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Clostridium perfringens type A isolates producing enterotoxin (CPE) are an

important cause of food poisoning and non-food-borne human gastrointestinal (GI)

diseases, including antibiotic-associated diarrhea (AAD), and spontaneous diarrhea (SD).

In enterotoxigenic type A isolates, the cpe gene is found on the chromosome in food

poisoning isolates, but is present on a large virulence plasmid in AAD and SD type A

isolates. Food poisoning cases typically exhibit shorter duration of infection and less

severe GI symptoms than AAD or SD. Since previous epidemiological evidence has

linked the newly discovered beta2-toxin (CPB2) to gastroenteritis in pigs, horses, and

chickens, we hypothesize that the CPB2 toxin may be an accessory toxin when cpe

positive type A isolates cause human AAD or SD. In the current study, the presence and

expression of CPE and CPB2 were assessed in 44 C. perfringens type A human fecal

isolates associated with GI diseases in the United Kingdom. Polymerase chain reaction

(PCR) and restriction fragment length polymorphisim (RFLP) confirmed the presence of

the cpe (32%) and cpb2 (39%) genes. Furthermore, pulsed field gel electrophoresis

(PFGE) and I-CeuI RFLP PFGE Southern blot analysis was used to show the localization



of the cpe and cpb2 genes, as well as to determine that there was no clonal relationship

between the isolates. All surveyed cpb2-positive isolates were determined to carry their

cpb2 gene on a large plasmid that was estimated to be the similar size of the cpe large

plasmid. Finally, CPE and CPB2 Western blotting demonstrated that all cpe-positive

isolates expressed CPE and that all cpb2-positive isolates expressed CPB2. This study

identified, for the first time, the C. perfringens non-food-borne human GI disease isolates

carrying both the cpe and cpb2 genes (18%), and these isolates all actively expressed

both CPE and CPB2. It was also shown that, although CPE expression occurs only under

sporulation conditions, CPB2 expressed both in vegetative and sporulation conditions.

The CPB2 made by two of these cpe /cpb2 - positive isolates was determined to be very

(-99%) similar to the deduced amino acid sequence of the biologically-active CPB2

made by the original type C isolate CWC245. Finally, the expression of CPB2 by only

type A isolates carrying the cpe gene on a plasmid and not the isolates carrying a

chromosomal cpe gene, could possibly explain the increased GI symptoms and disease

duration associated with these non-food-borne GI diseases. Collectively, the current

results support a significant association between cpb2-positive C. perfringens isolates and

non-food-borne GI disease in human.
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Genotypic and Phenotypic Characterization of Enterotoxigenic Clostridium perfringens

Type A Fecal Isolates Associated with Human Gastrointestinal Diseases in the United

Kingdom

Chapter 1

Introduction

Clostridium perfringens is a gram-positive, endospore-forming, anaerobic,

nonmotile bacterium that has long been recognized as a significant cause of both

histotoxic and gastrointestinal (GI) diseases in humans and domestic animals (23). C.

perfringens first became recognized in the 1940's and 1950's as an important cause of

food poisoning disease (21). C. perfringens ranks as one of the most important bacterial

pathogens for both humans and domestic animals, causing a wide variety of diseases,

ranging from myonecrosis (gas gangrene), anaerobic cellulitis, septicimia, uterine

infection, and most notably, the GI diseases (23). C. perfringens food poisoning has been

reported as the third most common food borne disease in the United States (21).

There are many factors that contribute to C. perfringens virulence. First, it has an

extremely fast doubling time. It has been reported that the doubling time for vegetative

cells is less than ten minutes (19). This allows for quick multiplication in food products

or other contaminants, thus allowing for a very small contaminant dose to quickly

multiple to a large number of organisms. Another characteristic is C. perfringens ability

to form spores (19). These spores are highly resistant to many environmental stresses,

such as radiation, heat, large pH changes, and desiccation. This ability to form highly

resistant spores allows C. perfringens to survive in extreme environments (19). It has also

been reported that C. perfringens spores may survive boiling at 100° C for up to one hour
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Virulence in C. perfringens is primarily toxin mediated. C. perfringens has the

ability to produce up to 17 different protein toxins (37). However, each individual C.

perfringens isolate expresses only a defined sub-set of these toxins, providing the basis

for a commonly used classification system that assigns C. perfringens isolates to one of

five groups, A through E, based upon their ability to produce the four "major lethal

toxins" (23). These major lethal toxins include the alpha-toxin (a-), beta-toxin ((3-),

epsilon-toxin (c -), and iota-toxin (1-) (23). C. perfringens type A strains are defined by

their ability to produce a-toxin, type B strains produce a-toxin, 13- toxin, and &toxin, type

C strains produce a-toxin and I3-toxin, type D strains produce a-toxin and c- toxin, and

type E strains produce a-toxin and 1-toxin (21). One of the most important toxins in C.

perfringens virulence however is the C. perfringens enterotoxin (CPE). CPE is not

considered one of the four major lethal toxins in the classical sense. It is most commonly

produced by C. perfringens type A isolates (38), although all five types may produce this

toxin. There is also a host of minor toxins that may play a role in the pathogenesis of C.

perfringens. The (32-toxin (CPB2) is one such toxin. The main focus of this study is to

analyze CPE and CPB2 producing C. perfringens type A isolates.

Major Lethal Toxins

The a-toxin of C. perfringens, also referred to as phospholipase C, is the one toxin

that is common to all C. perfringens disease isolates, and is produced by all disease types.

However, it should be noted that C. perfringens type A isolates commonly produce the

highest amount of a-toxin (27). The a-toxin structural gene in C. perfringens is also the

only toxin gene that is invariably located on the chromosome (3). The a-toxin is a two-

domain protein, with a size of 376 amino acids (41). The a-toxin is a lecithinase that has
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the ability to cause the lyses of erythrocytes, platelets, leukocytes, and endothelial cells

(27). The a-toxin is a zinc dependent metalloenzyme that possesses both phospholipase C

activity and sphingomyelinase activity (29). The toxin is associated with increased

vascular permeability, leading to massive hemolysis and bleeding. There is also

commonly extensive tissue damage, hepatic toxicity, and myocardial dysfunction (27). C.

perfringens a-toxin is the toxin responsible for the tissue damage seen in C. perfringens

gas gangrene. While a-toxin has been implicated in some veterinary enteric illnesses, the

role this toxin plays in enterotoxaemia has not been elucidated as of yet (37).

Both C. perfringens types B and C produce the C. perfringens 13-toxin. The gene

encoding I3-toxin is located on a large plasmid (3). The I3-toxin has a molecular mass of

34,631 Da, and is a secreted protein (14). The (3-toxin has been implicated in necrotizing

enteritis in both humans and animals. This disease is characterized by a sudden onset

with lethal hemorrhagic mucosal ulceration and severe mucosal necrosis of the small

intestine (11). The 13-toxin has also been implicated in sporadic cases of necrotizing

bowel disease in both humans and animals. Generally, a C. perfringens type C isolate is

responsible for the disease, however, cases involving type B have been reported (29). It is

also been noted that the 13-toxin is inactivated by trypsin (29). In malnourished

individuals, levels of trypsin are generally lower in the small intestine. That is why

necrotizing enteritis associated with 13-toxin positive C. perfringens is often seen in

malnourished individuals. The (3-toxin has also been related to hypertension, which it

induces by causing the release of cate-cholamines (27).

The C. perfringens c-toxin, produced by C. perfringens type B and D, is a

necrotizing toxin. The c-toxin is responsible for increasing the vascular permeability of
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the GI wall (27). It is a protoxin that is activated by trypsin in the small intestine (27). It

becomes activated by the proteolytic removal of a 14 amino-acid residue peptide from the

N-terminus of the protoxin (29). The gene for a-toxin is located on a large plasmid in C.

perfringens (3).

The t-toxin of C. perfringens is the last of the four major lethal toxins that is

produced by C. perfringens. I-toxin is a necrotizing toxin produced as a protoxin and is

then proteolytically cut (29). Once, cut, t-toxin operates as a binary toxin. The smaller

cleavage product peptide possesses ADP-ribosylating activity, with actin as one of its key

modification targets (33). The heavy chain product of the proteolytic processing is

involved in targeting the toxin to specific cells (29). The C. perfringens t-toxin gene is

also located on a large plasmid (3).

C. perfringens Enterotoxin (CPE)

Although it is not considered a major lethal toxin, CPE ranks among the most

medically important C. perfringens toxins. CPE is a 35-kDa protein, and is linked to

several human GI diseases (21). All cpe-positive isolates carry one single copy of the cpe

gene, either chromosomally or on a large plasmid (6).

CPE was initially purified and characterized in the early 1970s (21). CPE is a heat

labile protein produced in the colon during spore release (27). It can be heat inactivated

by heating for 5 minutes at 60° C (23). The toxin can also be quite sensitive to pH

extremes. Results from early studies reported that CPE was a single polypeptide of 35

kDa and is composed of 319 amino acids (7). Sequencing studies have shown that the cpe

ORF is highly conserved among different cpe-positive C. perfringens type A isolates (4).

The activity of CPE is increased three fold when treated with trypsin (27). This may
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indicate that intestinal proteases may in fact activate CPE during food poisoning. The

mode of action of CPE is to disrupt the ion transport system in the ileum and jejunum by

inserting into the cell membrane and altering membrane permeability (27). CPE induces

fluid and electrolyte lose from the GI tract in many mammals. The principle tissue

affected by CPE appears to be the small intestine (23). CPE however differs from many

other well-known GI related enterotoxins, such as cholera toxin and E. coli heat liable

enterotoxin, in many ways. Unlike other enterotoxins, CPE does not increase the cyclic

AMP levels in the intestine (23). CPE also has the ability to inhibit the absorption of

glucose and has the ability to cause direct histopathological damage to the small intestine,

with the villi tips being especially sensitive (23). While some other intestinal

enterotoxins, such as Shiga toxin, are also cytotoxic and cause intestinal damage, CPE is

unique in the respect that it elicits intestinal damage in an extremely short time, damage

can develop in as little as 15 to 30 minutes (35). There is strong evidence that this tissue

damage caused by CPE plays a major role in initiating CPE-induced fluid and electrolyte

intestinal transport alterations (24). Studies have reported that the onset of fluid transport

changes closely coincides with the development of tissue damage (21). Also, only CPE

doses that produce tissue damage can induce intestinal fluid and electrolyte transport

alterations (21). Given this data, it appears that the intestinal effects of CPE occur when

the enterotoxin induces tissue damage, leading to the disruption of villi integrity and a

breakdown of the normal intestinal secretion and absorption equilibrium. Also, it has

been reported that CPE has the ability to induce significant changes in levels of some

pro-inflammatory cytokines (42). This data raises the possibility that inflammation might

also be a contributor to the intestinal effects of CPE.
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The process by which CPE acts on the intestine is a multi-step process. The model

of CPE action contains at least five major steps (21). This process again exhibits CPEs

uniqueness, in that it is the only known membrane-active toxin that requires so many

different eukaryotic proteins in its mechanism of action (21). The first step in this action

is when CPE binds its intestinal receptor. It has been shown CPE can bind many of the

claudins, and that this binding is specific, rapid, and temperature sensitive (16). The next

step is the formation of a CPE small complex. After CPE binds it's cell membrane

receptor, a 45-50-kDa protein binds CPE, forming a 90-kDa complex known as the

small complex (21). The third step is the formation of the CPE immediate complex. At

37° C, small CPE complexes rapidly become associated with other complexes larger than

the 90 kDa small complexes (16). These intermediate complexes have a size of 135

kDa. In the next step, these intermediate complexes form into CPE large complexes. The

CPE large complex has a size of either 155 kDa or 200 kDa (21). The large complexes

are made up of the small and intermediate complexes, with the addition of another

protein. In the 200 kDa large complex, the protein occludin, a 65 kDa tight junction

protein, is added to the intermediate complex (34). With the formation of the 155 kDa

large complex, a yet as undetermined 20 kDa protein is added to the intermediate

complex (21). All four of the complex sizes can be found rapidly forming. Studies have

been conducted showing that as the percentage of intermediate complexes present

increase, the percentage of larger complexes in a sample decreases, confirming the

intermediate complexes role as a possible precursor to the large complexes (34). The final

step in the action of CPE is the action of the completed CPE large complex. When

completed, CPE original produces lesions in the cell membrane of a size ranging from
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0.5 to 1 nm2 (22). These lesions are not directional, causing both rapid influx and efflux.

These holes in the cell membrane seriously disrupt the normal cytoplasmic levels of ions

and other small molecules, leading to cell death either due to a collapse of the cellular

osmotic equilibrium and subsequent cell lysis or metabolic shutdown resulting in the

inhibition of macromolecule synthesis (22).

Recent structure/function studies have also greatly increased the knowledge of

CPE action in the intestine. Deletion mutation studies have shown that receptor-binding

activity is present in the extreme C-terminus of the CPE protein (21). However, binding

of the receptor is not enough to trigger CPE-cytotoxicity. This finding supports the idea

that there are important post-binding steps for CPE activity, and that sequences in the N-

terminal half of the protein are required (21). Studies have shown that the removal of the

first 45 N-terminal amino acids of CPE activates the cytotoxicity of CPE (18). This

cleavage is likely carried out by trypsin present in the small intestine, which would be

consistent with studies indicating trypsin significantly increases the activity of CPE (21).

It has also been determined that the tight junction rearrangements caused by CPE are

likely caused by the simultaneous interaction of the C-terminus with claudins and a

segment of the N-terminus interacting with occludin (21).

The production of CPE in C. petfringens is tightly regulated and directly linked to

sporulation (21). During sporulation many CPE positive isolates express extremely large

amounts of the toxin. Unlike most other C. perfringens toxins, CPE is not a secreted

protein. Rather, it is released into the intestines when lysis of the mother cell occurs to

free the newly formed mature spore at completion of sporulation (21). CPE accumulates

in the cytoplasm of the mother cell, where it can reach sufficiently high concentrations to
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induce formation of paracrystelline inclusion bodies (19). Dependence on mother cell

lysis for CPE release explains, in part, why C. perfringens type A food poisoning

manifest symptoms 8-24 hours after ingestion of contaminated food. Sporulating cells

must complete sporulation, which takes 6 12 hours, before CPE can be released into the

intestine (21). Through experimentation using sensitive Western blotting techniques, it

has been determined that CPE positive C. perfringens isolates produce only trace

amounts of CPE while in a vegetative state, likely due to failure in gene regulation. These

same C. perfringens isolates were shown to produce at least a 1,500-fold increase in CPE

production under sporulation conditions (7). It has also been shown that this sporulation

regulation is a positive regulation and that the regulation takes place at the transcriptional

level. Northern blot analyses have shown that CPE production is stimulated under

sporulation conditions, not negatively regulated in vegetative states (8). The synthesis of

CPE begins shortly after the induction of sporulation and progressively increases over the

next six to eight hours. After eight hours, CPE can represent up to 15% - 30% of the total

cell protein present in the sporulating cell (7).

CPE-positive C. perfringens isolates are associated with C. perfringens food

poisoning, and CPE can induce, by itself, the diarrhea and cramps that comprise the

typical symptoms of this illness (23). Several previous studies have presented information

pointing to a strong correlation between CPE-positive C. perfringens and C. perfringens

type A food poisoning. Data has been presented showing a strong correlation between

illness and the presence of CPE in victim's feces (21). Depending on the assay used, it

has been reported that 80% to 100% of feces from individuals sick with C. perfringens

type A food poisoning test CPE positive, whereas virtually no feces from healthy
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individuals tests CPE positive (21). This data is strengthened by the fact that CPE-

positive C. perfringens isolates are relatively rare. Only about 2% to 5% of all C.

perfringens isolates globally are CPE positive (39). Another supporting fact is that CPE is

usually often present in feces of food poisoning victims at levels high enough to cause

serious intestinal effects as observed in laboratory animals (21). Also, CPE positive C.

perfringens isolates are far more effective than CPE negative isolates at producing fluid

accumulation in rabbit ileal loop experiments (21).

