.org/10.1128/IA1.64.1.358-362.1996

Nagahama, M., Ohkubo, A., Oda, M., Kobayashi, K., Amimoto, K., Miyamoto, K.,
et al. (2011) Clostridium perfringens TpeL Glycosylates the Rac and Ras Subfamily

Proteins. Infection and Immunity, 79, 905-910.
https://doi.org/10.1128/IAL.01019-10

Popoff, M.R. and Bouvet, P. (2009) Clostridial Toxins. Future Microbiology, 4,
1021-1064. https://doi.org/10.2217/fmb.09.72

Minami, J., Katayama, S., Matsushita, O., Matsushita, C. and Okabe, A. (1997)
Lambda-Toxin of Clostridium perfringens Activates the Precursor of Epsilon-Toxin

by Releasing its N- and C-Terminal Peptides. Microbiology and Immunology, 41,
527-535. https://doi.org/10.1111/j.1348-0421.1997.tb01888.x

Jin, F., Matsushita, O., Katayama, S., Jin, S., Matsushita, C., Minami, J., et al (1996)
Purification, Characterization, and Primary Structure of Clostridium perfringens
Lambda-Toxin, a Thermolysin-Like Metalloprotease. Infection and Immunity, 64,
230-237. https://doi.org/10.1128/IAL.64.1.230-237.1996

Seike, S., Miyamoto, K., Kobayashi, K., Takehara, M. and Nagahama, M. (2016)
Clostridium perfringens Delta-Toxin Induces Rapid Cell Necrosis. PLoS One, 11,
€0147957. https://doi.org/10.1371/journal.pone.0147957

Gohari, I.M., Brefo-Mensah, E.K., Palmer, M., Boerlin, P. and Prescott, J.F. (2018)
Sialic Acid Facilitates Binding and Cytotoxic Activity of the Pore-Forming Clostri-
dium perfringens NetF Toxin to Host Cells. PLoS One, 13, e0206815.
https://doi.org/10.1371/journal.pone.0206815

Gohari, I.M., Parreira, V.R., Nowell, V.J., Nicholson, V.M., Oliphant, K. and Pres-
cott, J.F. (2015) A Novel Pore-Forming Toxin in Type A Clostridium perfringensIs
Associated with Both Fatal Canine Hemorrhagic Gastroenteritis and Fatal Foal Ne-
crotizing Enterocolitis. PLoS One, 10, €0122684.
https://doi.org/10.1371/journal.pone.0122684

Navarro, M., McClane, B. and Uzal, F. (2018) Mechanisms of Action and Cell Death
Associated with Clostridium perfringens Toxins. Toxins, 10, 212.
https://doi.org/10.3390/toxins10050212

Chen, J., Rood, ].I. and McClane, B.A. (2011) Epsilon-Toxin Production by Clostri-
dium perfringens Type D Strain CN3718 Is Dependent upon the agr Operon but
Not the VirS/VirR Two-Component Regulatory System. MBio, 2, €00275-11.
https://doi.org/10.1128/mBi0.00275-11

Mollby, R., Holme, T., Nord, C.E., Smyth, C.J. and Wadstrom, T. (1976) Production
of Phospholipase C (Alpha-Toxin), Haemolysins and Lethal Toxins by Clostridium

perfringens Types A to D. The Journal of General Microbiology, 96, 137-144.
https://doi.org/10.1099/00221287-96-1-137

Freedman, J.C,, Li, J., Uzal, F.A. and McClane, B.A. (2014) Proteolytic Processing
and Activation of Clostridium perfringens Epsilon Toxin by Caprine Small Intes-
tinal Contents. MBio, 5, €01994-14. https://doi.org/10.1128/mBi0.01994-14

Bullen, J. (1970) Role of Toxins in Host Parasite Relationships. B848 Bd1 Microbial
Toxins. Academic Press, Inc., London.

DOI: 10.4236/aim.2020.105019

265 Advances in Microbiology


https://doi.org/10.4236/aim.2020.105019
https://doi.org/10.1016/j.vetmic.2007.09.013
https://doi.org/10.1128/IAI.64.1.358-362.1996
https://doi.org/10.1128/IAI.01019-10
https://doi.org/10.2217/fmb.09.72
https://doi.org/10.1111/j.1348-0421.1997.tb01888.x
https://doi.org/10.1128/IAI.64.1.230-237.1996
https://doi.org/10.1371/journal.pone.0147957
https://doi.org/10.1371/journal.pone.0206815
https://doi.org/10.1371/journal.pone.0122684
https://doi.org/10.3390/toxins10050212
https://doi.org/10.1128/mBio.00275-11
https://doi.org/10.1099/00221287-96-1-137
https://doi.org/10.1128/mBio.01994-14

R. S. Pawaiya et al.

[99] Goldstein, J., Morris, W.E., Loidl, C.F., Tironi-Farinati, C., McClane, B.A., Uzal,
F.A., et al (2009) Clostridium perfringens Epsilon Toxin Increases the Small Intes-
tinal Permeability in Mice and Rats. PLoS One, 4, €7065.
https://doi.org/10.1371/journal.pone.0007065

[100] Adamson, R.H., Ly, J.C., Fernandez-Miyakawa, M., Ochi, S., Sakurai, J., Uzal, F., et
al. (2005) Clostridium perfringens Epsilon-Toxin Increases Permeability of Single
Perfused Microvessels of Rat Mesentery. Infection and Immunity, 73, 4879-4887.
https://doi.org/10.1128/IA1.73.8.4879-4887.2005

[101] Losada-Eaton, D., Uzal, F.A. and Miyakawa, M.F. (2008) Clostridium perfringens
Epsilon Toxin Is Absorbed from Different Intestinal Segments of Mice. Toxicon, 51,
1207-1213. https://doi.org/10.1016/j.toxicon.2008.02.008

[102] Morris, W.E., Dunleavy, M.V., Diodati, J., Berra, G. and Fernandez-Miyakawa, M.E.
(2012) Effects of Clostridium perfringens Alpha and Epsilon Toxins in the Bovine
Gut. Anaerobe, 18, 143-147. https://doi.org/10.1016/j.anaerobe.2011.12.003

[103] Fernandez Miyakawa, M.E. and Uzal, F.A. (2003) The Early Effects of Clostridium
perfringens Type D Epsilon Toxin in Ligated Intestinal Loops of Goats and Sheep.