The importance of CPE for the GI pathogenesis of cpe-positive C. perfringens

type A isolates has received compelling support from cpe knock-out studies (32) that

fulfilled Molecular Koch's postulates. Those experiments involved the construction of

cpe knock-out mutants of both food poisoning and non-food-borne GI disease isolates

and then testing those mutants for their virulence in rabbit ileal loop model.

CPE-producing C. perfringens may also be responsible for 10% of all cases of

antibiotic-associated diarrhea (AAD) and 5 to 20% of all cases of sporadic non-food

borne diarrhea (SPOR) (5). Previous studies have presented information implicating

CPE-positive C. perfringens isolates as a cause of AAD and SPOR. Data has been

presented that feces from many humans suffering from AAD or SPOR contain CPE

levels comparable to those found in feces from C. perfringens type A food poisoning

victims (5). It is important to note that CPE is very rarely, if ever, detected in the feces of

healthy individuals or individuals suffering from GI diseases caused by other agents.

Also, in the absence of other known enteropathogens, usually high levels of C.

perfringens cells or spores are present in feces from individuals suffering from AAD and

SPOR (5). Finally, many C. perfringens strains isolated from the feces of individuals
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suffering from AAD or SPOR are able to express CPE, in contrast to a lack of expression

of CPE in nearly all C. perfringens isolates found in feces from either healthy individuals

or individuals suffering from GI diseases caused by other agents (5).

When the virulence of both wild-type parents and their isogenic cpe knock-out

mutants were compared, sporulating (but not vegetative) culture lysates of both wild-type

parents induced significant fluid accumulation and histopathologic damage (32) in a

rabbit ileal loop model. However, neither vegetative nor sporulating culture lysates of

either cpe knock-out mutants induced any intestinal effects. Full sporulation-associated

virulence could be restored (32) by complementing both cpe knock-out mutants with a

recombinant plasmid carrying the wild-type cpe gene, confirming that the observed loss

of virulence for the cpe knock-out mutants can be attributed to a specific inactivation of

their cpe gene and the resultant loss of CPE expression. Therefore, this in vivo analysis

using isogenic cpe knock-out mutants now provides clear and direct genetic proof that, at

least in this model system, sporulation-associated CPE expression is necessary for both

SM101 (44) and F4969 (5) to cause GI effects, including fluid accumulation and

histopathologic damage.

The variable location of the cpe gene also makes CPE is a distinctive C.

perfringens toxin. Unlike other C. perfringens toxins, its gene can be located either on the

chromosome or episomally (38). It is important to realize that it has been shown that

most, if not all, C perfringens type A food poisoning isolates carry their cpe gene on a

chromosome (39). Contrastingly, most, if not all, C. perfringens type A non-food borne

GI disease isolates carry the cpe gene on large plasmid (39). There are many theories as

to that seem to support these results. Studies have presented data showing the C.
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perfringens isolates carrying their cpe gene on a chromosome have a higher level of heat

resistance than C. perfringens isolates that carry the cpe gene on a plasmid (30). Since C.

perfringens food poisoning is caused by the ingestion of a large amount of sporulating C.

perfringens, it would be reasonable to assume that the extreme heat resistance of these

isolates would allow them to survive cooking in contaminated food, thus allowing for a

large dosage of spores to be consumed, leading to food poisoning (21). Studies have also

been done showing that the large plasmid carrying the cpe gene in C. perfringens is a

conjugative plasmid (2). This is important when considering that C. perfringens type A

isolates that carry the cpe gene on a plasmid are responsible non-food borne disease. It is

reasonable to infer that only a small dose of C. perfringens isolates with the cpe gene on

the plasmid would need to reach the small intestine. There, even a smaller number of

isolates could quickly spread the cpe gene to other C. perfringens that are commonly

found as normal flora in the intestine of most mammals, including humans (2). In this

manner, even a small original dose could quickly lead to a large number of cpe-positive

C. perfringens isolates in the small intestine, thus increasing the amount of CPE present

in the small intestine and leading to disease.

Beta2 (CPB2) Toxin

Along with these toxins, C. perfringens also produces a wide variety of minor

toxins. One such recently discovered toxin is the 02-toxin. While the CPB2 toxin was

originally found in a C. perfringens type C isolate CWC245 (11), which was isolated

from a pig with necrotizing enterocolitis, it has since been found in type A isolates as

well (13). The CPB2 toxin is a 28 kDa protein (11). The CPB2 toxin is cytotoxic in

chinese hamster ovary cells (CHO), and to induce hemorrhagic necrosis of the intestinal
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mucosa in a guinea-pig ligated intestinal loop assay (15). CPB2 is also cytotoxic in 1407

cells, where they cause rounding of the cells without affecting the actin cytoskeleton, and

lethal to mice (11). In fact, experiments conducted at this time have shown that CPB2

does not modify G-proteins, actin, or other target proteins, thus differing from the other

major lethal toxins in C. perfringens (11). Although the toxin was isolated with 13-toxin,

when the cpb2 gene was cloned into E. coli and sequenced, it was found that CPB2

showed no significant homology with 13-toxin (-15% similar) (11). However, the toxins

do have similar biological activity in that CPB2 also causes hemorrhage and necrosis of

the intestinal wall in experimental ileal loop tests (11). To date, all cpb2-positive isolates

have carried the cpb2 gene on a large plasmid (11, 43).

At this juncture, little is known about the action of CPB2, nor of its disease

manifestations. It has been best studied in animals, where it has been recently strongly

associated with necorotizing enterocolitis in both pigs and horses (13, 43). However,

there have been reported instances of cpb2-positive C. perfringens isolates being isolated

from dogs (40), calves (20), and even in one instance an elephant (1). A recently

conducted study looked at the association between necorotizing enterocolitis in pigs and

cpb2-positive C. perfringens type C isolates. In this study, it was determined that there

was a very strong association between cpb2-positive isolates and GI disease in pigs and

that all cpb2-positive isolates expressed CPB2 (43).

More examples of the likelihood of CPB2 playing a role in the disease of animals

comes from a comparison of studies conducted in Switzerland and in the Netherlands

(17). All the C. perfringens isolates obtained in this study were genotyped as either type

A or type C. However, the cpb2 gene was found to be highly prevalent in isolates from
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both studies. This data suggests a causal relationship between cpb2-positive strains,

regardless of type, and GI diseases in pigs (17).

The initial genetic analysis of the cpb2 ORF was conducted using C. perfringens

type C isolate CWC245 and indicated the protein had a length of 265 amino acids (11). A

consensus ribosome-binding site is located 7 nucleotides directly upstream of the

initiation codon (11). An inverted repeat, able to form an hairpin loop structure, lies in the

3' end of the protein and represents a Rho independent transcription terminator (11). The

30 N-terminal residues of CPB2 are comprised of a hydrophobic region that is flanked by

charged residues, indicating that it is probably a signal peptide (11). This thirty amino

acid residue is indeed post-translationally removed, since protein sequencing results have

shown that it is not present in the mature protein (11). The mature protein, starting at

residue 31, comprises a 235 long peptide, with a size of 26 kDa (11). When the amino

acid sequence was compared with other known amino acid sequences, no significant

similarity was found with any other proteins (11). Recently, the cpb2 sequences of

several different C. perfringens type A and type C animal isolates have been determined

and compared to the sequence determined for strain CWC245. These comparisons have

shown a very high degree of conservation of the cpb2 ORF amongst animal strains. In

fact, in a recent study looking at pig isolates, all cpb2 isolates were determined to have

identical cpb2 ORFs even though none of the strains were clonally related (43).

Objectives:

In this study, newly isolated C. perfringens isolates associated with human GI

disease in the United Kingdom have been subjected to significant genotypic and

phenotypic analysis, with the focus of the study being on the cpe and cpb2 gene and their
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corresponding translational products CPE and CPB2. The isolates were collected in the

UK, where a multiplex PCR assay conducted to determine their toxinotypes. This

preliminary data has indicated that many of the human isolates carry the cpb2 gene with

no cpe gene. It has also indicated that some of the samples carry both the cpe and cpb2

genes. This study provides the first thorough analysis of a cpb2-positive human isolate,

and also the first analysis of a cpe/cpb2-positive isolates.

Specific Aims:

1. To provide a genotypic analysis of human GI disease C. perfringens

type A recently isolated in the United Kingdom

2. To provide a phenotypic analysis of these isolates, particularly in

regards to enterotoxin and beta2 toxin production.

3. To provide nucleotide and amino acid sequence analysis for the cpb2

gene and the CPB2 protein from C. perfringens type A UK human

isolates.

4. Analyze possible association between non-food borne C. perfringens

isolates and CPB2 production.
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Chapter 2

Materials and Methods

Bacterial Strains and Growth Conditions.

The C. perfringens isolates used in this study are listed and described in Table 1.

Cultures were received suspended in 1.5 ml of 50% glycerol and 50% water. These

cultures were stored at -80° C and re-suspended when needed. Starter cultures of each C.

perfringens isolate was prepared by transferring 200 1.1.1 of the glycerol stock into 8 ml of

fluid thioglycolate broth (FTG) (Difco). These cultures were then grown at 37° C

overnight. For DNA isolation or culture supernatant protein preparation, an aliquot of 200

pi of each FTG culture was placed into 10 ml of TGY (3% Tripticase, 2% glucose, 1%

yeast extract, 0.1% cysteine [8]). During supernatant protein preparation care was taken

to autoclave the medium for no more than 20 minutes. These cultures were then

incubated for 8 hours at 37° C. After growth had been attained in the TGY cultures, an

additional 200 Ill of TGY culture was transferred into 6 ml of cooked meat medium

(Difco) to provide a working stock for further use. After inoculation the cooked meat

cultures were incubated at 37° C for 72 hours, then stored at -20° C for the duration of the

study.

DNA Isolation.

DNA was isolated from all the C. perfringens isolates used in the study. Aliquots

of 3 ml of freshly grown TGY cultures and spun down at 13,000 g for 10 minutes.

Supernatant solution was discarded and the resulting cell pellet was washed three times in

1xTES (1.25 mM Tris-HC1 pH 7.0, 0.625 mM EDTA, 0.125 mM NaC1). After the final

wash the solution was spun down into pellets and re-suspended in 1m1 of lysis solution at
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37° C for 2 hours. The samples were then centrifuged and had the supernatant removed.

The remaining pellets were re-suspended in 0.5m1 TE (100 mM Tris-HC1 pH 7.0, 10 mM

EDTA, pH 8). After re-suspension, 125 pl of 10% sarkosyl solution was added. The

suspension was mixed by quick inversion, and then incubated at 60° C for 10 minutes.

Following this, phenol:chlorophorm extraction was performed on the samples, using an

equal amount of phenol:chlorophorm to sample. This extraction was done twice for each

sample. Following the extraction, 5 11.1 of RNase A (10 mg/ml) was added to each sample.

Samples were then incubated at room temperature for 30 minutes. Following this, another

phenol:chlorophorm extraction was performed. Following this extraction, 40 µl of 5 M

NaC1 and 1 ml of ice-cooled absolute ethanol were added to each sample. Samples were

mixed by several inversions. After mixing, the samples were centrifuged for 10 minutes

at 13,000 g to resolve the DNA pellet. Sample supernatants were then drained and

discarded. The sample tubes were then placed upright in a 37° C incubator to thoroughly

dry and remove any remaining ethanol from the DNA pellet. Upon drying, the DNA

pellets were re-suspended in 50 1.11 of standard TE (10mM Tris-HC1 pH 7.0, 1mM

EDTA). Isolated DNA samples were then stored for duration at -20° C.
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Table 1:
Strains
List and

Multiplex
PCR Data

Strain T e Disease cia cib eta' IA cie c132

UK Strains

A
Human

GI Isolate + - - - - +0046/95

0051/95 A
Human

GI Isolate + - - - - +

0054/95 A
Human

GI Isolate + - - - - +

0504/95 A
Human

GI Isolate + - - - -

1220/94 A
Human

GI Isolate + - - - -

1648/94 A
Human

GI Isolate + - - - -

1689/94 A
Human

GI Isolate + - - - -

1992/94 A
Human

GI Isolate + - - - +

1998/94 A
Human

GI Isolate + - - - -

2131/95 A
Human

GI Isolate + - - - - +

2335/94 A
Human

GI Isolate + - - - -

2337/94 A
Human

GI Isolate + - - - - +

2355/95 A
Human

GI Isolate + - - - -

2500/94 A
Human

GI Isolate + - - - - +

2647/94 A
Human

GI Isolate + - - - -

2728/94 A
Human

GI Isolate + - - - + +

2823/95 A
Human

GI Isolate + - - - - +

3009/94 A
Human

GI Isolate + - - - + -

3213/95 A
Human

GI Isolate + - - - -

3213/95-2 A
Human

GI Isolate + - - - - -

3406/94 A
Human

GI Isolate + - - - - +

3409/94 A
Human

GI Isolate + - - - - -
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3425/95 A
Human

GI Isolate + - - - + +

3429/95 A
Human

GI Isolate + - - - -

3433/94 A
Human

GI Isolate + - - - - +

3433/94-2 A
Human

GI Isolate + - - - - -

3433/95 A
Human

GI Isolate + - - - - +

4178/94 A
Human

GI Isolate + - - - + +

4370/94 A
Human

GI Isolate + - - - + -

4452/95 A
Human

GI Isolate + - - - - -

4641/95 A
Human

GI Isolate + - - - - -

4828/94 A
Human

GI Isolate + - - - -

4885/94 A
Human

GI Isolate + - - - -

5282/95 A
Human

GI Isolate + - - - + +

5408/94 A
Human

GI Isolate + - - - + +

5422/94 A
Human

GI Isolate + - - - -

6253/94 A
Human

GI Isolate + - - - + -

6257/94 A
Human

GI Isolate + - - - + +

6263/95 A
Human

GI Isolate + - - - + -

6824/94 A
Human

GI Isolate + - - - - -

6974/95 A
Human

GI Isolate + - - - -

7040/94 A
Human

GI Isolate + - - - - +

7458/94 A
Human

GI Isolate + - - - - +

7759/95 A
Human

GI Isolate + - - - - +

Previously
Isolated C.
. erfrin . ens

NCTC 8239 A
Food

Poisoning + - - - + -

NCTC 8798 A
Food

Poisoning + - - - + ?

ATCC 3624 A ? + - - - -

191-10 A
Food

Poisoning + - - - + ?

C1841 A
Food

Poisoning + - - - + ?
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SM101 A ? + - - - + ?

CWC245 C
Pig

Disease + + - - - +

106527 C
Pig

Disease + + - - - -

B11 A
Non-Food

Borne + - - - + +

B40 A
Non-Food

Borne + - - - + +

B41 A
Non-Food

Borne + - - - + +

F4589 A
Non-Food

Borne + - - - + +

F5603 A
Non-Food

Borne + - - - + +

F4396 A
Non-Food

Borne + - - - + +

F4969 A
Non-Food

Borne + - - - + +

F4406 A
Non-Food

Borne + - - - + +

13 A
Gas

Gangrene + - - - + ?

PCR Analysis.

Multiplex PCR:

All isolates were screened for the presence of the cpe and cpb2 by PCR analysis.

At the time of isolation, a multiplex PCR assay was run on all of the UK human isolates.

This multiplex PCR assay was used to detect all four major lethal toxin genes as well as

the cpe and cpb2 genes. The primers used for this multiplex PCR assay are listed in Table

2, and all methodology for running the multiplex PCR assay was performed using the

protocol as previously described (10).

cpb2 PCR:

To confirm the presence of the entire cpb2 ORF in the UK human isolates, a PCR

assay using previously designed primers 3F/5R (Table 2) was performed. The multiplex

PCR assay amplified a 567-bp internal fragment of the cpb2 ORF. The primer set 3F/5R

(Table 2) was used to amplify a 1373-bp DNA fragment carrying the entire cpb2 ORF
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Table 2:
PCR

Primers
used in
stud

Primer Name
Gene

Target
Sequence

Amplified
Fragment
Size (bp)

cpeF multiplex cpe GGAGATGGTTGGATATTAGG 233
cpeR multiplex cpe GGACCAGCAGTTGTAGATA 233

cpaF multiplex cpa GCTAATGTTACTGCCGTTGACC 324
cpaR multiplex cpa TCTGATACATCGTGTAAG 324

cpbF multiplex cpb GCGAATATGCTGAATCATCTA 196

cpbR multiplex cpb GCAGGAACATTAGTATATCTIT 196

etxF multiplex etx GCGGTGATATCCATCTATTC 655

etxR multiplex etx CCACTTACTTGTCCTACTAAC 655
iA F multiplex iA ACTACTCTCAGACAAGACAG 446
iA R multiplex iA CMCCTTCTATTCATATACG 446

cpb2 F multiplex cpb2 AGATTTTAAATATGATCCTAACC 567
cpb2 R multiplex cpb2 CAATACCCTTCACCAAATACTC 567
3F whole ORF cpb2 GCTCTAGAGGATATCTTAAATTTAGCACAG 1373

5R whole ORF cpb2 CCGGAATTCTTTTTTAAGCTCAATTTTTACTGG 1373

and 263-bp upstream and 312-bp downstream sequences. This PCR analysis utilized

100 ng of template DNA, 25 pmol of each primer, 200 pM each of dATP, dTTP, dGTP,

and dCTP (Roche), 2.5 mM MgCl2, and 1 U of Tay DNA polymerise (Fermentas) in a

total volume of 50 pl, supplemented with H2O. The reaction mixture was then placed into

a thermal cycler (Techne) for an initial period of 5 min at 94° C (denaturation), then 28

cycles, each consisting of 1 min at 94° C, 1 min at the annealing temperature of 58° C, 1

min at 72° C (extension), and followed by an additional period of extension for 10 min at

72° C. After PCR, the presence of an amplified product was analyzed by subjecting an 10

pl aliquot of each PCR sample to electrophoresis at 100 V in 1% agarose gels, followed

by ethidium bromide staining and visualization using a UV transilluminator (Bio-Rad).
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Positive and negative control strains as well as GeneRulerTM 1 kb DNA ladder

(Fermentas) were run with all sample gels. Photographs of all gels were taken for

documentation.

Preparation of Digoxigen (DIG)-labeled Probes for Southern Blot Experiments.

cpe Probe:

A 639-bp DIG-labeled, double-stranded cpe-specific DNA gene probe was

prepared by the two-step PCR amplification method (11). A 639bp cpe internal

fragment was first PCR amplified from the total DNA of C. perfringens type A strain

NCTC 8239. The 639bp PCR product obtained from this amplification was purified

using the Prep-A-Gene DNA purification Systems (Bio-Rad) and used as the template for

a second PCR reaction in order to produce a 639bp PCR product containing DIG-

labeled nucleotides. This second labeling PCR involved the incubation of 50 ng (1 ml) of

the 639bp purified product obtained from previous PCR, 2.5 mM MgC12, 100 RM

dATP, 100 1.1M dCTP, 100 tiM dGTP, 65 µM dTTP; and 35 pM DIG-dUTP (Roche)

under the same amplification conditions as described previously. Product was resolved by

running a 10 id DIG-labeled sample on a 1% agarose gel at 100 V with a non-labeled

PCR sample and GeneRulerTm 1 kb ladder (MBI Fermentas). The cpe-specific DNA

probe was quantified as per directions listed in the DIG DNA labeling and Detection Kit

(Roche).

cpb2 Probe:

A 318-bp DIG-labeled, double-stranded cpb2-specific DNA gene probe was

prepared by the two-step PCR amplification method. A 318bp cpb2 internal fragment

was first PCR amplified using primer set 3F/5R (Table 2) from the total DNA of isolated
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C. perfringens type A UK human isolate 4178/94. The 318bp PCR product obtained

from this amplification was the gel purified using the Prep-A-Gene DNA purification

Systems (Bio-Rad) and used as the template for a second PCR reaction in order to

produce a 318bp PCR product containing DIG-labeled nucleotides. The cpb2-specific

DNA probe was quantified as per directions listed in the DIG DNA labeling and

Detection Kit (Roche).

Restriction Fragment Length Polymorphism (RFLP) Southern Blot Analysis.

cpe RFLP Southern blot analysis:

Isolated C. perfringens DNA samples, prepared as described above, were digested

to completion with 20 U of Nrul (New England Biolabs). After digestion, samples were

separated by electrophoresis on 1% agarose gels at 100 V. Positive and negative controls

were run with all sample gels. Gels were stained with ethidium bromide and resolved

under UV transilluminator (Bio-Rad) to assure the DNA was digested properly. Again,

photographs were taken to provide documentation for all gels. Gels were then rinsed in

distilled deionized water (ddH2O), washed twice for 20 minutes in denaturation solution

(0.5 M NaOH, 1.5 M NaC1), rinsed again in H2O, and finally washed twice for 20

minutes in neutralization solution (0.5 M Tris-HC1 pH 7.0, 1.5 M NaCl, pH 7.5). The

digested DNA was then transferred from the gels to positively charged nylon membranes

(Roche) and UV fixed to the membranes using a GS Gene LinkerTM (UV Cross linker,

Bio-Rad) as previously described (32). Southern blot analysis was then performed on the

transferred membranes. Membranes were incubated in pre-hybridization buffer (6.25 ml

20X sodium chloride/sodium citrate solution (SSC), 0.25 ml 10% sarkosyl, 0.05 ml 10%

sodium dodecyl sulfate (SDS), 0.25 g blocking reagent, 18.5 ml H2O) for 2 hours at 60°
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C. Pre-hybridization buffer was then removed and the blots were then hybridized with the

DIG-labeled cpe probe. Previous to incubation with the DIG-labeled cpe probe, the probe

was boiled for 10 min to denature the DNA fragments into single strands. Blots were

incubated in the DIG-labeled cpe probe overnight at 68° C. Probes were then removed

and stored at -20° C for future use, and the blots were then washed twice in 2X wash

buffer (0.2 g SDS, 20 ml 20xSSC, 180 ml H2O) for 5 minutes at room temperature, then

twice in 0.5X wash buffer (0.2 g SDS, 5 ml 20xSSC, 195 ml H2O) for 15 minutes at 68°

C. Blots were then rinsed in Maleaic acid buffer (0.1 M Maleic acid, 0.15 M NaC1, pH

7.5) for two minutes at room temperature, and then incubated in blocking solution for 2

hours at room temperature. Blocking solution was removed from the blots and they were

detected using a DIG-chemiluminescence detection system as previously described (32).

Detection of the blots was completed by using a CSPD® ready to use substrate (Roche).

Blots were incubated at 37° C for ten minutes and then resolved by exposure to

autoradiography (AR) film (Kodak). Film was developed using an RP X-OMAT film

processor (Kodak).

cpb2 RFLP Southern blot analysis:

Isolated C. perfringens DNA samples, prepared as described previously, were

digested to completion with 20 U of Hpal (New England Biolabs). RFLP analysis of

these samples was then continued in the same method as described for cpe RFLP analysis

using a DIG-labeled cpb2 specific DNA probe. The remainder of the RFLP Southern blot

was carried out in the same manner as described above for cpe RFLP Southern analysis.

Gel Block Preparation for Pulsed Field Gel Electrophoresis (PFGE).
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Cells from overnight TGY cultures were collected by centrifugation. These cell

pellets were used to prepare agarose plugs containing genomic C. perfringens DNA (2, 5,

6, 30, 39). The 3 ml culture aliquots were spun for 10 minutes at 13,000 g. Supernatant

was discarded and the cell pellets were washed 3 times in 1X TES (1.25 mM Tris-HC1,

pH 7.0, 0.75 mM EDTA, 25 ptM NaC1). The cell pellets were then re-suspended in 400 pi

of TE (100 mM EDTA, 50 mM Tris, pH 7.0). Cultures were warmed briefly in a 60° C

water bath and mixed with .6 ml CleanCutTM Agarose, 2% (Bio-Rad). The mixture was

then pipetted into molds to create 250 pi gel blocks. The blocks were then incubated in

lysis solution (6 [IM Tris-HC1 pH 7.0, 1 M NaC1, 0.1 M EDTA, 750 pl 10% sarkosyl, 15

mg lysozyme, 8.2 ml H2O) overnight at 37° C to break up cell walls. The blocks were

then incubated in ESP (10 ml .5 M EDTA, 500 pl 10% sarkosyl, 500 pi 20mg/m1

protinease K) for 48 hours at 50° C to remove all protein from the blocks. The blocks

were then placed into TE (10 mM Tris, 1 mM EDTA, pH 7.0) and stored at -4° C for

future use.

PFGE Southern Blot Analysis.

cpe PFGE Southern blot analysis:

Gel blocks of each isolate were then used for PFGE analysis. The undigested total

unsheared genomic DNA in 100 IA of an agarose plug was electrohporesed at 200 V with

a Bio-Rad CHEF-DRII apparatus, with pulse ramped from 50 to 90 s over 20 hours in a

1% agarose gel prepared using PFGE-grade agarose (Bio-Rad) (43). These PFGE gels

were then stained in ethidium bromide and visualized under UV transilluminator (Bio-

Rad). Photographs were taken of each gel for documentation. These PFGE gels were then

rinsed in H20, and then incubated in a 2 N HC1 solution for 20 minutes. After rinsing with
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H2O again, the PFGE gels were then subjected to cpe Southern blot analysis, using the

same procedure as described above for RFLP Southern analysis.

cpb2 PFGE Southern blot analysis:

PFGE Southern blot analysis was conducted for cpb2 isolates using the same

method as described above for cpe isolates. The only exception was a cpb2 specific DNA

probe was used instead of a cpe specific DNA probe.

PFGE Southern Blot Analysis of 1-Ceul Digested C. perfringens DNA.

Total DNA from representative C. perfringens isolates were subjected to PFGE

Southern blot analysis after digestion with 1-Ceul (New England BioLabs). Duplicate gel

blocks of each isolate used were prepared for the test. All gel blocks were rinsed in TE

(10 mM Tris, 1 mM EDTA, pH 7.0) three times for 2 hours each, at room temperature.

Rinsed gel blocks were then incubated with buffer 4 (New England BioLabs) and BSA

per manufacturers directions for 2 hours at 37° C. Gel blocks where then either digested

with 1-Ceul, in buffer 4 and bovine serum albumin (BSA) overnight at 37° C, or left

undigested. 1-Ceul is a homing endonuclease that is specific for introns. Thus, 1-Ceul will

only cut chromosomal DNA, and not plasmid DNA. Upon completion of digestion of the

1-Ceul incubated gel blocks, all blocks were placed into a 1% agarose gel prepared using

PFGE-grade agarose (Bio-Rad). PFGE Southern procedure was then carried out as

described above, using either a cpe-DNA specific or cpb2-DNA specific probe.

PFGE Studies for Clonal Relationship of UK Type A Human Isolates.

The DNA plugs were first rinsed 3 times in TE buffer (10 mM Tris-HC1 pH 7.0, 1

mM EDTA) for 2 hours at room temperature. Total DNA in 100 i.d of an agarose plugs

was then digested overnight using 20 U of Smal (Fermentas) at 30° C in 200 gl of the
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buffer solution recommended by the enzyme manufacturer. The Smal (Fermentas)

digested DNA samples were then analyzed by PFGE using 1% agarose gels prepared

with PFGE-grade agarose (Bio-Rad). Pulse times were ramped from 5 to 120 s over 46

hours at 150 V (4). After PFGE, the gels were subjected to ethidium bromide staining and

photographed under a UV transilluminator (Bio-Rad).

Culture Sporulation for Production and Isolation of CPE Protein.

After growing isolates overnight in FTG and 8 hours in TGY at 37° C, 0.4 ml of

TGY culture was added into 10 ml of Duncan-Strong (1.5% protease peptone, 0.4% yeast

extract, .1% sodium thioglycollate, 1% Na2HPO4-7H20, .4% soluble starch) medium.

Cultures were then incubated for 8-10 hours at 37° C. Sporulation was determined by

direct microscopic examination. Ten different fields at 1000X total magnification under

oil immersion were counted for C. perfringens spores and non-sporulated C. perfringens

vegetative cells. In the event of negative sporulation, 0.3 ml of the Duncan Strong culture

was inoculated back into 8 ml of TGY. The TGY cultures were then heat shocked by

placing them in a 75° C water bath for 30 minutes. The TGY cultures were then placed

back at 37° C for 8 hours, then re transferred to Duncan Strong as described above. A

total of 40% sporulation was considered a positive sporulator, since this is an adequate

amount of sporulation to detect CPE protein production. Once 40% sporulation was

attained, samples were either used immediately for preparation of CPE protein or frozen

at -20° C for future use.

Isolation of CPE Protein.

A 3 ml aliquot of each C. perfringens sporulation positive culture was collected

and placed onto ice. Mother cells were lysed (-90%) through sonication. The samples
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were sonicated, three 20-second bursts at power 7, using a sonic dismembrator (Fisher

Scientific). Cell lysis was monitored directly by use of a phase-contrast microscope.

Prepared protein samples were then either immediately used for Western blotting or

stored for future use at -80° C.

Isolation of Cultural Supernatant Proteins from C. pelfringens Isolates Grown in

Vegetative Conditions.

A 0.2 ml aliquot of each C. perfringens FTG starter culture was inoculated into

two tubes containing TGY broth (10 ml each) and grown for 8 hours at 37° C. Culture

supernatant, was separated from the bacterial pellet by centrifugation at 10,000 g for 20

min at 4° C. To precipitate the supernatant proteins, two different methods were utilized.

Ammonium Sulfate Precipitation: To precipitate the proteins, 4.76 g of ammonium

sulfate per 10 ml supernatant solution were added to each sample. The ammonium sulfate

was allowed to dissolve at room temperature with mild agitation, and then incubated over

night at 4° C. The precipitated proteins were then collected by centrifugation at 10,000 g

for 20 min at 4° C. The supernatant was discarded and the protein was re-suspended in

200-0 sterile H20. The proteins were then centrifuged at 13,000 g for 10 min at room

temperature. Supernatant was again discarded, and the proteins were re-suspended in 25

1.1.1 sterile H2O and 25 0 sample buffer (0.05 M Tris-HC1 pH 6.8, 2% SDS, 1% Glycerol,

2.5 ml 0.5% bromophenol blue). Prepared proteins were either immediately used for

Western blotting or stored at -80° C.

Centricon: Supernatant protein samples were placed in Centriplus 10 (MW cut off of

10,000 Da) (Millipore) and centrifuged at 5,000 g and 4° C until supernatant had been

concentrated to 100 µl ( 12 hours). Concentrated supernatant was then collected and
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mixed with 50 pi H2O and 50 IA sample buffer. Prepared proteins were either

immediately used for Western blotting or stored at -80° C.

Isolation of Culture Supernatant Proteins from C. perfringens Grown in Sporulation

Conditions.

A 0.4 ml aliquot of TGY grown cultures of cpb2-positive UK human isolates

were inoculated into 10 ml of Duncan Strong medium and incubated for 8-10 hours at 37°

C (25). Sporulation was determined microscopically. Samples positive for sporulation

were then centrifuged and supernatants were separated. The CPB2 protein was then

precipitated using the ammonium sulfate precipitation method as stated above.