Veterinary Research Communications, 27, 231-241.
https://doi.org/10.1023/A:1023348708599

[104] Nagahama, M., Takehara, M. and Rood, J.I. (2018) Histotoxic Clostridial Infections.
Microbiol Spectr, 6(4). https://doi.org/10.1128/microbiolspec. GPP3-0024-2018

[105] Takehara, M., Seike, S., Sonobe, Y., Bandou, H., Yokoyama, S., Takagishi, T., et al
(2019) Clostridium perfringens Alpha-Toxin Impairs Granulocyte Colony-Stimulating

Factor Receptor-Mediated Granulocyte Production While Triggering Septic Shock.
Communications Biology, 2, 45. https://doi.org/10.1038/s42003-019-0280-2

[106] Garcia, J.P., Adams, V., Beingesser, J., Hughes, M.L., Poon, R., Lyras, D., et al
(2013) Epsilon Toxin Is Essential for the Virulence of Clostridium perfringens Type
D Infection in Sheep, Goats, and Mice. Infection and Immunity; 81, 2405-2414.
https://doi.org/10.1128/TIA1.00238-13

[107] Fernandez-Miyakawa, M.E. and Redondo, L.M. (2018) Role of Clostridium perfrin-
gens Alpha, Beta, Epsilon, and Iota Toxins in Enterotoxemia of Monogastrics and

Ruminants. In: Gopalakrishnakone, P., Stiles, B., Alape-Girdn, A., Dubreuil, J. and
Mandal, M., Eds., Microbial Toxins. Toxinology, Springer, Dordrecht, 93-118.
https://doi.org/10.1007/978-94-007-6449-1_16

[108] Finnie, J.W. (1984) Histopathological Changes in the Brain of Mice Given Clostri-
dium perfringens Type D Epsilon Toxin. The Journal of Comparative Pathology,
94, 363-370. https://doi.org/10.1016/0021-9975(84)90024-0

[109] Finnie, J.W. (1984) Ultrastructural Changes in the Brain of Mice Given Clostridium per-
fringens Type D epsilon Toxin. The Journal of Comparative Pathology, 94, 445-452.
https://doi.org/10.1016/0021-9975(84)90031-8

[110] Dorca-Arévalo, J., Pauillac, S., Diaz-Hidalgo, L., Martin-Satué, M., Popoff, M.R. and
Blasi, J. (2014) Correlation between in Vitro Cytotoxicity and in Vivo Lethal Activ-

ity in Mice of Epsilon Toxin Mutants from Clostridium perfringens. PLoS One, 9,
€102417. https://doi.org/10.1371/journal.pone.0102417

[111] Finnie, J.W., Blumbergs, P.C. and Manavis, J. (1999) Neuronal Damage Produced in
Rat Brains by Clostridium perfringens Type D Epsilon Toxin. The Journal of Com-
parative Pathology, 120, 415-420. https://doi.org/10.1053/jcpa.1998.0289

[112] Buxton, D. and Morgan, K. (1976) Studies of Lesions Produced in the Brains of Co-
lostrum Deprived Lambs by Clostridium welchii (Cl. perfringens) Type D Toxin.
Journal of Comparative Pathology, 86, 435-447.

DOI: 10.4236/aim.2020.105019

266 Advances in Microbiology


https://doi.org/10.4236/aim.2020.105019
https://doi.org/10.1371/journal.pone.0007065
https://doi.org/10.1128/IAI.73.8.4879-4887.2005
https://doi.org/10.1016/j.toxicon.2008.02.008
https://doi.org/10.1016/j.anaerobe.2011.12.003
https://doi.org/10.1023/A:1023348708599
https://doi.org/10.1128/microbiolspec.GPP3-0024-2018
https://doi.org/10.1038/s42003-019-0280-2
https://doi.org/10.1128/IAI.00238-13
https://doi.org/10.1007/978-94-007-6449-1_16
https://doi.org/10.1016/0021-9975(84)90024-0
https://doi.org/10.1016/0021-9975(84)90031-8
https://doi.org/10.1371/journal.pone.0102417
https://doi.org/10.1053/jcpa.1998.0289

R. S. Pawaiya et al.

https://doi.org/10.1016/0021-9975(76)90012-8

[113] Uzal, F.A., Glastonbury, J.R., Kelly, W.R. and Thomas, R. (1997) Caprine Enterotox-
aemia Associated with Cerebral Microangiopathy. Veterinary Record, 141, 224-226.
https://doi.org/10.1136/vr.141.9.224

[114] Niilo, L., Moffatt, R.E. and Avery, R. (1963) Bovine “Enterotoxemia”. II. Experi-
mental Reproduction of the Disease. The Canadian Veterinary Journal, 4, 288.

[115] Uzal, F.A., Kelly, W.R., Morris, W.E. and Assis, R.A. (2002) Effects of Intravenous
Injection of Clostridium perfringens Type D Epsilon Toxin in Calves. The Journal
of Comparative Pathology, 126, 71-75. https://doi.org/10.1053/jcpa.2001.0514

[116] Tamai, E., Ishida, T., Miyata, S., Matsushita, O., Suda, H., Kobayashi, S., et al
(2003) Accumulation of Clostridium perfringens Epsilon-Toxin in the Mouse Kid-

ney and Its Possible Biological Significance. Infection and Immunity, 71, 5371-5375.
https://doi.org/10.1128/IA1.71.9.5371-5375.2003

[117] Dorca-Arévalo, J., Martin-Satué, M. and Blasi, J. (2012) Characterization of the
High Affinity Binding of Epsilon Toxin from Clostridium perfringens to the Renal

System. Veterinary Microbiology, 157, 179-189.
https://doi.org/10.1016/j.vetmic.2011.12.020

[118] Bokori-Brown, M., Savva, C.G., da Costa, S.P.F., Naylor, C.E., Basak, A.K. and Tit-
ball, R.W. (2011) Molecular Basis of Toxicity of Clostridium perfringens Epsilon
Toxin. The FEBS Journal, 278, 4589-4601.
https://doi.org/10.1111/j.1742-4658.2011.08140.x

[119] Uzal, F.A. (2004) Diagnosis of Clostridium perfringens Intestinal Infections in
Sheep and Goats. Anaerobe, 10, 135-143.
https://doi.org/10.1016/j.anaerobe.2003.08.005

[120] Stiles, B.G., Barth, G., Barth, H. and Popoff, M.R. (2013) Clostridium perfringens
Epsilon Toxin: A Malevolent Molecule for Animals and Man? Toxins (Basel), 5,
2138-2160. https://doi.org/10.3390/toxins5112138

[121] Garcia, J.P., Giannitti, F., Finnie, ].W., Manavis, J., Beingesser, J., Adams, V., et al
(2015) Comparative Neuropathology of Ovine Enterotoxemia Produced by Clostri-
dium perfringens Type D Wild-Type Strain CN1020 and Its Genetically Modified
Derivatives. Veterinary Pathology, 52, 465-475.
https://doi.org/10.1177/0300985814540543

[122] Oliveira, D.M., Pimentel, L.A., Pessoa, A.F., Dantas, A.F., Uzal, F. and Riet-Correa,
E. (2010) Focal Symmetrical Encephalomalacia in a Goat. Journal of Veterinary Di-
agnostic Investigation, 22, 793-796. https://doi.org/10.1177/104063871002200527

[123] Ortega, J., Verdes, ].M., Morrell, E.L., Finnie, ].W., Manavis, J. and Uzal, F.A. (2019)
Intramural Vascular Edema in the Brain of Goats with Clostridium perfringens

Type D Enterotoxemia. Veterinary Pathology, 56, 452-459.
https://doi.org/10.1177/0300985818817071

[124] Finnie, ].W., Manavis, ]. and Blumbergs, P.C. (2008) Aquaporin-4 in Acute Cerebral
Edema Produced by Clostridium perfringens Type D Epsilon Toxin. Veterinary
Pathology, 45, 307-309. https://doi.org/10.1354/vp.45-3-307

[125] Nagahama, M. and Sakurai, J. (1991) Distribution of Labeled Clostridium perfrin-

gens Epsilon Toxin in Mice. Toxicon, 29, 211-217.
https://doi.org/10.1016/0041-0101(91)90105-Z

[126] Finnie, J.W. (2003) Pathogenesis of Brain Damage Produced in Sheep by Clostri-
dium perfringens Type D Epsilon Toxin: A Review. Australian Veterinary Journal,
81, 219-221. https://doi.org/10.1111/j.1751-0813.2003.tb11474.x

DOI: 10.4236/aim.2020.105019

267 Advances in Microbiology


https://doi.org/10.4236/aim.2020.105019
https://doi.org/10.1016/0021-9975(76)90012-8
https://doi.org/10.1136/vr.141.9.224
https://doi.org/10.1053/jcpa.2001.0514
https://doi.org/10.1128/IAI.71.9.5371-5375.2003
https://doi.org/10.1016/j.vetmic.2011.12.020
https://doi.org/10.1111/j.1742-4658.2011.08140.x
https://doi.org/10.1016/j.anaerobe.2003.08.005
https://doi.org/10.3390/toxins5112138
https://doi.org/10.1177/0300985814540543
https://doi.org/10.1177/104063871002200527
https://doi.org/10.1177/0300985818817071
https://doi.org/10.1354/vp.45-3-307
https://doi.org/10.1016/0041-0101(91)90105-Z
https://doi.org/10.1111/j.1751-0813.2003.tb11474.x

R. S. Pawaiya et al.

[127] Popoff, M.R. (2011) Epsilon Toxin: A Fascinating Pore-Forming Toxin. The FEBS
Journal, 278, 4602-4615. https://doi.org/10.1111/j.1742-4658.2011.08145.x

[128] Schaeren-Wiemers, N., Valenzuela, D., Frank, M. and Schwab, M. (1995) Characte-
rization of a Rat Gene, rMAL, Encoding a Protein with Four Hydrophobic Domains

in Central and Peripheral Myelin. Journal of Neuroscience, 15, 5753-5764.
https://doi.org/10.1523/INEUROSCI.15-08-05753.1995

[129] Rumah, K.R., Ma, Y., Linden, J.R., Oo, M.L., Anrather, J., Schaeren-Wiemers, N., et
al. (2015) The Myelin and Lymphocyte Protein MAL Is Required for Binding and
Activity of Clostridium perfringens Epsilon-Toxin. PLoS Pathogens, 11, €1004896.
https://doi.org/10.1371/journal.ppat.1004896

[130] Wioland, L., Dupont, J.L., Doussau, F., Gaillard, S., Heid, F., Isope, P., et al. (2015)
Epsilon Toxin from Clostridium perfringens Acts on Oligodendrocytes without

Forming Pores, and Causes Demyelination. Cellular Microbiology, 17, 369-388.
https://doi.org/10.1111/cmi.12373

[131] Bossu, J.L., Wioland, L., Doussau, F., Isope, P., Popoff, M.R. and Poulain, B. (2020)
Epsilon Toxin from Clostridium perfringens Causes Inhibition of Potassium inward