Western Blot Analysis.

CPE analysis:

Prepared proteins were mixed with 50 pl sample buffer containing 13-

mercaptoethanol (5%), diluted 1/20 using H2O, boiled for 10 minutes, then centrifuged at

10,000 g for 1 min. The samples were then electrophoresed at 100 V on a 0.1% SDS-12%

polyacrylamide gel (32). All gels contained positively and negatively producing cpe

control strains. Electrophoresis was conducted at 100 V until the loading buffer dye front

reached the bottom of the gel. When gels were completed, they were stained in gel

staining solution (45% ethanol, 10% glacial acetic acid, 45% ml H2O, 0.275 g Coomassie

Brilliant Blue R-250) for 30 minutes while shaking at room temperature. Gel stain was

removed and the sample gels were de-stained using 7% glacial acetic acid. Gels were

photographed for documentation.

Prepared proteins were transferred to Sequi- BIotTM PVDF membrane (Bio-Rad)

as previously described (32). The Mini Trans-Blot® Cell (Bio-Rad) transfer system using
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transfer buffer was used to accomplish transfer. The membrane was transferred at 100 V

for 1 hour. The membrane was then washed once in 10 ml Tris buffered saline (TBS,

0.02 M Tris-HC1 pH 7.0, .5 M NaCl) for 10 min. The membrane was then blocked using

5% BSA for 2 hours at room temperature, followed by 2 washes with 10 ml TTBS (1 L

TBS, 1 ml Tween-20) for 10 minutes each. The membrane was then incubated overnight

in rabbit polyclonal CPE-antibody solution (1:500 dilution in 5% BSA). After 2 more

washes with 10 mis TTBS, the membrane was incubated in anti-rabbit:HRP antibody

(Pierce) solution (1:20,000 dilution in 5% BSA) for 1 hour at room temperature. Finally,

the membrane was washed 2 times in TTBS and once in TBS, incubated for 5 min in

Supersignal® West Pico Chemiluminescent Substrate (Pierce) per the manufacturer's

protocol and exposed to audioradiography film (Kodak). Film was developed using a RP

X-OMAT film processor (Kodak).

CPB2 Analysis:

Western blot analysis of CPB2 protein samples was carried out as described

above for CPE with two exceptions i): Membranes were incubated overnight in rabbit

polyclonal CPB2-antibody solution (1:1,000 dilution in 5% BSA). ii): Membranes were

also incubated in anti-rabbit:HRP antibody (Pierce) solution with a 1:50,000 dilution in

5% BSA.

Cloning and Sequencing of the cpb2-containing Fragment from Various UK Type A

Human Isolates.

To facilitate nucleotide sequencing, the 1373bp DNA fragment carrying cpb2

ORF and 263-bp upstream and 312-bp downstream sequences from representative UK

type A human disease isolates were first PCR amplified, using primer set 3F/5R (Table
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2), and cloned into E. coli. The strategy used in this study was to not only sequence the

entire ORF, but by using restriction endonucleases to cut the ORF into multiple

fragments. Thus, three different sized PCR DNA fragments were created through

digestion, as shown in Figure 1. By using this strategy, there would be four independently

generated sequences of the same isolate, thus reducing the number of possible sequencing

errors. To reduce the PCR-induced mutation(s) introduced during the amplification

process, the process described by Waters et al. (43) was used. Briefly, the cpb2-

containing DNA fragment each designed PCR reaction was amplified in five identical,

but independent, reaction tubes as described above. After confirmation of positive

amplification by agarose gel electrophoresis for the presence of the expected

amplification products in all reaction tubes, the five individual tubes PCR reaction

mixtures for one isolates DNA were combined. These mixed PCR products were then

ligated into pCR-XL- TOPO vector using TOPO XL cloning kit (Invitrogen) and TOP10

E. coli was transformed with the ligated mixture as per the manufacturer's instruction.

Plasmid containing transformants were then selected on tryptic soy agar (TSA) plates

containing kanomycin (50 pg/m1). The presence and the orientation of the expected cpb2-

containing insert in plasmids isolated from these transformants were confirmed by

restriction analysis with both EcoRI and Hindi-J[1 (Fermentas). After confirmation of

orientation and insertion, five clones carrying the cpb2-insert of one C. perfringens

isolate reaction, all in the same orientation in pCR-XL-TOPO, were then grown as

separate overnight cultures in 3 ml of tryptic soy broth (TSB) with kanamycin (50

µg/m1). These overnight cultures were then combined and plasmid DNA was isolated

using the Qiagen mini plasmid prep kit, as per manufacturer's instructions. The insert
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present in the plasmid DNA was then sequenced by fluorescence-based automated DNA

sequencing facilities (Center for Gene Research and Biotechnology at Oregon State

University) using M13 forward and reverses primers. The representative cpb2 nucleotide

sequences were compared and aligned to the published C. perfringens cpb2 sequence,

including strain CWC245, using the Clustal W nucleotide alignment software

(www.ebi.ac.uk/clustalw/).

Sequence whole ORF 5'

5

Digest with HindlIl

3'

3' Sequence whole ORF

7 N
Cpb2 Small Fragment

5' ___ 3'
Sequence 450 by
forward cpb2 fragment

Cpb2 Large Fragment

5' 4 3'

Sequence 900 by
reverse cpb2 fragment

Figure 1: Sequencing Plan for cpb2 ORF from UK Human Isolates.

CPB2 Amino Acid Analysis of Representative C. perfringens UK Type A Human

Isolates.

Amino acid sequence for CPB2 was analyzed for representative UK human

isolates. Amino acid sequence was deduced using nucleotide sequences determined

previously in this study and a DNA sequence translator (created by E. Schultz, 1998,

www.biocommons.bcc.washington.edu/services/psoftware/dnatranslator). Amino acid
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sequences were compared and aligned to the published C. perfringens type C strain

CWC245 CPB2 amino acid sequence.

a-Toxin Expression by UK Type A Human Isolates.

a-Toxin expression by UK human isolates was tested using the reverse CAMP

test (12). Blood agar plates were streaked in one corner with Staphylococcus aureus.

Single streaks of the C. perfringens isolates were made perpendicularly to the S. aureus

streak. Plates were incubated anaerobically at 37° C overnight.

Electroporatibility of UK Type A Human Isolates.

Representative cpe and cpb2 positive isolates were selected to test for

electroporatibility. Representative C. perfringens cpb2 and cpe positive type A UK

isolates were inoculated in 8 ml FTG broth and gown anaerobically overnight at 37° C. A

0.2 ml aliquot of FTG growth was inoculated into 20 ml TGY broth and anaerobically

grown overnight at 37° C. Cells were harvested by centrifugation at 10,000 g for 20 min

at 4° C. Supernatant medium was discarded and cell pellets were washed twice in 6 ml

SMP buffer (270 mM sucrose, 1 mM MgC12, 7 mM Na2HPO4 dibasic). Cells were

resuspended in 1 ml SMP buffer, and 1 gl of plasmid DNA pJ1R751 (erythromycin

resistance carrying plasmid) was added. Samples were then electroporated using a

GenePulser Xce11TM (Bio-Rad), set at 2500 V, 25 gF, 200 12. Cells were immediately

added to 3 ml TGY and incubated at 37° C for 3 hours. Finally samples were plated on

brain heart infusion (BHI, Difco) agar plates with erythromycin (50 ug/m1). Plates were

incubated at 37° C for 36 hours anaerobically. Colonies from sample plates were counted

and compared with positive controls plates.
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Chapter 3

CPE Results

Multiplex PCR Screening for the Presence of the cpe Sequence in C. perfringens Type A

Isolates Associated with Human GI Diseases in the UK.

Our collection of C. perfringens type A UK human isolates was previously

screened using a multiplex PCR assay. This assay amplified a 233bp internal fragment

of the cpe gene. This analysis determined that 10 of the 44 strains positively amplified the

233bp PCR DNA internal fragment of the cpe gene (Table 1). This original analysis was

important for two reasons First, since all C. perfringens isolates carry the cpa gene, it

was a presumptive identification that the isolates were indeed C. perfringens. Secondly,

the multiplex PCR assay has been used to accurately determine the toxinotype of C.

perfringens isolates (26). The results of this assay indicated that all of the UK human

isolates were type A (Table 1).

cpe RFLP Genotyping of UK Human GI Disease Isolates.

Our collection of cpe-positive type A fecal isolates associated with UK cases of

human GI disease were then subjected to cpe genotyping. Initially, these isolates were

subjected to Nrul RFLP Southern blot analysis, which is now well-established as a

reliable presumptive test for distinguishing between isolates carrying a chromosomal

versus plasmid cpe genes (5, 39). Briefly, previous results with this cpe RFLP assay (5,

39) have shown that the chromosomal cpe gene is invariably present on an 5-kb Nrul

digested DNA fragment, while the plasmid cpe gene is always present on an Nrul

digested DNA fragment of >20-kb. Southern blot analysis was first carried out with cpe-

positive (NCTC 8239 and F4969) and cpe-negative (ATCC 3624) C. perfringens isolates.
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As shown in Figure 2, strain NCTC 8239 produced a hybridizing band of 5kb, indicative

of a chromosomal location of the cpe gene. Strain F4969 produced a hybridizing band at

>20kb, indicative of a cpe plasmid gene. No hybridizing band was observed with DNA

from cpe-negative human isolate ATCC 3624, indicating that our cpe-RFLP southern

analysis was both reliable and specific.
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Figure 2: Nrul RFLP Southern Blot analysis of C. perfringens UK human isolates.
DNA from selected UK human isolates was digested with Nrul and Southern
blotted using a cpe-specific probe. Isolates ATCC 3624 (cpe-negative), F4969
(cpe-positive, plasmid) and NCTC 8239 (cpe-positive, chromosomal) were used as
controls. Isolates with cpe located on a plasmid produced a 20-kb hybridizing
band. Isolates with cpe located chromosomally produced a 5-kb hybridizing band.

When the same Nrul RFLP Southern blot assay was applied to our collection of

UK human isolates, the cpe-probe produced a hybridizing band of >20kb with DNA of

12 out of 44 UK human isolates (Table 3, Fig. 2 for representative results). These results

indicated that 27% of the UK human isolates carried the cpe gene on a plasmid. Two UK

human isolates (6263 and 7458) hybridized to a 5kb Nrul DNA fragment (Table 3, Fig.2

for representative results). These results indicated that 4.5% of the UK human isolates

carried the cpe gene on a chromosome. These results show that 32% of our UK human
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isolates carry the cpe gene, and that of these samples, 86% (12/14) carry the cpe gene on

their plasmid, while only 14% (2/14) carry the cpe gene on their chromosome.
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Table 3: CPE
Data for UK

Human
Isolates

Strain

HpaI RFLP
Southern

(Fragment
Size)

PFGE
Southern

%
Sporulation

CPE
Western

0046/95 ND 50 -
0051/95 - ND 80 -
0054/95 - ND 70 -
0504/95 ND 0 -
1220/94 - ND 50 -

1648/94 - ND 60 -
1689/94 - ND 0 -
1992/94 - ND 60 -
1998/94 - ND 10 -

2131/95 - ND 10 -

2335/94 - ND 60 -

2337/94 - 50 -
2355/95 - ND 90 -
2500/94 - ND 50 -

2647/94 - ND 10 -

2728/94 + (>20-kb) Plasmid 90 +
2823/95 ND 70
3009/94 - ND 90 -

3213/95 - ND 30 -
3213/95(2) - ND 0 -

3406/94 - ND 0 -

3409/94 + (>20-kb) Plasmid 50 +
3425/95 + (>20-kb) Plasmid 70 +
3429/95 ND 70
3433/94 - ND 50 -

3433/94(2) - ND 20 -

3433/95 + (>20-kb) Plasmid 50 +
4178/94 + (>20-kb) Plasmid 40 +
4370/94 + (>20-kb) Plasmid 50 +
4452/95 ND 10

4641/95 - ND 50 -
4828/94 + (>20-kb) Plasmid 50 +
4885/94 ND 60
5282/95 + (>20-kb) Plasmid 40 +
5408/94 + (>20-kb) Plasmid 80 +
5422/94 + (>20-kb) Plasmid 50 +
6253/94 + (>20-kb) Plasmid 50 +
6257/94 + (>20-kb) Plasmid 40 +
6263/95 + (e.5-kb) Chromosomal 80 +
6824/94 50 -

6974/95 - ND 70 -

7040/94 - ND 50 -
7458/94 + (N5 -kb) Chromosomal 50 +
7759/95 ND 20 -

% Positive 14 (32%) P = 86% 33 (75%) 14 (32%)



37

PFGE Evidence Supporting the Localization of cpe in C. perfringens Type A UK

Isolates.

To further evaluate whether the cpe gene is located on the chromosome or the

plasmid of the cpe-positive UK human isolates, representative cpe-positive C.

perfringens isolates were subjected to PFGE/Southern blot analysis. This approach has

been successfully used previously to formally establish the chromosomal or plasmid

localization of the cpe gene (2, 5, 6, 30, 39). Briefly, the principle of this method is that,

without any restriction enzyme digestion, C. perfringens unsheared chromosomal DNA is

too large to enter a pulsed-field gel. However, because of its small size, at least some

plasmid DNA will enter a pulsed-field gel, even without digestion by restriction enzymes.

Therefore, when total DNA from a cpe-positive isolate is subjected to this PFGE analysis

and then cpe Southern blotted, either of two specific profiles should be observed: i) if the

cpe gene is located on the chromosome, all of the non-sheared cpe-containing DNA

should remain in the gel well and no hybridizing band is observed in the gel or ii) if the

cpe gene is located on the plasmid, some cpe-containing plasmid DNA should enter the

pulsed-field gel and produce a hybridizing band in the gel.

When PFGE genotyping experiments were performed on the DNA of control cpe-

positive type A isolate NCTC 8239, no cpe-containing DNA entered the pulsed-field gel

in the absence of restriction digestion and a hybridizing band was only produced at the

gel well (Fig. 3). When PFGE genotyping experiments were performed on the DNA of

control cpe-positive type A isolate F4969, cpe-containing DNA entered the pulsed-field

gel in the absence of restriction digestion and produced a hybridizing band of 50 kb

(Fig. 3). When PFGE genotyping experiments were performed on the DNA of control
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cpe-negative type A isolate ATCC 3624, no hybridizing band was found in the gel or gel

wells (Fig. 3).

When similar PFGE genotyping analyses were performed on DNA of

representative cpe-positive UK human isolates, 12 of 14 strains produced hybridizing

bands in the gel at 513-kb (Table 3 and Fig. 3 for representative results). These

hybridizing bands co-migrated with the cpe-containing plasmid DNA from strain F4969.

Additionally, 2 of the 14 strains (6263 and 7458) produced hybridizing bands only at the

gel well, no hybridization was produced from any of the DNA that had migrated into the

gel (Table 3 and Fig. 3 for representative results). These results show that of the C.

perfringens type A UK human isolates carrying the cpe gene, 86% carry the cpe gene on

a plasmid and the remaining 14% carry the cpe gene on a chromosome.
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Figure 3: cpe PFGE Southern analysis of C. perfringens UK human isolates. DNA
from selected UK human isolates was subjected to PFGE, blotted and probed with
a cpe-specific probe. Control isolates included ATCC 3624 (cpe-negative), NCTC
8239 (cpe-positive, chromosomal), and F4969 (cpe-positive, plasmid).
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1-Ceul RFLP PFGE Evidence Supporting the Localization of cpe in UK Type A Human

Isolates.

To further evaluate the plasmid localization of the cpe gene in our UK

human isolates, PFGE Southern blot was conducted on 1-Ceul digested DNA. I -CeuI is a

homing endonuclease, which specifically cuts introns. Thus, it will digest chromosomal

DNA, which contains introns, but will not digest plasmid DNA, which does not contain

introns.

To evaluate the experimental design, gel blocks containing unsheared NCTC

8239 DNA was tested first. When the 1-Ceul digested NCTC 8239 DNA and the non-

digested NCTC 8239 were subjected to PFGE and blotted using a cpe-specific DNA

probe, the 1-Ceul digested blocks produced a hybridizing band at 360-kb (Fig 4). The

non-digested blocks produced no hybridizing bands in the gel. Hybridization occurred

only in the wells, indicating none of the cpe containing DNA was able to enter into the

gel (Fig 4). These results confirm that NCTC 8239 contains its cpe gene on a

chromosome, as was previously reported (39). A gel block containing undigested F4969

unsheared was also tested. This block produced a hybridizing band at 50-kb, indicating

the cpe gene was on a plasmid and that all plasmid DNA containing cpe should migrate

to 50-kb, which is much lower than the observed 360-kb band for chromosomal cpe

digested with 1-Ceul (Fig. 4).

When similar 1-Ceul PFGE RFLP Southern blotting analyses were performed on

1-Ceul digested DNA of the two Nrul RFLP predicted cpe-positive UK human isolates

(strains 6263/94 and 7458/94), both isolates produced hybridizing bands at 369-kb with

their digested DNA (Table 3 and Fig. 4). Their non-digested DNA produced no-
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hybridizing bands in the gel. These results confirmed that both Nrul RFLP predicted cpe

chromosomal isolates did indeed carry the cpe gene on their chromosome.
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Figure 4: cpe PFGE Southern analysis of 1-Ceul digested DNA from UK
human isolates. When total DNA from cpe chromosomal isolates were
digested with 1-Ceul and probed with a cpe-specific probe, a hybridizing
band of 360 kb was produced. Undigested chromosomal samples (U)
showed no migration of DNA into the gel. Isolate F4969, which carries the
cpe gene on a plasmid, was used for a control and displayed a hybridizing
band of 50 kb.

PFGE Analysis for Clonal Relationship Between Type A UK Human Isolates.

To determine if the C. perfringens type A UK human isolates used in this study

were clonally related, gel blocks containing unsheard DNA from the isolates were

digested and subjected to PFGE. Blocks were digested using Smal restriction enzyme

(Fermentas), run on PFGE, stained and photographed. Banding pattern for the isolates

were compared and it was observed that none of the isolates produced identical banding

patterns (Fig. 5 for representative sample). When digestions were repeated, using the

same amount of Smal and varying the digestion time, identical results were attained,

indicating our Smal digestions were running to completion. These results show that none

of the isolates used in this study were clonally related.
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Figure 5: PFGE analysis of Smal digested DNA from UK human isolates for
clonal relationship analysis. DNA from selected UK human isolates were digested
with Smal and run on PFGE. All isolates displayed differing Smal digestion
banding patterns.

Sporulation Examination of cpe-positive Isolates.

A phenotypic characteristic of the cpe-positive C. perfringens type A UK human

isolates determined in this study was whether these isolates are capable of sporulation.

This is relevant to this study since previously published data has shown that CPE is

produced only during sporulation. Sporulation was visually verified through phase-

contrast microscopy. A positive sporulator was determined to reach 40% sporulation,

which was an adequate amount of sporulation for CPE protein detection (25).

Verification of positive sporulation with cpe-positive/sporulation-positive (NCTC 8239

and F4969, [25 and 5]), cpe-negative/sporulation-positive (ATCC 3624, [25]), and a

sporulation negative (strain 13, 36) C. perfringens strains were carried out first. Strains

NCTC 8239 attained 100% sporulation, while F4969 and ATCC 3624 both attained 90%

sporulation after one passage in Duncan-Strong medium. Strain 13 showed no spores,
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even after three passages through Duncan-Strong medium. This indicated that the method

for sporulation was reliably working.

We next applied similar sporulation characterization studies to the collection of

UK human isolates. Results showed that 33 of 44 samples attained at least 40%

sporulation (Table 3). Only 4 of the 44 UK human isolates (504/95, 1689/94, 3213/95 (2),

and 3406/94) showed no sporulation. All of the UK human isolates that were positive for

cpe gene Southern hybridization were positive for sporulation.

CPE Expression by cpe-positive UK Human Isolates.

The important phenotypic characteristic of cpe-positive C. perfringens UK type A

human isolates examined in this study was whether these isolates could indeed express

CPE. When CPE Western blotting was performed with prepared proteins from C.

perfringens strains NCTC 8239 and F4969 (Fig 6), an 35-kDa immunoreactive band

was obtained, which is consistent with previous reported size of the CPE protein (24).

However, no CPE expression could be detected in the protein preparation of cpe-

negative, sporulation positive C. perfringens strain ATCC 3624 (Fig 6). These results

indicated that our CPE-Western blot analyses were specific and reliable.

When similar CPE-Western blot analysis were performed on protein preparations

from the UK human isolates, 14 samples produced an 35-kDa immunoreactive band that

co-migrated with the 35 kDa band of strains NCTC 8239 and F4969 (Table 3 and Fig. 6

for representative sample). These results indicated that all of our UK human isolates that

carried the cpe gene produced the CPE protein, and that 32% of our total UK human

isolates thus express the CPE protein.
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Figure 6: CPE Western blot analysis for C. perfringens UK human isolates.
Selected cpe-positive UK human isolates ruptured mother-cell protein
preperations were Western blotted with cpe specific antibody. Isolates
ATCC 3624 (cpe negative), F4969 and NCTC 8239 (both CPE expression
positive) were used as controls. All cpe-positive isolates produced an
immunoreactive band of 35 -kDa.
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Chapter 4

CPB2 Results

cpb2-PCR Screening for the Presence of the cpb2 Sequence in C. perfringens Type A

Isolates Associated with Human GI Diseases in the UK.

The collection of type A UK human isolates was previously screened using a

multiplex PCR assay. This assay screened for the presence of a 567bp DNA fragment of

the cpb2 gene using primer set cpb2FIcpb2R (Table 2). This analysis determined that 20

of the 44 isolates positively amplified the 567bp internal fragment of the cpb2 gene

(Table 3). In our present study, UK isolates were screened for the presence of the entire

cpb2 ORF using primer set 3F/5R (Table 2), which amplifies a 1373-bp DNA fragment

that contains the 798-bp cpb2 gene along with a 263-bp upstream and 312-bp

downstream fragments.

To test the reliability of PCR results obtained using template DNAs isolated from

our UK human disease isolates, control PCRs were run using template DNAs isolated

from C. perfringens strains CWC245 and 106527. Strain CWC245 is a known cpb2 -

positive C. perfringens type C pig disease isolate (11, 43). Strain 106527 is a known

cpb2-negative C. perfringens type C pig disease isolate (43). When primer set 3F/5R was

used, the expected 1373-bp PCR DNA fragment was amplified from CWC245 total

DNA. However, no such PCR amplified product was obtained when DNA from cpb2-

negative strain 106527 was used as a template. These results indicated that the PCR

results were reliable and specific for the detection of isolates carrying the cpb2 gene.

When template DNA isolated from each UK human isolate was subjected to the

PCR analyses with primer set 3F/5R, the 1373-bp DNA fragment was amplified in 17 of
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44 isolates tested (Table 4 and see Fig. 7 for representative results). These results show

that 39% of the isolates carry the entire ORF of the cpb2 gene.
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Figure 7: PCR analysis of C. pelfringens UK human isolates (primer set 3F/5R).
DNA from selected UK human isolates were subjected to cpb2 PCR analysis. A
1300 kb DNA fragment containing the cpb2 ORF was amplified by all of the
isolates. Control isolates included 106527 (cpb2-negative) and CWC245 (cpb2-

positive).

cpb2 RFLP Genotyping of UK Human Isolates.

Next, the collection of type A UK human isolates was subjected to RFLP

Southern blot analysis. Since previous studies (43) successfully employed Hpal RFLP

analysis to genotype the pig GI disease isolates, UK human isolates was genotyped using

the restriction endonuclease Hpal (New England Biolabs). Southern blot analysis was

first carried out with cpb2-positive (CWC245) and cpb2-negative (106527) C.

petfringens type C isolates. As shown in Figure 9, strain CWC245 produced a

hybridizing band of 5kb. This fragment size is consistent with the cpb2 Hpal digested

fragment size data previously reported (43). No hybridizing band was observed with

DNA from cpb2-negative isolate 106527, indicating that our cpb2-RFLP Southern

analysis was reliable and specific.
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When the same Hpal RFLP Southern blot assay was applied to our collection of

UK human isolates, cpb2- probe hybridized to a >20kb HpaI DNA fragment on 12 out

of 44 UK human isolates (Table 4 and Fig. 8 for representative results). Another 2 of the

44 UK human isolates hybridized to a 8kb Hpal fragment and 3 of the 44 UK human

isolates hybridized to a 9-kb HpaI fragment (Table 4, Fig. 8 for representative results).

These results show that 39% of our UK human isolates carry the cpb2 gene, and that

these isolates present a varying HpaI digestion pattern.
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Figure 8: HpaI RFLP Southern blot analysis of C. perfringens UK human isolates.
DNA from selected UK human isolates were digested with HpaI, Southern blotted,
and probed with a cpb2-specific probe. Varying banding pattern was exhibited with
the UK human isolates. Hybridization was seen at 20-kb, 9kb, and 8kb. Isolates
CWC245 (cpb2-positive, pig isolate) and 106527 (cpb2-negative, pig isolate) were
used as controls. Isolate CWC245 produced a hybridizing band at 5-kb.
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Table 4:
CPB2. Data
for UK
Human
Isolates

Strain PCR
RFLP

Southern
Hpa-I

fragment size
PFGE

Southern
CPB2

Western
0046/95 + + r.20 kb ND +
0051/95 + + ,,,20 kb Plasmid +
0054/95 - - -

0504/95 + + 8 kb ND +
1220/94 + + 8 kb Plasmid +
1648/94 + + 9 kb ND +
1689/94 + + 9 kb ND +
1992/94 + + "20 kb Plasmid +
1998/94 + + "..20 kb Plasmid +
2131/95 + + 9kb ND +
2335/94 - - ND -
2337/94 - - - ND -
2355/95 - - - ND -

2500/94 - - ND -
2647/94 - - - ND -

2728/94 - - - - -
2823/95 - - ND -

3009/94 - - - - -
3213/95 - - - ND -
3213/95(2) - - - ND -
3406/94 - - - ND ND
3409/94 - - - - -

3425/95 - - - - -

3429/95 - - ND -

3433/94 - - ND -
3433/94(2) - - - ND -
3433/95 + + ,,,20 kb Plasmid +
4178/94 + + "20 kb Plasmid +
4370/94 + + "20 kb Plasmid +
4452/95 - - ND -
4641/95 - - ND -
4828/94 - - - - -
4885/94 - - ND -
5282/95 + + "20 kb Plasmid +
5408/94 + + "20 kb Plasmid +
5422/94 + r.20 kb Plasmid +
6253/94 + + r.20 kb Plasmid +
6257/94 + + rv20 kb Plasmid +
6263/95 -

6824/94 - - - ND -
6974/95 - - - ND ND
7040/94 - - ND ND
7458/94 - - - - -

7759/95 - - - ND -

% Positive 39% 39% P= 100% 42%
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PFGE Evidence to Determine the Localization of the cpb2 Gene in Type A UK Human

Isolates.

To determine whether the cpb2 gene is located on a chromosome or a plasmid of

the UK human isolates, representative cpb2-positive UK human isolates were subjected

to PFGE/Southern blot analysis.

When PFGE genotyping experiments were performed using a cpb2-specific probe

on the DNA of control cpb2-positive type C isolate CWC245, cpb2-containing DNA

entered the pulsed-field gel in the absence of restriction digestion and produced a

hybridizing band of 50 kb (Fig. 9). When PFGE genotyping experiments were

performed on the DNA of control cpb2-negative type C isolate 106527, no hybridizing

band was produced by any of the DNA that entered the PFGE gel (Fig. 9).

When similar PFGE genotyping analyses were performed on DNA of 12 cpb2

positive UK human isolates, all 12 strains produced a hybridizing band of 50-kb. This

hybridizing band co-migrated with the cpb2-containing plasmid DNA from strain

CWC245 (Table 4 and Fig. 9 for representative results). These results show that all of the

surveyed cpb2-positive C. perfringens type A UK human isolates carry the cpb2 gene on

their plasmid.
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Figure 9: cpb2 PFGE Southern analysis of C. petfringens UK human isolates. PFGE
Southern blot analysis using a cpb2- specific probe was conducted on selected cpb2
positive UK human isolates. Hybridizing bands at 50 kb were observed for all isolates.
Control isolates included 106527 (cpb2-negative) and CWC245 (cpb2-positive).

When it was noticed that the PFGE Southern hybridization band cpb2 appeared to

be the same size as the band for cpe hybridization, the cpb2 PFGE Southern blotted

membranes were stripped of their probes and re-detected using a cpe-specific probe.

When these blots were detected, it was observed that the hybridization bands for the cpe-

specific probe appeared identical in size and shape to the cpb2 hybridization bands (data

not shown).

To further confirm the plasmid localization of the cpb2 gene in our UK human

isolates, PFGE Southern blot was conducted on 1-Ceul digested DNA.

To evaluate if the experiment was working correctly, gel blocks containing

unsheared CWC245 DNA was tested. When the 1-Ceul digested or non-digested

CWC245 DNA was subjected to PFGE and blotted with a cpb2-specific DNA probe,

both samples, digested and non-digested, produced a hybridizing band of 50-kb (Fig.
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10). These results confirm that CWC245 contains its cpb2 gene on a plasmid, as was

previously reported (43).

When similar I-CeuI PFGE RFLP Southern blotting analyses were performed on

I-CeuI digested DNA of three representative cpb2-positive UK human isolates (strains

3433/95, 4178/94, and 4370/94), all three isolates produced hybridizing bands at 50-kb

with both their digested and non-digested DNA (Fig. 10). These results confirmed that all

tested UK human isolates have their cpb2 gene localized on a plasmid.
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Figure 10: cpb2 PFGE Southern analysis of I-CeuI digested DNA from UK
human isolates. When total DNAs of cpb2 positive UK human isolates were
digested with I-CeuI and probed with a cpb2-specific probe, a hybridizing
band of 50 kb was produced. No difference was observed when DNA
samples were left undigested (U). Strain CWC245, which carries a plasmid
borne cpb2 gene, was used as a control.

CPB2 Expression by cpb2-positive UK Human Isolates.

One of the key focuses of this study was to determine whether or not our C.

perfringens UK type A human isolates were in fact expressing the CPB2 protein. Because

previous studies have shown that CPB2 is a secreted protein (43), supernatant protein

preparations were prepared for sodium dodecyl sulfate polyacrylamide gel

electrophoresis (SDS-PAGE) and Western analysis.



51

When cpb2-positive C. perfringens CWC245 culture supernatant preparations

were run in SDS-PAGE gels and stained with Coomassie blue, over 20 protein bands

were resolved from the samples (Fig. 1 1 a and 11b) (43). When our UK human isolates

were run on SDS-PAGE greater than 20 protein bands being visible, although there were

differences seen in the band intensities (Fig. 11 a for representative sample). Depending

on the preparation used, slight differences were seen in the SDS-PAGE gels. Centricon

protein preparations generally resulted in fewer bands being separated than ammonium

sulfate precipitation (Fig. 1 lb for representative sample).

When CPB2 Western blotting was performed with supernatant protein

preparations from C. perfringens strain CWC245 (Fig. 12), an 28-kDa immunoreactive

band was obtained, which is consistent with previous reports on the size of CPB2 (11,

43). However, no CPB2 expression was detected in the culture supernatant of the cpb2 -

negative strain 106527. These results indicated that our CPB2-Western blot analyses

were specific and reliable.