Rectifier (Kir) Channels in Oligodendrocytes. Toxins, 12, 36.
https://doi.org/10.3390/toxins12010036

[132] Miyamoto, O., Sumitani, K., Nakamura, T., Yamagami, S., Miyata, S., Itano, T., et
al. (2000) Clostridium perfringens Epsilon Toxin Causes Excessive Release of Glu-
tamate in the Mouse Hippocampus. FEMS Microbiology Letters, 189, 109-113.
https://doi.org/10.1111/j.1574-6968.2000.tb09215.x

[133] Dorca-Arévalo, J., Soler-Jover, A., Gibert, M., Popoff, M.R., Martin-Satue, M. and
Blasi, J. (2008) Binding of e-Toxin from Clostridium perfringens in the Nervous

System. Veterinary Microbiology, 131, 14-25.
https://doi.org/10.1016/j.vetmic.2008.02.015

[134] Morris, W.E., Goldstein, J., Redondo, L.M., Cangelosi, A., Geoghegan, P., Brocco,
M., et al (2017) Clostridium perfringens Epsilon Toxin Induces Permanent Neu-

ronal Degeneration and Behavioral Changes. Toxicon, 130, 19-28.
https://doi.org/10.1016/j.toxicon.2017.02.019

[135] Uzal, F.A. and Kelly, W.R. (1998) Experimental Clostridium perfringens Type D
Enterotoxemia in Goats. Veterinary Pathology, 35, 132-140.
https://doi.org/10.1177/030098589803500207

[136] Alonso, M.A. and Weissman, S.M. (1987) ¢cDNA Cloning and Sequence of MAL, a
Hydrophobic Protein Associated with Human T-Cell Differentiation. Proceedings
of the National Academy of Sciences, 84, 1997-2001.
https://doi.org/10.1073/pnas.84.7.1997

[137] Ventimiglia, L.N., Fernandez-Martin, L., Martinez-Alonso, E., Anton, O.M,
Guerra, M., Martinez-Menarguez, J.A., et al. (2015) Cutting Edge: Regulation of
Exosome Secretion by the Integral MAL Protein in T Cells. The Journal of Immu-
nology, 195, 810-814. https://doi.org/10.4049/jimmunol.1500891

[138] Alonso, M.A. and Milldn, J. (2001) The Role of Lipid Rafts in Signalling and Mem-
brane Trafficking in T Lymphocytes. Journal of Cell Science, 114, 3957-3965.

[139] Mander, K.A. and Finnie, J.W. (2018) Loss of Endothelial Barrier Antigen Immu-
noreactivity in Rat Retinal Microvessels Is Correlated with Clostridium perfringens

Type D Epsilon Toxin-induced Damage to the Blood-Retinal Barrier. The Journal of
Comparative Pathology, 158, 51-55. https://doi.org/10.1016/j.jcpa.2017.11.003

[140] Nasir, A., Younus, M., Rehman, M., Lateef, M., Khaliq, S., Ahmad, 1., et al. (2013)
Hematological and Some Biochemical Alterations in Sheep Experimentally Infected

DOI: 10.4236/aim.2020.105019

268 Advances in Microbiology


https://doi.org/10.4236/aim.2020.105019
https://doi.org/10.1111/j.1742-4658.2011.08145.x
https://doi.org/10.1523/JNEUROSCI.15-08-05753.1995
https://doi.org/10.1371/journal.ppat.1004896
https://doi.org/10.1111/cmi.12373
https://doi.org/10.3390/toxins12010036
https://doi.org/10.1111/j.1574-6968.2000.tb09215.x
https://doi.org/10.1016/j.vetmic.2008.02.015
https://doi.org/10.1016/j.toxicon.2017.02.019
https://doi.org/10.1177/030098589803500207
https://doi.org/10.1073/pnas.84.7.1997
https://doi.org/10.4049/jimmunol.1500891
https://doi.org/10.1016/j.jcpa.2017.11.003

R. S. Pawaiya et al.

with Clostridium perfringens Type D Infection. Journal of Animal and Plant
Sciences, 23, 1553-1558.

[141] Blackwell, T. and Butler, D. (1992) Clinical Signs, Treatment, and Postmortem Le-
sions in Dairy Goats with Enterotoxemia: 13 Cases (1979-1982). Journal of the
American Veterinary Medical Association, 200, 214-217.

[142] Gkiourtzidis, K., Frey, J., Bourtzi-Hatzopoulou, E., Iliadis, N. and Sarris, K. (2001)
PCR Detection and Prevalence of Alpha-, Beta-, Beta2-, Epsilon-, Iota- and Entero-
toxin Genes in Clostridium perfringens Isolated from Lambs with Clostridial Dy-
sentery. Veterinary Microbiology, 82, 39-43.
https://doi.org/10.1016/S0378-1135(01)00327-3

[143] Phukan, A., Kalita, D. and Das, B. (2000) Experimental Production of Enterotoxae-
mia in Goats and Its Treatment. /ndian Veterinary Journal, 77, 1051-1053.

[144] Islam, K., Rahman, M.S., Ershaduzzaman, M., Taimur, M. and Song, H.-J. (2007)
Experimental Development of Caprine Enterotoxaemia with Clostridium perfrin-
gens Type D Whole Culture in Natural Host and Its Treatments. Korean Journal of
Veterinary Service, 30, 219-231.

[145] Kumar, R. (2019) Pathology and Transcriptional Response of Enterotoxaemia in
Goats. M.V.Sc. Thesis, Indian Veterinary Research Institute (IVRI), Izatnagar, Uttar
Pradesh.

[146] Bullen, J. and Scarisberick, R. (1957) Enterotoxaemia of Sheep: Experimental Re-
production of the Disease. The Journal of Pathology and Bacteriology, 73, 495-509.
https://doi.org/10.1002/path.1700730220

[147] Blackwell, T.E., Butler, D.G., Prescott, ]J.F. and Wilcock, B.P. (1991) Differences in
Signs and Lesions in Sheep and Goats with Enterotoxemia Induced by Intraduo-

denal Infusion of Clostridium perfringens Type D. American Journal of Veterinary
Research, 52, 1147-1152.