When similar CPB2-Western blot analyses were performed on the culture

supernatant proteins prepared from our cpb2-positive UK human isolates, an 28-kDa

immunoreactive band that co-migrated with the 28-kDa band of CWC245 was observed

in all 17 cpb2 positive isolates (Table 4 and Fig. 12 for representative sample). No

immunoreactive bands were seen in culture supernatants proteins prepared from cpb2-

negative UK isolates. These results indicate that all of our UK human isolates that carry

the cpb2 gene are actively expressing CPB2.
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Figure 11 (a): SDS-PAGE of supernant proteins precipitated with ammonium
sulfate. Supernant proteins from selected UK human isolates were collected by
ammonium sulfate precipitation and run on SDS-PAGE gels. Isolate CWC245
(cpb2-positive) was used as a control. All strains produced several distinctive
protein bands.
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Figure 11 (b): SDS-PAGE of supernant proteins concentrated (20 fold) by
Centricon tubes. Supernant proteins from selected UK human isolates were
concentrated using Centricon tubes and run on SDS-PAGE gels. Isolate
CWC245 (cpb2-positive) was used as a control. All strains produced distinctive
protein bands.
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Figure 12: CPB2 Western blot analysis of C. perfringens UK human
isolates. Supemant proteins from selected cpb2-positive UK human
isolates were Western blotted with cpb2-specific antibody. Isolates
CWC245 (positive for CPB2 expression (Waters 1)) and 106527 (negative
for CPB2 expression (Waters 1))were used as controls. All strains
produced immunoreactive bands of 28 kDa.

CPB2 Expression by cpb2-positive UK Human Type A Isolates Under Sporulation

Conditions.

To determine if the UK human isolates were producing CPB2 under sporulation

conditions, cpb2-positive UK human isolates were grown under sporulation conditions

and then subjected to ammonium sulfate protein preparations and Western blotted.

Samples from the same protein preparations were Western blotted for both the presence

of CPE and CPB2.

For this study C. pelfringens type A UK human isolates 4178/94 (cpe/cpb2

positive) and 7458/94 (cpe positive/cpb2 negative) were tested for their production of

CPB2 under sporulation conditions. As controls, cpb2-positive strain CWC245, cpb2-

negative strain 106527, and cpe-positive strain 8239 were also used. When Western

blotted using CPB2 antibody, protein samples from strains CWC245 and 4178/94

produced an immunoreactive band at 28 kDa, while strains 7458/94, 106527, and
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NCTC 8239 produced no immunoreactive bands (Fig. 13). When Western blotted using

CPE antibody was performed, strains 4178/94, 7458/94, and NCTC 8239 produced an

immunoreactive band at 35 kDa, while strains 106527 and CWC245 produced no

immunoreactive bands (Fig. 13). These results showed that our procedure was reliable

and specific, and that all cpb2-positive strains tested produced CPB2 under sporulation

conditions.
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Figure 13: CPE and CPB2 expression under sporulating conditions by selected UK
human isolates. Selected UK human isolates had supernant and mother-cell lysis
protein samples prepared and Western blotted using cpb2-specific and then cpe-
specific antibody. Isolates NCTC 8239 (cpe +, cpb2 -), CWC245 (cpe cpb2 +)
and 106527 (cpe cpb2 -) were used as controls.

Comparison of the cpb2 ORF's Present in Different cpb2-positive UK Type A Human

Isolates.

To examine whether the cpb2 ORF of the UK human isolates used in this study

encode a CPB2 protein with an amino acid similar to the classical CPB2 protein

originally determined in pig type C isolate CWC245 (Fig. 14), UK human isolates were

nucleotide sequenced and compared to the sequence of strain CWC245. These analyses

revealed that the cpb2 ORF sequences present in 4178/94 and 5422/94 had some minor
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differences when compared to strain CWC245 (Fig. 15). Strain 4178/94 had three

nucleotide changes when compared to CWC245, A to G at position 100, A to G at

position 206, and G to A at position 409 (Fig. 15). Strain 5422/94 had 5 nucleotide

changes when compared to CWC245, A to G at position 100, A to G at position 158, A to

G at position 206, G to A at position 409, and A to G at position 677 (Fig. 15).

1 atttgggata tcttaaattt agcacagaag aatgtttaaa tgaaataaag ataataaaaa gatatattaa ttatatagct

81 gaaaatttat aattatatga taagtatagt taataaataa aaagtgttct cgggggacac ttttttgttt taaaaaggaa

161 aatataaata aaatttagat aaaagtgtaa aataattatt tttattttaa atttgttaaa aatttgatat aattgaattg

241 taaaaaaaat ttcagggggg aatataaatg aaaaaaatta tttcaaagtt tactgtaatt tttatgtttt oatgttttct

321 tattgttgga gcaataagtc caatgaaagc aagtgcaaaa gaaatcgacg cttatagaaa ggtaatggag aattatetta
Ribosomal binding site ". Start codon

401 atgctttaaa aaactacgat attaatacag ttgtaaacat ttcagaagat gaaagagtaa ataatgttga acagtataga

481 gaaatgttag aagattttaa atatgatcct aaccaacaac tgaaatcttt tgaaatactt aattcacaaa agagegataa

561 taaagaaata tttaatgtaa aaactgaatt tttaaatggt gcaatttatg atatggaatt tactgtatca tctaaagatg

641 gaaaattaat agtatctgat atggaaagaa caaaagttga gaatgaagga aaatatattt taacaccatc atttagaact

721 caagtttgta catgggatga tgaactagca caagcaattg ggggagttta tccacaaaca tattctgata gatttacata

801 ttatgcagat aatatattat taaacttcag acaatatgca acttcaggtt caagagattt aaaagtagaa tatagtgttg

881 tagatcattg gatgtggaaa gatgatgtta aagcttctca aatggtatat ggtcaaaatc ctgattctgc tagacaaata

961 agattatata tagaaaaagg acaatctttc tataaatata gaataagaat taaaaacttt acacctgcat caattagagt

1041 atttggtgaa gggtattgtg catagaaaaa aatatgaagt gacttagtca cttcatattt tttttactat taattttatt
inverted repeat

1121 atataaaaac ctaacataca tgaaagtatt cttaatacag ttatatcaaa attaaagtag gggaaataaa ataaaaggct
Stop codon

Figure 14: cpb2 nucleotide sequence from C.perfringens CWC245 (10).
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4178/94
5422/95

ATGAAAAAAATTATTTCAAAGTTTACTGTAATTTTTATGTTTTCATGTTTTCTTATTGTT
ATGAAAAAAATTATTTCAAAGTTTACTGTAATTTTTATGTTTTCATGTTTTCTTATTGTT
ATGAAAAAAATTATTTCAAAGTTTACTGTAATTTTTATGTTTTCATGTTTTCTTATTGTT
************************************************************

60
60
60CWC245

4178/94 GGAGCAATAAGTCCAATGAAAGCAAGTGCAAAAGAAATC CGCTTATAGAAAGGTAATG 120
5422/95 GGAGCAATAAGTCCAATGAAAGCAAGTGCAAAAGAAATC GCTTATAGAAAGGTAATG 120
CWC245 GGAGCAATAAGTCCAATGAAAGCAAGTGCAAAAGAAATCGACGCTTATAGAAAGGTAATG 120

**************************************** *******************

4178/94 GAGAATTATCTTAATGCTTTAAAAAACTACGATATTAATACAGTTGTAAACATTTCAGAA 180
5422/95 GAGAATTATCTTAATGCTTTAAAAAACTACGATATTA1TACAGTTGTAAACATTTCAGAA 180
CWC245 GAGAATTATCTTAATGCTTTAAAAAACTACGATATTAATACAGTTGTAAACATTTCAGAA 180

************************************* **********************

4178/94 GATGAAAGAGTAAATAATGTTGAACIOTATAGAGAAATGTTAGAAGATTTTAAATATGAT 240
5422/95 GATGAAAGAGTAAATAATGTTGAAC TATAGAGAAATGTTAGAAGATTTTAAATATGAT 240
CWC245 GATGAAAGAGTAAATAATGTTGAACAGTATAGAGAAATGTTAGAAGATTTTAAATATGAT 240

************************* **********************************

4178/94 CCTAACCAACAACTGAAATCTTTTGAAATACTTAATTCACAAAAGAGCGATAATAAAGAA 300
5422/95 CCTAACCAACAACTGAAATCTTTTGAAATACTTAATTCACAAAAGAGCGATAATAAAGAA 300
CWC245 CCTAACCAACAACTGAAATCTTTTGAAATACTTAATTCACAAAAGAGCGATAATAAAGAA 300

************************************************************

4178/94 ATATTTAATGTAAAAACTGAATTTTTAAATGGTGCAATTTATGATATGGAATTTACTGTA 360
5422/95 ATATTTAATGTAAAAACTGAATTTTTAAATGGTGCAATTTATGATATGGAATTTACTGTA 360
CWC245 ATATTTAATGTAAAAACTGAATTTTTAAATGGTGCAATTTATGATATGGAATTTACTGTA 360

************************************************************

4178/94 TCATCTAAAGATGGAAAATTAATAGTATCTGATATGGAAAGAAC TGAGAATGAA 420
5422/95 TCATCTAAAGATGGAAAATTAATAGTATCTGATATGGAAAGAAC TGAGAATGAA 420
CWC245 TCATCTAAAGATGGAAAATTAATAGTATCTGATATGGAAAGAACAAAAGTTGAGAATGAA 420

************************************************ ***********

4178/94 GGAAAATATATTTTAACACCATCATTTAGAACTCAAGTTTGTACATGGGATGATGAACTA 480
5422/95 GGAAAATATATTTTAACACCATCATTTAGAACTCAAGTTTGTACATGGGATGATGAACTA 480
CWC245 GGAAAATATATTTTAACACCATCATTTAGAACTCAAGTTTGTACATGGGATGATGAACTA 480

************************************************************

4178/94 GCACAAGCAATTGGGGGAGTTTATCCACAAACATATTCTGATAGATTTACATATTATGCA 540
5422/95 GCACAAGCAATTGGGGGAGTTTATCCACAAACATATTCTGATAGATTTACATATTATGCA 540
CWC245 GCACAAGCAATTGGGGGAGTTTATCCACAAACATATTCTGATAGATTTACATATTATGCA 540

************************************************************

4178/94 GATAATATATTATTAAACTTCAGACAATATGCAACTTCAGGTTCAAGAGATTTAAAAGTA 600
5422/95 GATAATATATTATTAAACTTCAGACAATATGCAACTTCAGGTTCAAGAGATTTAAAAGTA 600
CWC245 GATAATATATTATTAAACTTCAGACAATATGCAACTTCAGGTTCAAGAGATTTAAAAGTA 600

************************************************************

4178/94 GAATATAGTGTTGTAGATCATTGGATGTGGAAAGATGATGTTAAAGCTTCTCAAATGGTA 660
5422/95 GAATATAGTGTTGTAGATCATTGGATGTGGAAAGATGATGTTAAAGCTTCTCAAATGGTA 660
CWC245 GAATATAGTGTTGTAGATCATTGGATGTGGAAAGATGATGTTAAAGCTTCTCAAATGGTA 660

************************************************************

Figure 15: Nucleotide sequence alignment.
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5422/95
CWC245

4178/94
5422/95
CWC245
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5422/95
CWC245
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TATGGTCAAAATCCTGATTCTGCTAGACAAATAAGATTATATATAGAAAAAGGACAATCT 720
TATGGTCAAAATCCTOITTCTGCTAGACAAATAAGATTATATATAGAAAAAGGACAATCT 720
TATGGTCAAAATCCTGATTCTGCTAGACAAATAAGATTATATATAGAAAAAGGACAATCT 720
**************** *******************************************

TTCTATAAATATAGAATAAGAATTAAAAACTTTACACCTGCATCAATTAGAGTATTTGGT 780
TTCTATAAATATAGAATAAGAATTAAAAACTTTACACCTGCATCAATTAGAGTATTTGGT 780
TTCTATAAATATAGAATAAGAATTAAAAACTTTACACCTGCATCAATTAGAGTATTTGGT 780
************************************************************

GAAGGGTATTGTGCATAG 798
GAAGGGTATTGTGCATAG 798
GAAGGGTATTGTGCATAG 798
******************

Figure 15: Nucleotide sequence alignment (cont.).

Sequences were aligned versus the published cpb2 ORF from C. perfringens type C strain CWC245
(In blue, Gibert 1). White indicates identical nucleotides and black indicates nucleotide

mismatches. Black sequences are from this study.

Amino Acid Sequence Analysis of CPB2 in Different cpb2-positive Type A UK Human

Strains.

After representative UK human isolates had been nucleotide sequenced, their

amino acid sequences were deduced and compared to the previously determined CPB2

protein sequences from C. perfringens strains CWC245 (Fig. 16, [111), as well as other

recently determined human strains F4589, F5603, F4406, 191-10, C1841, and 13 (36, 9).

When the amino acid sequences of 4178 and 5422 where compared to CWC245, minor

changes were found. Strain 4178 CPB2 had three changes when compared to CWC245,

Asp to Gly at position 34, Gln to Arg at position 69, and Val to Ile at position 137 (Fig.

17). Strain 5422 CPB2 had five changes when compared to CWC245, Asp to Gly at

position 34, Asn to Ser at position 53, Gln to Arg at position 69, Val to He at position

137, and Asp to Gly at position 226 (Fig. 17). When the other C. perfringens human

isolates CPB2 amino acid sequences were used in analysis, it showed that all the strain

showed some variability in amino acid sequence (Fig. 17).
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A)
- Leader Peptide --

1 MKKIISKF1V TE
11(

FCFLIV DAIS MKASA EIDAYRKVM ENYINALKHY DIHTVVNISE 60

61 DERVNHVEcj REIEDFKID HJ.j.KSFEI INSQKSDHKE IFHVKTEFLH GAIYDIFTV 120

121 SSKDGKLIVS DHERTKVENE GKYILT SFR TQVCTWDDEL A(,)AIGGVY TYSDRFTYYA 180

181 DHILINFRQY ATSGSRDLKV EYSVVDHWMW KDDVKASQMV YGQN DSARQ IRLYIEKGS 240

241 FYKYRIRIKH FT ASIRVFG EGYCA* 266

B)
265 amino acids, 30 962 Da

30 amino acid
leader peptide

235 amino acids, is, 26 670Da
Processed peptide

Figure 16: The amino acid sequence of CPB2 from C. perfringens type C strain
CWC245. The signal peptide cleavage point is shown in A. In part B, a model of
CPB2 and the expected molecular weights of the processed and unprocessed forms
is shown.



KIENEGKYILTPSFRTQVCTWDDELSQ
KIENEGKYILTPSFRTQVCTWDDELSQ
IENEGIYI TPSIRMQVCTWOIIIS
I1NEGKYI TPSFRTQVCTWDDELSQUIG
I1NEGKYI TPSFRTQVCTWDDELSQIIG
IT EGKYI TPSFRTQVCTWDDELSQTIG

CWC245 1

41/0/4 1

1

Strain 13 1

F4589 1

191-10 1

C1841 1

F5603 1

F4406 1

CWC245 46

417 )4 46

5422/94 46

Strain 13 46
F4589 1

191-10 30

C1841 46

F5603 46
F4406 46

CWC245 91

4178/94 91

5422/94 91

Strain 13 91

F4589 1

191-10 75
C1841 91

F5603 91

F4406 91

CWC245 136
4178/94 136
5422/94 136
Strain 13 136
F4589 31
191-10 120
C1841 136
F5603 136
F4406 136
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KKIISKFTVIFMFSCFLIVGAISPMKASAKEI
KKIISKFTVIFMFSCFLIVGAISPMKASAKEI
KKIISKFTVIFMFSCFLIVGAISPMKASAKEI
KKIISKFTVIFMFS FLIVGAISPMKASAKEI

YRKVMENYL
YRKVMENYL
YRKVMENYL
YRKVMENYL

KNYDI
KNYDI
KNYDI

FKNYDI

ISEDERVNNVEQYREMLE
ISEDERVNNVEMYREMLE
ISEDERVNNVEQYREMLE
SEDER SDE

FKYDPNQQLKSFEI
FKYDPNQQLKSFEI
FKYDPNQQLKSFEI

EMLEEFKYDPNQQLKSFEI

F DIDTI
FKNYDIDTI
FKNYDIDTI
FKNYDIDTI

DEEQYREMLEEFKWDPNQQL FEI
VT EE LIEFKYDPNQ LKS EI
VT EE LMEFKYDPNQ LKS EI
VT EE LMEFKYDPNQ LKS EI

LNSQKSDNKEIFNVKTEFLNGAIYDMEFTVSSKDGKLIVSDMERT
LNSQKSDNKEIFNVKTEFLNGAIYDMEFTVSSKDGKLIVSDMERT
LNSQKSDNKEIFNVKTEFLNGAIYDMEFTVSSKDGKLIVSDMERT
LNSQ IDNKEIFNVKTEF GAIYD FTVSSKDGILIVSDMERT

TEF GAIYD FTVSSKDGKLIVSDMERT
EIFNVKTEF GAIYD FTVSPE GILIVSDME

D EIFS KTEFLNGAI EFTVS DWKL S

D EIFS KTEFLNGAI EFTVS DIKL S

D EIFS KTEFLNGAI IEFTVSYIDIKL S

ENEGKYILTPSFRTQVCTWDDEL QAIGGVYPQTYSDRFTYY
KIENEGKYILTPSFRTQVCTWDDEL AIGGVYPQTYSDRFTYY
KIENEGKYILTPSFRTQVCTWDDEL QAIGGVYPQTYSDRFTYY

IGG DP TYS RFTYY
IGG DP TYS RFTYY
GSDVDY'YS LFTYY
DAVSFT'S F

DAVSFT'S F

DAVSFT'S FQUS

Figure 17: CPB2 amino acid alignment.



CWC245
41 //' 7'1
5422/94
Strain 13
F4589
191-10
C1841
F5603
F4406

181
181
181
181
76

165
181

181

CWC245 226
4178/94 226
5422/94 226
strain 13 226
F4589 121
191-10
C1841 226
F5603
F4406 226
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DNILLNFRQYATSGSRDLKVEYSVVDHWMWKDDVKASQMVYGQNP
DNILLNFRQYATSGSRDLKVEYSVVDHWMWKDDVKASQMVYGQNP
DNILLNFRQYATSGSRDLKVEYSVVDHWMWKDDVKASQMVYGQNP
DNILLNFRQYATSGSRDLKVEYSVVDH DDVKASQMVYGQNP
DNILLNFRQYATSGSRDLKVEYSVVDH W DDVKASQMVYGQNP
DTI LNFRQYATSGS SLS YSVVI
I LNFRQYATSGS SLK YSVVDH
I LNFRQYATSGS
I LNFRQYATSGS YSVVDHWMIr

DSARQIRLYIEKGQSFYKYRIRIKNFTPASIRVFGEGY
DSARQIRLYIEKGQSFYKYRIRIKNFTPASIRVFGEGY
SARQIRLYIEKGQSFYKYRIRIKNFTPASIRVFGEGY
DSARQIRLYIEKGQSFYKYRIRIQ FTPASIRVFGEGY
DSARQIRLYIEKGQSFYKYRIRIQ FTPASIRVFGEGY

A
A
A
A

MI G s LIK YRI EM

Figure 17: CPB2 amino acid alignment (cont.).

iii

iii

A thresh hold of 50% was used for shading. Black indicates identical residues and
gray indicates similar residues. Orange sequences are from this study. Red

seqeucnes are from Fisher, et al. Other seqeunces were obtained from GenBank
(Green = Shimzui 1, Blue = Gibert 1).

Electroporation Capability of C. perfringens Type A UK Human Isolates.

The C. perfringens type A UK human isolates in this study were also tested for

their electroporatable capability. UK human isolate strains 4178 and 7458 were tested for

electroporatibility by electroporating with plasmid DNA pER751, which is a C.

perfringens E. coli shuttle vector which carries a erythromycin resistance marker.

Transformants were selected on erythromycin containing agar plates. C. perfringens type

A strain 13, which has previously been shown to be highly electroporatable, was used as

a positive control (28). When samples from isolates 4178/94, 7458/94, and 13 were

electroporated and plated on BHIA containing erythromycin (50 µg /ml), all three

produced transformant colonies. However, there was a difference in electroporatibility
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between the three strains, with strain 13 producing the most transformed colonies and

strain 7458 producing the fewest (data not shown).

a-toxin Expression by C. perfringens Type A UK Human Isolates.

The C. perfringens type A UK human isolates used in this study were

characterized for their a-toxin producing capabilities. By using reverse CAMP test, all

UK human isolates surveyed in this study (Fig. 18 for representative sample) produced

the arrow-shaped zone of synergistic hemolysis indicative of a-toxin production.

Figure 18: Alpha toxin detection by reverse CAMP test.
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Chapter 5

Discussion

The present study offers several significant contributions to the understanding of

genetics and pathogenesis of recently isolated cpe-positive/cpb2-positive C. perfringens

type A fecal isolates associated with human GI disease in the UK. Significant genotypic

and phenotypic analyses were presented in this study to characterize these new strains.

Localization of the cpe and cpb2 gene was also determined for these isolates in this study.

This research also presents the first analysis and characterization of a CPB2 positive

human isolates. This is also the first analysis of a C. pelfringens type A isolates carrying

both the cpe and cpb2 genes. Finally, this research also presents sequence analysis of the

cpb2 gene in human isolates, and offers a comparison with cpb2 gene sequences present

in animal isolates.

Genotypic Analysis of C. pelfringens Type A UK Human Isolates.

This current study presented the genotypic characterization of these newly

isolated C. petfringens type A UK human isolates. These isolates were originally

screened through multiplex PCR to determine their toxinotypes (Table 1). This original

multiplex PCR looked for the presence of the alpha (cpa), beta (cpb), epsilon (etx), iota

(ia), enterotoxin (cpe), and beta 2 (cpb2) genes. All of these PCR reactions where carried

out using primers that amplified internal segments of the genes of target, and not the

entire genes. As was reported in the results, the multiplex PCR reported that 23% of the

UK human isolates amplified a 233-bp internal fragment of the cpe gene (Table 1).

To confirm the presence of the cpe gene, the UK human isolates were subjected to

Nrul RFLP Southern analysis. The enzyme Nrul was picked particularly because of its
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ability to give a presumptive determination as to the localization of the cpe gene (5 and

39). In previous studies, Nrul digested RFLP Southern blots gave a hybridizing band at

either a 5kb DNA fragment, indicating the cpe gene is located chromosomally, or a

>20kb DNA fragment indicating the cpe gene is located on a large plasmid (5, 39).

Using the same Nrul RFLP analysis in this study we were able to confirm the presence or

absence of the cpe gene and get a presumptive idea of the localization of the cpe gene in

the surveyed UK isolates. When Southern blot analysis was performed on the UK human

isolates, 32% produced a hybridizing band, indicating the presence of the cpe gene in

those isolates (Table 3). Of these cpe-positive isolates, 86% gave a hybridizing band of

5-kb, indicative of plasmid localization, while the remaining 14% gave a hybridizing

band of >20-kb, indicative of chromosomal localization (Table 3). The number of

southern blot cpe-positive isolates was very close to the multiplex-PCR results (32% to

39% respectively), although there were a few mismatches. When comparing multiplex-

PCR and RFLP Southern blot results, it should be noted that one of the multiplex PCR

cpe-positive isolates, 3009/94, was RFLP negative. At the same time, 5 UK human

isolates (strains 7458/94, 5422/94, 4828/94, 3433/95, and 3409/94) were positive for

RFLP analysis but negative for multiplex cpe PCR amplification. This difference may be

due to the mis-amplification of cpe gene by cpe primers present in the multiplex mix.

Also, this original screening was conducted at a clinical facility where multiplex PCR is

not regularly conducted and thus may have been misperformed. Upon completion of the

analysis of the cpe gene in the UK human isolates, the isolates were screened for the

presence of the cpb2 gene. Again, the isolates were originally screened through multiplex
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PCR. This multiplex PCR analysis reported that 45% of the isolates positively amplified

a 567-bp PCR cpb2 internal fragment (Table 1).

In this study, PCR was repeated to confirm the presence of the entire cpb2 gene.

The primer set 3F/5R was used to amplify the entire ORF of the cpb2 gene, not just an

internal fragment. Using these primers, 39% of the isolates positively amplified a 1373-

by PCR cpb2 fragment (Table 4). When these results were compared with the multiplex

PCR, they were very similar (39% to 45% respectively). The primer set used in the

multiplex PCR amplified a region of the cpb2 gene from nt 225 to nt 792, while 3F/5R

amplified the entire ORF of cpb2. Thus the fragment amplified by the primer set 3F/5R

contained the area amplified by the multiplex PCR assay. It is possible that the difference

in results was seen because the fragment amplified by the multiplex PCR assay is an area

that contains significant variation between strains. By amplifying a smaller fragment of

the cpb2 gene, it is more likely that a mismatch in sequence will inhibit amplification.

To further reconfirm the presence of the cpb2 gene sequences in UK human

isolates, these isolates were subjected to RFLP Southern analysis. When Southern blot

analysis was performed on the UK human isolates, 39% of the isolates produced a

positive hybridizing band (Table 4). It was interesting to observe that the positive isolates

gave a varying fragment size. Fragment sizes ranged from 8-kb to 20kb in size. It is also

interesting to note that greater than half of the isolates (70%) had a fragment size of >20-

kb (Table 4). This size variation was also observed in cpb2-positive pig GI disease

isolates (43). It is interesting to note, however, that all of the cpe/cpb2 positive isolates

had a fragment size of >20-kb. This becomes important for a possible diagnostic method.

When this data was compared with that of the PCR results, it was determined that the
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RFLP Southern data matched the PCR data using primer set 3F/5R exactly as well. This

suggests that the 39% of the isolates were indeed positive for the cpb2 gene. Thus it does

appear that the larger PCR primer set 3F/5R was the more reliable than the multiplex

assay and produced the fewest false positives and negatives.

It was very interesting to note that there were several UK human isolates that

were positive for the cpb2 and not for cpe. Nine of the UK human strains (20.5%) tested

positive for cpb2 through PCR and RFLP Southern analysis, while these isolates were

negative for cpe PCR and Southern RFLP analysis (Table 3 and Table 4). This is

interesting data in that it is the first example of isolating cpb2 positive C. perfringens type

A from human feces associated with GI disease. And although all of the isolates are

positive for cpa (a-toxin), it's role in type A enterotoxaemia remains unknown (43). Thus

the data in this study shows the first possible connection between cpb2-positive isolates

and human GI disease.

When further looking at the genotypic data gathered in this study, it is important

to look at the data collected for the cpe and cpb2 genes individually and collectively. The

multiplex PCR analysis performed earlier indicated that there were in fact 6 UK human

isolates (14%) that were positive for both the cpe and cpb2 gene; isolates 3425/95,

3429/95, 4178/94, 5282/95, 5408/94 and 6257/94. During our genotypic analysis, we

determined that there was actually a greater number of isolates containing both the cpe

and cpb2 gene. Through RFLP Southern analysis and PCR screening we determined that

8 UK human isolates (18%) were positive for both genes; isolates 3433/95, 4178/94,

4370/94, 5282/95, 5408/94, 6253/94, 6257/94, and 6263/95. Again, it was interesting that

the data from this study did not match up with that collected from the multiplex PCR
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analysis, with only four of the strains being the same, and six of the strains giving

different results. However, we feel confident in our data due to the fact that it was

confirmed using RFLP Southern analysis, and in the case of the cpb2 data, was confirmed

using multiple DNA probes and PCR analysis.

It's also important to note that all UK isolates that were positive for both the cpe

and cpb2 gene carry their cpe gene on a plasmid, and not a chromosome. Thus, from the

genotypic data collected in this study, it appears that the cpb2 gene is only present in non-

food borne C. perfringens human GI disease isolates. It also interesting to note that all of

the cpe and cpb2 positive isolates gave the same fragment size (>20-kb) when RFLP

Southern analysis was conducted using a cpb2 DNA probes. All of this data collectively

confirmed that 2% of UK isolates contained both the cpe and cpb2 gene.

Localization of the cpe and cpb2 Gene in UK Type A Human Isolates.

Localization of the cpe gene was looked at originally through the Nrul digested

RFLP analysis of the UK human isolates. As has previously been reported (5, 39), there

is a very high correlation between disease etiology and the localization of the cpe gene in

cpe positive human isolates. Isolates that carry the cpe gene chromosomally are linked

with cases of food poisoning, while isolates that carry the cpe gene on a plasmid are

linked with non-food borne disease, such as antibiotic associated diarrhea. When NruI

RFLP analysis was performed using a cpe-specific probe on the UK human isolates, 32%

of the isolates were reported as positive. Of these, 86% (12 out of 14) were presumptively

determined to carry the cpe gene on a plasmid (Table 3). Only 2 of the UK human

isolates, strains 6263/95 and 7458/94, appeared to carry the cpe gene on their

chromosome (Table 3).
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To confirm these presumptive chromosome versus plasmid localization results,

PFGE Southern blot analysis was conducted on all cpe-positive UK human isolates.

When the 14 cpe-positive isolates were PFGE Southern blotted using the same cpe

specific probe, 12 of the isolates (86%) produced hybridizing bands of 50-kb in the gel.

Two UK human isolates, 6263/95 and 7458/94, only produced hybridizing bands in the

gel wells and no bands within the gel were resolved. These results matched up perfectly

with the results determined during the Nrul RFLP Southern analysis, thus confirming that

86% of the UK human isolates carried the cpe gene on the plasmid and the remaining 2

isolates carried the cpe gene chromosomally (Table 3).

As another form of confirmation of the localization of the cpe gene, 1-Ceul RFLP

PFGE Southern analysis was performed on the chromosomally localized cpe positive

isolates. Two gel blocks containing unsheared DNA from UK human isolate strains

6263/95 and 7458/94 were prepared for PFGE Southern blotting, one block was digested

using 1-Ceul while the other block was not. When both blocks were run and Southern

blotted using the cpe-DNA probe, non-digested blocks produced hybridizing bands only

at the gel wells, no migration was seen into the gel. However, I-CeuI digested 6263/95

and 7458/94 gel blocks produced hybridizing bands at approximately 360kb, indicating

that the DNA containing the cpe gene was digested and thus is chromosomal. These

results were again both in agreement with the previously conducted Nrul RFLP Southern

blot and PFGE Southern blot analyses conducted, confirming the localization of the cpe

gene in the cpe-positive UK human isolates.

Again, this research looked at the cpb2 gene and it's localization as well. In

previous studies, the cpb2 gene had been localized on a large plasmid, in all animal
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isolates (11, 43), regardless of their toxinotypes or geographical origin. Presently, there

have been no isolates identified that carry the cpb2 gene on the chromosome. To confirm

or refute that the UK human isolates in this study carried the cpb2 gene on a large

plasmid, all cpb2-positive isolates were subjected to PFGE Southern blotting using the

cpb2-specific probe. The PFGE analysis conducted in this study of the UK human

isolates showed that all of the cpb2-positive isolates carried their cpb2 gene on a plasmid

(Table 4). Another interesting aspect of this data is that when performing the cpe and

cpb2 PFGE analysis in this study, it was noticed that the hybridizing band for both of

these genes was 50-kb. When the PFGE Southern membranes were stripped and probed

with the opposite gene-specific probe, the hybridizing bands appeared in the exact same

position as well. This could suggest that both the cpe and cpb2 gene be present on the

same plasmid. Further research, in particular the sequencing of this plasmid, will be

required to support this hypothesis.