[148] Layana, J.E., Fernandez Miyakawa, M.E. and Uzal, F.A. (2006) Evaluation of Dif-
ferent Fluids for Detection of Clostridium perfringens Type D Epsilon Toxin in
Sheep with Experimental Enterotoxemia. Anaerobe, 12, 204-206.
https://doi.org/10.1016/j.anaerobe.2006.05.001

[149] Barker, I.K., Van Dreumel, A.A. and Palmer, N. (1993) The Alimentary System. In:
Jubb, K.F., Kennedy, P.C. and Palmer, N., Eds., Pathology of Domestic Animals,
Vol. 2, 4th Edition, Academic Press Inc., San Diego, 13-18.

[150] Ivie, S.E., Fennessey, C.M., Sheng, J., Rubin, D.H. and McClain, M.S. (2011)
Gene-Trap Mutagenesis Identifies Mammalian Genes Contributing to Intoxication

by Clostridium perfringens Epsilon-Toxin. PLoS One, 6, €17787.
https://doi.org/10.1371/journal.pone.0017787

[151] Miyata, S., Matsushita, O., Minami, J., Katayama, S., Shimamoto, S. and Okabe, A.
(2001) Cleavage of a C-Terminal Peptide Is Essential for Heptamerization of Clo-
stridium perfringens Epsilon-Toxin in the Synaptosomal Membrane. The Journal of
Biological Chemistry, 276, 13778-13783. https://doi.org/10.1074/jbc.M011527200

[152] Miyata, S., Minami, J., Tamai, E., Matsushita, O., Shimamoto, S. and Okabe, A.
(2002) Clostridium perfringens Epsilon-Toxin Forms a Heptameric Pore within the
Detergent-Insoluble Microdomains of Madin-Darby Canine Kidney Cells and Rat
Synaptosomes. The Journal of Biological Chemistry, 277, 39463-39468.
https://doi.org/10.1074/jbc.M206731200

[153] Petit, L., Gibert, M., Gillet, D., Laurent-Winter, C., Boquet, P. and Popoff, M.R.
(1997) Clostridium perfringens Epsilon-Toxin Acts on MDCK Cells by Forming a
Large Membrane Complex. Journal of Bacteriology, 179, 6480-6487.

DOI: 10.4236/aim.2020.105019

269 Advances in Microbiology


https://doi.org/10.4236/aim.2020.105019
https://doi.org/10.1016/S0378-1135(01)00327-3
https://doi.org/10.1002/path.1700730220
https://doi.org/10.1016/j.anaerobe.2006.05.001
https://doi.org/10.1371/journal.pone.0017787
https://doi.org/10.1074/jbc.M011527200
https://doi.org/10.1074/jbc.M206731200

R. S. Pawaiya et al.

https://doi.org/10.1128/]B.179.20.6480-6487.1997

[154] Savva, C.G., Clark, A.R., Naylor, C.E., Popoff, M.R., Moss, D.S., Basak, A.K., et al.
(2019) The Pore Structure of Clostridium perfringens Epsilon Toxin. Nature Com-
munications, 10, 2641. https://doi.org/10.1038/s41467-019-10645-8

[155] Manni, M.M,, Sot, J. and Goni, F.M. (2015) Interaction of Clostridium perfringens
Epsilon-Toxin with Biological and Model Membranes: A Putative Protein Receptor
in Cells. Biochimica et Biophysica Acta, 1848, 797-804.
https://doi.org/10.1016/j.bbamem.2014.11.028

[156] Dorca-Arévalo, J., Blanch, M., Pradas, M. and Blasi, J. (2018) Epsilon Toxin from
Clostridium perfringens Induces Cytotoxicity in FRT Thyroid Epithelial Cells.
Anaerobe, 53, 43-49. https://doi.org/10.1016/j.anaerobe.2018.05.011

[157] Linden, J., Telesford, K., Shetty, S., Winokour, P., Haigh, S., Cahir-McFarland, E., et
al. (2018) A Novel Panel of Rabbit Monoclonal Antibodies and Their Diverse Ap-
plications Including Inhibition of Clostridium perfringens Epsilon Toxin Oligome-
rization. Antibodies, 7, 37. https://doi.org/10.3390/antib7040037

[158] Takagishi, T., Oda, M., Takehara, M., Kobayashi, K. and Nagahama, M. (2016) Oli-
gomer Formation of Clostridium perfringens Epsilon-Toxin Is Induced by Activa-

tion of Neutral Sphingomyelinase. Biochimica et Biophysica Acta, 1858, 2681-2688.
https://doi.org/10.1016/j.bbamem.2016.07.009

[159] Gil, C., Dorca-Arevalo, J. and Blasi, J. (2019) Calcium Enhances Binding of Clostri-
dium perfringens Epsilon Toxin to Sulfatide. Biochimica et Biophysica Acta, 1861,
161-169. https://doi.org/10.1016/j.bbamem.2018.08.003

[160] Gil, C., Dorca-Arevalo, J. and Blasi, J. (2015) Clostridium Perfringens Epsilon Toxin
Binds to Membrane Lipids and Its Cytotoxic Action Depends on Sulfatide. PLoS
One, 10, e0140321. https://doi.org/10.1371/journal.pone.0140321

[161] Petit, L., Maier, E., Gibert, M., Popoff, M.R. and Benz, R. (2001) Clostridium per-
fringens Epsilon Toxin Induces a Rapid Change of Cell Membrane Permeability to
Tons and Forms Channels in Artificial Lipid Bilayers. The Journal of Biological
Chemistry, 276, 15736-15740. https://doi.org/10.1074/jbc.M010412200

[162] Chassin, C., Bens, M., de Barry, J., Courjaret, R., Bossu, J.-L., Cluzeaud, F., et al
(2007) Pore-Forming Epsilon Toxin Causes Membrane Permeabilization and Rapid
ATP Depletion-Mediated Cell Death in Renal Collecting Duct Cells. American
Journal of Physiology-Renal Physiology, 293, F927-F937.
https://doi.org/10.1152/ajprenal.00199.2007

[163] Borrmann, E., Gunther, H. and Kohler, H. (2001) Effect of Clostridium perfringens
Epsilon Toxin on MDCK Cells. FEMS Immunology and Medical Microbiology; 31,
85-92. https://doi.org/10.1111/j.1574-695X.2001.tb00503.x

[164] Uzal, F.A. and Kelly, W.R. (1996) Enterotoxaemia in Goats. Veterinary Research
Communications, 20, 481-492. https://doi.org/10.1007/BF00396291

[165] Lewis, C.J. (2000) Clostridial Diseases. In: Martin, W.B. and Aitken, 1.D., Eds., Dis-
eases of Sheep, Blackwell Science, Oxford, 131-142.

[166] Smith, M.C. and Sherman, D.M. (1994) Goat Medicine. Lea & Febiger, Pennsylva-
nia.

[167] Baxendell, S.A. (1988) The Diagnosis of the Diseases of Goats. Vade Mecum Series
for Domestic Animals, Series B, No. 9. University of Sydney Post-Graduate Founda-
tion in Veterinary Science, Sydney.

[168] Buxton, D., Linklater, K.A. and Dyson, D.A. (1978) Pulpy Kidney Disease and Its
Diagnosis by Histological Examination. Veterinary Record, 102, 241.

DOI: 10.4236/aim.2020.105019

270 Advances in Microbiology


https://doi.org/10.4236/aim.2020.105019
https://doi.org/10.1128/JB.179.20.6480-6487.1997
https://doi.org/10.1038/s41467-019-10645-8
https://doi.org/10.1016/j.bbamem.2014.11.028
https://doi.org/10.1016/j.anaerobe.2018.05.011
https://doi.org/10.3390/antib7040037
https://doi.org/10.1016/j.bbamem.2016.07.009
https://doi.org/10.1016/j.bbamem.2018.08.003
https://doi.org/10.1371/journal.pone.0140321
https://doi.org/10.1074/jbc.M010412200
https://doi.org/10.1152/ajprenal.00199.2007
https://doi.org/10.1111/j.1574-695X.2001.tb00503.x
https://doi.org/10.1007/BF00396291

R. S. Pawaiya et al.

https://doi.org/10.1136/vr.102.11.241

[169] Khan, M.A., Durrani, A.Z., Khan, S.B., Khan, M.A., Sheikh, A.A., Khan, N.U,, et al.
(2017) Association between Bacterial Strain Type and Host Biomarkers in Clostri-

dium perfringens Infected Goats. Microbial Pathogenesis, 112, 254-258.
https://doi.org/10.1016/j.micpath.2017.09.059

[170] Constable, P.D., Hinchcliff, KW., Done, S.H. and Grunberg, W. (2017) Veterinary
Medicine. A Textbook of the Diseases of Cattle, Horse, Sheep, Pigs and Goats. 11th

Edition, Saunders Elsevier, Missouri.

[171] Kotsanas, D., Carson, J.A., Awad, M.M,, Lyras, D., Rood, J.I,, Jenkin, G.A., et al.
(2010) Novel Use of Tryptose Sulfite Cycloserine Egg Yolk Agar for Isolation of

Clostridium perfringens during an Outbreak of Necrotizing Enterocolitis in a Neo-
natal Unit. Journal of Clinical Microbiology, 48, 4263-4265.
https://doi.org/10.1128/JCM.01724-10

[172] Javed, S., Rafeeq, M., Tariq, M.M., Awan, M.A., Rashid, N. and Mumtaz, A. (2012)
Study on in- Vitro Biochemical Growth Characterization and Assessment of Hemo-

lytic Toxin of Clostridium perfringens Type B and D. Pakistan Journal of Zoology,
44, 1575-1580.

[173] Daube, G., China, B., Simon, P., Hvala, K. and Mainil, J. (1994) Typing of Clostri-
dium perfringens by in Vitro Amplification of Toxin Genes. Journal of Applied
Bacteriology, 77, 650-655. https://doi.org/10.1111/j.1365-2672.1994.tb02815.x

[174] Uzal, F.A., Plumb, ].J., Blackall, L.L. and Kelly, W.R. (1997) PCR detection of Clo-
stridium perfringens Producing Different Toxins in Faeces of Goats. Letters in Ap-
plied Microbiology;, 25, 339-344. https://doi.org/10.1046/j.1472-765X.1997.00247 x

[175] Mohiuddin, M., Igbal, Z. and Rahman, S.U. (2016) Prevalence of Clostridium per-
fringens 2-Toxin in Sheep and Goat Population in Punjab, Pakistan. The Thai
Journal of Veterinary Medicine, 46, 491-496.

[176] Warren, A.L., Uzal, F.A., Blackall, L.L. and Kelly, W.R. (1999) PCR detection of
Clostridium perfringens Type D in Formalin-Fixed, Paraffin-Embedded Tissues of

Goats and Sheep. Letters in Applied Microbiology, 29, 15-19.
https://doi.org/10.1046/j.1365-2672.1999.00567.x

[177] Alwan, J.A., Al-zaidy, A.A. and Abbas, K.H. (2016) Real-Time PCR for Direct De-
tection of Clostridium perfringens from Horse with Enterocolitis Infection. Kufa

Journal for Veterinary Medical Sciences, 7, 74-80.

[178] Mizher, B.M., Sadeq, J.N. and Esmaeel, J.R. (2016) Direct Detection of Clostridium
perfringens Based Alpha Toxin Gene from Sheep and Cattle by Real Time PCR
Techique. Basrah Journal of Veterinary Research, 15, 1-9.
https://doi.org/10.33762/bvetr.2016.124279

[179] Albini, S., Brodard, L., Jaussi, A., Wollschlaeger, N., Frey, J., Miserez, R., et al. (2008)
Real-Time Multiplex PCR Assays for Reliable Detection of Clostridium perfringens
Toxin Genes in Animal Isolates. Veterinary Microbiology, 127, 179-185.
https://doi.org/10.1016/j.vetmic.2007.07.024

[180] Gurjar, A.A., Hegde, N.V., Love, B.C. and Jayarao, B.M. (2008) Real-Time Multip-
lex PCR Assay for Rapid Detection and Toxintyping of Clostridium perfringens

Toxin Producing Strains in Feces of Dairy Cattle. Molecular and Cellular Probes,
22, 90-95. https://doi.org/10.1016/j.mcp.2007.08.001

[181] Bos, J., Smithee, L., McClane, B., Distefano, R.F., Uzal, F., Songer, ].G., et al. (2005)
Fatal Necrotizing Colitis Following a Foodborne Outbreak of Enterotoxigenic Clo-
stridium perfringens Type A Infection. Clinical Infectious Diseases, 40, €78-¢83.
https://doi.org/10.1086/429829

DOI: 10.4236/aim.2020.105019

271 Advances in Microbiology


https://doi.org/10.4236/aim.2020.105019
https://doi.org/10.1136/vr.102.11.241
https://doi.org/10.1016/j.micpath.2017.09.059
https://doi.org/10.1128/JCM.01724-10
https://doi.org/10.1111/j.1365-2672.1994.tb02815.x
https://doi.org/10.1046/j.1472-765X.1997.00247.x
https://doi.org/10.1046/j.1365-2672.1999.00567.x
https://doi.org/10.33762/bvetr.2016.124279
https://doi.org/10.1016/j.vetmic.2007.07.024
https://doi.org/10.1016/j.mcp.2007.08.001
https://doi.org/10.1086/429829

R. S. Pawaiya et al.

[182] Miyakawa, M.E.F., Saputo, ., Leger, J.S., Puschner, B., Fisher, D.J., McClane, B.A.,
et al. (2007) Necrotizing Enterocolitis and Death in a Goat Kid Associated with En-
terotoxin (CPE)-Producing Clostridium perfringens Type A. The Canadian Veteri-
nary Journal, 48, 1266.

[183] Bacciarini, L.N., Boerlin, P., Straub, R., Frey, J. and Grone, A. (2003) Immunohis-
tochemical Localization of Clostridium perfringens Beta2-Toxin in the Gastrointes-
tinal Tract of Horses. Veterinary Pathology;, 40, 376-381.
https://doi.org/10.1354/vp.40-4-376

[184] Miclard, J., Jaggi, M., Sutter, E., Wyder, M., Grabscheid, B. and Posthaus, H. (2009)
Clostridium perfringens Beta-Toxin Targets Endothelial Cells in Necrotizing Ente-

ritis in Piglets. Veterinary Microbiology, 137, 320-325.
https://doi.org/10.1016/j.vetmic.2009.01.025

[185] Naylor, R.D., Martin, P.K. and Sharpe, R.T. (1987) Detection of Clostridium per-
fringens Epsilon Toxin by ELISA. Research in Veterinary Science, 42, 255-256.
https://doi.org/10.1016/S0034-5288(18)30696-9

[186] Uzal, F.A., Kelly, W.R.,, Thomas, R., Hornitzky, M. and Galea, F. (2003) Compari-
son of Four Techniques for the Detection of Clostridium perfringens Type D Epsi-

lon Toxin in Intestinal Contents and Other Body Fluids of Sheep and Goats. Journal
of Veterinary Diagnostic Investigation, 15, 94-99.
https://doi.org/10.1177/104063870301500202

[187] Weddell, W. and Worthington, R. (1985) An Enzyme Labelled Immunosorbent As-
say for Measuring Clostridium perfringens Epsilon Toxin in Gut Contents. New
Zealand Veterinary Journal, 33, 36-37. https://doi.org/10.1080/00480169.1985.35148

[188] El Idrissi, A.H. and Ward, G.E. (1992) Evaluation of Enzyme-Linked Immunosor-
bent Assay for Diagnosis of Clostridium perfringens Enterotoxemias. Veterinary
Microbiology, 31, 389-396. https://doi.org/10.1016/0378-1135(92)90131-C

[189] Feraudet-Tarisse, C., Mazuet, C., Pauillac, S., Kruger, M., Lacroux, C., Popoff, M.R,,
et al. (2017) Highly Sensitive Sandwich Immunoassay and Immunochromatographic
Test for the Detection of Clostridial Epsilon Toxin in Complex Matrices. PLoS One,
12, e0181013. https://doi.org/10.1371/journal.pone.0181013

[190] Martin, P. and Naylor, R. (1994) A Latex Agglutination Test for the Qualitative De-
tection of Clostridium perfringens Epsilon Toxin. Research in Veterinary Science,
56, 259-261. https://doi.org/10.1016/0034-5288(94)90114-7

[191] Payne, D.W., Williamson, E.D., Havard, H., Modi, N. and Brown, J. (1994) Evalua-
tion of a New Cytotoxicity Assay for Clostridium perfringens Type D Epsilon Tox-
in. FEMS Microbiology Letters, 116, 161-167.
https://doi.org/10.1111/j.1574-6968.1994.tb06695.x

[192] Tahir, M.F., Mahmood, M.S. and Hussain, I. (2013) Preparation and Comparative
Evaluation of Different Adjuvanted Toxoid Vaccines against Enterotoxaemia. Pa-
kistan Journal of Agricultural Sciences, 50, 293-297.

[193] Seyer, A., Fenaille, F., Féraudet-Tarisse, C., Volland, H., Popoff, M.R., Tabet, J.-C,,
et al. (2012) Rapid Quantification of Clostridial Epsilon Toxin in Complex Food
and Biological Matrixes by Immunopurification and Ultraperformance Liquid
Chromatography-Tandem Mass Spectrometry. Analytical Chemistry, 84, 5103-5109.
https://doi.org/10.1021/ac300880x

[194] Alam, S.I., Kumar, B. and Kamboj, D.V. (2012) Multiplex Detection of Protein
Toxins Using MALDI-TOF-TOF Tandem Mass Spectrometry: Application in Un-
ambiguous Toxin Detection from Bioaerosol. Analytical Chemistry; 84, 10500-10507.
https://doi.org/10.1021/ac3028678

DOI: 10.4236/aim.2020.105019

272 Advances in Microbiology


https://doi.org/10.4236/aim.2020.105019
https://doi.org/10.1354/vp.40-4-376
https://doi.org/10.1016/j.vetmic.2009.01.025
https://doi.org/10.1016/S0034-5288(18)30696-9
https://doi.org/10.1177/104063870301500202
https://doi.org/10.1080/00480169.1985.35148
https://doi.org/10.1016/0378-1135(92)90131-C
https://doi.org/10.1371/journal.pone.0181013
https://doi.org/10.1016/0034-5288(94)90114-7
https://doi.org/10.1111/j.1574-6968.1994.tb06695.x
https://doi.org/10.1021/ac300880x
https://doi.org/10.1021/ac3028678

R. S. Pawaiya et al.

[195] Dupré, M., Gilquin, B., Fenaille, F., Feraudet-Tarisse, C., Dano, J., Ferro, M., et al
(2015) Multiplex Quantification of Protein Toxins in Human Biofluids and Food
Matrices Using Immunoextraction and High-Resolution Targeted Mass Spectrome-
try. Analytical Chemistry, 87, 8473-8480.
https://doi.org/10.1021/acs.analchem.5b01900

[196] Hussain, K., Ijaz, M., Farooqi, S.H., Rizvi, B., Nayab, S., Ali, A., et al (2018) Mole-
cular Characterization of Clostridium perfringens Toxino-Types and Type “D”

Multidrug Resistance Profile in Diarrheic Sheep. Pakistan Veterinary Journal, 38,
271-275. https://doi.org/10.29261/pakvetj/2018.037

[197] Aiello, S.E. (2003) Merck Veterinary Manual. 8th Edition, Merck and Co., Inc,,
Whitehouse Station, NJ.

[198] Veschi, J.L.A., Dutra, LS., Miyakawa, M.E.F., Perri, SH.V. and Uzal, F.A. (2006)
Immunoprophylactic Strategies against Enterotoxemia Caused by Clostridium per-

fringens Type D in Goats. Pesquisa Veterindria Brasileira, 26, 51-54.
https://doi.org/10.1590/S0100-736X2006000100011

[199] Naz, S., Ghuman, M., Anjum, A., Manzoor, A., Rana, W. and Akhter, R. (2012)
Comparison of Immune Responses Following the Administration of Enterotoxae-

mia Vaccine in Sheep and Goats. Journal of Veterinary and Animal Science, 2,
89-94.

[200] Ahsani, M., Bafti, M.S., Esmailizadeh, A. and Mohammadabadi, M. (2011) Geno-
typing of Isolates of Clostridium perfringens from Vaccinated and Unvaccinated
Sheep. Small Ruminant Research, 95, 65-69.
https://doi.org/10.1016/j.smallrumres.2010.09.001

[201] Lobato, F.C., Lima, C.G., Assis, R.A., Pires, P.S., Silva, R.O., Salvarani, F.M., et al.
(2010) Potency against Enterotoxemia of a Recombinant Clostridium perfringens
Type D Epsilon Toxoid in Ruminants. Vaccine, 28, 6125-6127.
https://doi.org/10.1016/j.vaccine.2010.07.046

[202] Moreira, G.M., Salvarani, F.M., da Cunha, C.E., Mendonca, M., Moreira, A.N.,
Goncalves, L.A., et al. (2016) Immunogenicity of a Trivalent Recombinant Vaccine

Against Clostridium perfringens Alpha, Beta, and Epsilon Toxins in Farm Rumi-
nants. Scientific Reports, 6,22816. https://doi.org/10.1038/srep22816

[203] Elizondo, A.M., Mercado, E.C., Rabinovitz, B.C. and Fernandez-Miyakawa, M.E.
(2010) Effect of Tannins on the in Vitro Growth of Clostridium perfringens. Vete-
rinary Microbiology, 145, 308-314. https://doi.org/10.1016/j.vetmic.2010.04.003

DOI: 10.4236/aim.2020.105019

273 Advances in Microbiology


https://doi.org/10.4236/aim.2020.105019
https://doi.org/10.1021/acs.analchem.5b01900
https://doi.org/10.29261/pakvetj/2018.037
https://doi.org/10.1590/S0100-736X2006000100011
https://doi.org/10.1016/j.smallrumres.2010.09.001
https://doi.org/10.1016/j.vaccine.2010.07.046
https://doi.org/10.1038/srep22816
https://doi.org/10.1016/j.vetmic.2010.04.003

	The Challenges of Diagnosis and Control of Enterotoxaemia Caused by Clostridium perfringens in Small Ruminants
	Abstract
	Keywords
	1. Introduction
	2. Aetiology
	3. Virulence Factors
	4. Predisposing Factors
	5. Epidemiology
	6. Pathogenesis and Pathogenicity
	7. Clinical History
	8. Clinical Signs
	9. Postmortem Lesions
	10. Histopathology
	11. Clinical Pathology
	12. Diagnosis
	13. Treatment
	14. Prevention and Control
	15. Conclusion
	Conflicts of Interest
	References