To further confirm the localization of cpb2 on the plasmid in the UK human

isolates used in this study, 1-Ceul RFLP PFGE Southern analysis using the cpb2-specific

probe was conducted on a representative isolates (3433/95, 4178/94, and 4370/94). When

PFGE was performed on 1-Ceul digested or undigested blocks, both gel blocks for each

isolates produced a hybridizing band of 50-kb. Since there was no difference in the

hybridizing band produced when the PFGE gel was Southern blotted, it was apparent that

the 1-Ceul had no effect on the DNA carrying the cpb2 gene in the isolates, and thus the

cpb2 gene must be located on a plasmid and not on a chromosome. Taken together, these

two PFGE analyses indicated that all of the surveyed UK human isolates carry their cpb2
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gene on a plasmid (Table 4). It also confirmed that in the UK human isolates, all cpe

positive/cpb2 positive isolates have plasmid localization of the cpe and cpb2 gene.

The final aspect of genotypic analysis conducted on the UK human isolates was to

make sure that the isolates were not clonally related. Banding patterns created by the

separation of the Sma-I digested total DNA fragments through PFGE were compared

amongst the different isolates. Analysis from this study concluded that none of the

isolates were clonally related. This non-clonality was also observed in pig GI disease

isolates (43). Collectively, these PFGE results suggest that the acquisition of the putative

cpe, and cpb2, containing plasmid may be a critical step for C. perfringens isolates

becoming enteropathogenic for humans.

Phenotypic Analysis of UK Human Isolates.

Expression of a-toxin:

The current research presented here also looked at many of the phenotypic

characteristics of the UK type A human isolates used in this study. One of the first things

done was to determine if the isolates could express a-toxin. Through the previously done

multiplex PCR analysis, all UK human isolates were determined to carry the cpa (a-

toxin) gene. To determine a-toxin expression, the reverse CAMP test was run on all the

UK human isolates. All isolates produced the synergistic hemolysis, indicating the

positive expression of a-toxin. This was done primarily as a confirmation of the PCR and

toxinotyping for these UK human isolates, as the role of a-toxin as a virulence factor in

type A isolates remains unknown at this point.

Expression of the CPB2 in UK Type A Human Isolates:
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One of this current study's most significant finding is the presentation of the first

evidence that CPB2 is expressed by many, if not all, cpb2-positive UK type A human

isolates. No data had been presented that type A cpb2-positive human GI disease isolates

were positively expressing the CPB2. Recently, data has been published showing that

most, if not all cpb2-positive type A isolates isolated from CPB2-associated pig GI

diseases positively express the CPB2 protein (43). In this present study, all cpb2-positive

human isolates were examined for their ability to actively produce the CPB2 protein.

Two different protein preparations were used during this study. Preparations were

originally conducted using ammonium sulfate as the method for precipitation of proteins

(43). Difficulty was encountered when trying to concentrate the CPB2 protein from some

of the human isolates. If ammonium sulfate precipitation did not work, samples were

prepared using centricon tubes. Centricon tubes concentrate proteins by filtration at high-

speed centrifugation.

Through staining of SDS-PAGE gels, it was determined that our protein

preparations were properly isolating C. petfringens supernatant proteins as was observed

earlier (43). When Western blotting was conducted on the cpb2-positive UK human

isolates, all of the cpb2-positive UK human isolates positively produced an immuno-

reactive band at 28 kDa. This 28 kDa band was detected using both the ammonium

sulfate and centricon protein preparation for the cpb2-positive isolates. This is consistent

with the previously reported size (11). Further support for this is that the 28 kDa sized

band reported here is the same as the band size reported in Western blot analyses recently

reported in cpb2-positive type A pig isolates (43). Collectively, these findings also
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suggest that most, if not all, cpb2-positive UK human isolates do indeed express and

secrete the CPB2 protein (Table 4).

This data also provides important evidence supporting the virulence potential of

cpb2-positive type A isolates. All of the cpb2-positive/cpe-negative UK human isolates

were positively expressing CPB2. This supports the earlier determined genotypic

information in this study, as well as adding more information that suggests that CPB2

plays a role in human GI disease.

Analysis of UK Type A Human Isolates Positively Expressing CPE and CPB2.

Another very important finding of this study is the presentation of evidence for

the first time, that type A human isolates that actively express both CPE and CPB2. To

date no isolates have been shown to positively express both the CPE and the CPB2

protein. In this study, UK type A human isolates that were determined as cpe and cpb2

positive through earlier genotypic experiments were screened for the expression of CPB2

and CPE. Through these evaluations, it was determined that eight UK human isolates

contained both the cpe and cpb2 gene (3433/95, 4178/94, 4370/94, 5282/95, 5408/94,

5422/94, 6253/94, and 6257/94). All eight of these isolates were analyzed by Western

blotting for their ability to express CPB2, and as stated previously, they all tested

positively. Thus it was determined under normal growth conditions these three cpe/cpb2

positive isolates expressed CPB2.

All cpe-positive isolates produced a 35-kDa immunoreactive band when Western

blotted using rabbit polyclonal CPE-antibody for detection of the CPE protein (Table 3).

This resulting immunoreactive band size is consistent with previously reported results for

CPE detection (31). Of particular interest is the fact that UK human strain 3433/95,
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4178/94, and 4370/94 were all positive for CPE expression. Thus under sporulating

conditions, these cpelcpb2 positive isolates express the CPE protein.

The cpe/cpb2 positive UK human isolates in this study were then tested for their

production of the CPE and CPB2 proteins under sporulating conditions to determine if

CPB2 expression was regulated by sporulation at all. When Western blotted for CPE and

CPB2 respectively, cpe/cpb2 positive isolates positively expressed both CPE and CPB2.

This data shows that under sporulating conditions, these isolates can positively express

both the CPE and CPB2 toxins. This data shows that CPB2 expression is not regulated by

sporulation.

This data presents added evidence for the importance of human isolates being

cpb2 positive. These results show that under normal disease conditions (i.e. sporulating

conditions), these isolates produce multiple toxins, which may work cooperatively or

synergistically in causing disease.

The electroporatibility of some of a representative group of the UK human

isolates was also determined in this study. Two of the UK human isolates, strains 4178/94

and 7458/94 were both subjected to electroporatibility tests. Both strains were positive

for electroporation. Through comparison with the previously reported electroporation

positive type A strain SM101, it was determined that strain 4178/94 produced 90% as

many positively electroporated colonies as SM101, while strain 7458/94 produced 25%

as many positively electroporated colonies as SM101. This data is very useful when

considering genetic manipulation o these strains. Many C. perfringens strains are

reported as being none-electroporatable. Since electroporation has become such an

important tool in genetic manipulation and the creation of mutants, having a very limited
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number of isolates to work with severely hampers how much work can be done with

certain genes. The fact that these two strains both are electroporatable, and the fact that

strain 4178/94 appears to be highly electroporatable, indicates that these two isolates, and

possibly other isolates amongst the UK human isolates, both have the potential to be used

as tools for transformation. In future studies, knock-out mutants of the cpb2 gene could

be constructed using these strains to determine the role of cpb2 in human pathogenesis as

was done with the cpe gene to fulfill Koch's molecular postulates (32).

Sequencing Analysis of the cpb2 Gene in Type A UK Human Isolates.

The final important aspect of this study was to determine the nucleotide sequence

of the cpb2 gene in type A UK human isolates and compare it with previously determined

sequences. Two of the UK human isolates, 4178/94 and 5422/94 (both cpe/cpb2 positive)

were used for the sequencing analysis in this study. These isolates were chosen because

4178/94 is a very strong CPB2 and CPE expresser while 5422/94 is a weaker CPB2

expresser. Both strands of the entire cpb2 ORF were sequenced twice. When the cpb2

ORF sequences were assembled for each of the isolates, they were then compared versus

the originally published sequence of type C pig isolate CWC245 (11). It was determined

that isolate 4178/94 had three nucleotide differences with CWC245, while isolate

5422/94 had five nucleotide differences with CWC245. When compared to each other,

4178/94 and 5422/94 had only two nucleotide differences. This data shows that UK

human isolates 4178/94 and 5422/94 appear to be more closely related than either is with

strain CWC245. It's important to note that the three nucleotide differences that 4178/94

had with strain CWC245 were conserved in strain 5422/94, which had an additional two
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errors with CWC245. This data provides evidence that the UK human strains are more

closely related to each other than to a type C animal isolate.

To make sure that the CPB2 protein is the same or very closely related to,

transnational studies were done on the derived cpb2 ORF sequence from UK human

isolates 4178/94 and 5422/94. After translation was complete, the resulting amino acid

sequence was analyzed and was found to have no stop mutations, and projected to encode

a protein of 265 amino acids (11). This data corresponds with amino acid sequence data

previously published on CPB2. The resulting amino acid sequences were then compared

against the previously determined amino acid sequence of CWC245. As expected, there

were three amino acid differences between 4178/94 and CWC245. At position 34 Asp

was changed to Gly, at position 69 Gln was changed to Arg, and at position 137 Val was

changed to Ile. The change of Val to Ile is not a major change, as Val and Ile both carry

apolar R groups. However, the changes of Asp to Gly and Gln to Arg are significant

changes. When isolate 5422/94s amino acid sequence was compared to CWC245, five

nucleotide changes were present. The same three changes exhibited in 4178/94 were

present as well as a change at position 53 from Asn to Ser and a change at position 226

from Asp to Gly. Interestingly, a majority of the changes in the amino acid sequence

seem to occur near the 5' end of CPB2, only one appears near the terminal end of the

protein, and that change is only seen in 5422/94.

Finally, the amino acid sequences of the UK human isolates were also compared

to the amino acid sequence of recently determined sequences for six other type A

isolates, strain 13, F4406, C1841, 191-10, F5603, and F4589 (9, 36). These isolates were

previously isolated human isolates, and it is important to note that some of these strains
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(13 and C1841) have been shown to be negative for expression CPB2 (9, 36). By

analyzing these amino acid sequences, the isolates seem to be gathered into groups.

Strains F4406 and F5603 have identical CPB2 sequences, and C1841 has only one

difference with these two strains. However, when compared to the consensus sequences,

these three strains had only 71% homology. Strain 191-10 was very unique, showing

little homology with the other isolates and having only 81.5% homology with the

consensus amino acid sequence. Strains 13 and F4589 were the most homologous with

the type C pig isolate CWC245's CPB2 sequence, with F4589 having only four

differences (98.5% homology) and 13 having eight differences (97% homology). When

comparing the amino acid sequences of these isolates, it was interesting to note that the

human isolates had so little conservation. This was in conflict with amino acid sequence

analysis done in type A pig isolates (43). With most of the type A isolates, the cpb2 ORF

sequence has been reported as being highly conserved. When isolate 4178/94 was aligned

with several of the other isolates, several interesting observations were made. The amino

acid change at position 137 from Val to Ile was conserved in all of the other human

isolates. Only CWC245 had a Val at that position. The amino acid change at position 69

from Gln to Arg in 4178/94 was a new mutation, seen only in 4178/94. However, at this

position there was great variation seen, and only a few of the isolates had the same amino

acid at this position. Again, at position 34 where 4178/94 exhibited a change from Asp to

Gly, some of the other human strains exhibited a mutation here, although none of them

presented a Gly here. These results were obviously the same for the similar mutations

with strain 5422/94. The two additional mutations in 5422/94 at position 53 and 226 were

also analyzed. Isolate 5422/94s change from Asn to Ser at position 53 was not seen in
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any of the other human strains, although again there was some variation at this point in

some of the other strains. Interestingly though, strain 5422/94 was the only strain to show

any variation at position 226, where an Asp was exchanged for a Gly. In fact this

mutation and CWC245 carrying the Val at position 137 were the only two mutations

carried by only a single isolate.

Overall, it was interesting to note that the UK human isolates used in this study

had very similar sequences to the amino acid sequence determined for CPB2 using type C

pig isolate strain CWC245 (99% homology). The isolates analyzed in this study did not

share much homology with the other type A human isolate CPB2 amino acid sequences

(43). This data shows that the UK human isolates in this study may be closer to type A

pig isolates then other type A human isolates. It also insinuates that possibly these

cpe/cpb2 positive UK human isolates may have gained their cpb2 containing plasmid

from a pig or other animal isolate. It should be pointed out that a recent study (2)

demonstrated that the cpe plasmid can be transferred from cpe-positive isolates to cpe-

negative isolates by conjugation. Considering that data presented here indicates that the

cpe and cpb2 gene are carried on a similar sized plasmid, it's likely that the cpb2 plasmid

may also have this property. In fact, it's conceivable that the cpe and cpb2 gene are

located on the same plasmid. Further sequencing of the plasmid containing the cpb2 gene

is underway, and this data will invariably help to answer these questions.
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Chapter 6

Conclusion

The possible involvement of CPB2-positive C. perfringens type A isolates in

human GI diseases raises several important questions. What role does CPB2 play in

human GI disease, and is CPB2 responsible for some, or possibly all, GI symptoms of

CPB2 positive human isolates? In previous studies, cpb2-positive isolates have been

linked with necrotizing enterocolitis in pigs (43). All of the cpb2-positive/cpe-negative

UK human isolates screened in this study positively expressed CPB2 and did not express

CPE. This data would seem to point to the explanation that CPB2 is playing a significant

role in causing human GI disease as well. Since this current study confirms that all of the

UK type A human isolates can produce the a-toxin, it is possible that the

enteropathogenicity of these CPB2-producing type A isolates are augmented by either the

a-toxin (a-toxin has been implicated in some animal diseases [43]) or their ability to

produce one or more of the "minor" C. perfringens toxins (21). However, it would seem

from the data presented in this study that CPB2 does play a role in human disease.

Further studies involving gene studies, such as creating a cpb2 knock-out mutant, could

help address the role and relative contribution of CPB2 versus other toxins in C.

perfringens CPB2-associated human GI diseases.

The identification of and possible involvement of CPE-positive / CPB2-positive

C. perfringens type A isolates in human gastrointestinal disease isolates also raises

several important questions. It has been shown through previous studies that CPE plays a

very important role in human GI diseases (30). Considerable evidence exists that

implicate CPE as the toxin most, if not fully, responsible for the symptoms of C.
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perfringens type A food poisoning. The importance of CPE in the GI pathogenesis of C.

perfringens type A non-food borne human GI disease isolates has also previously been

shown. So, knowing that all of these cpe/cpb2 positive isolates are positively expressing

CPE and CPB2, as was shown in this study, many interesting questions arise.

Epidemiological evidence has been reported that cpe-positive C. perfringens non-food

borne isolates cause longer lasting and more serious symptoms than cpe-positive C.

perfringens food poisoning isolates (5). Do the CPE positive / CPB2 positive isolates

produce longer lasting symptoms of human GI disease by working together? Do CPE and

CPB2 produce GI symptoms, or are the GI disease symptoms seen in cpe/cpb2 positive

isolates caused by CPE? In the event that the cpe/cpb2 positive isolates are producing

both CPE and CPB2 under sporulation conditions, as was shown in this study, do CPE

and CPB2 work synergistically or individually? It's also possible that in the case of

human GI disease, the CPE and CPB2 toxins, even though capable of being produced

under the same conditions, are produced at different stages of human GI disease. These

questions could be answered through further gene studies, creating knock-outs and doing

more animal testing to determine the roles of CPE and CPB2 when co-produced, and the

relative contribution of the two toxins in human GI disease.

The significance of the data presented in this study can be seen when looking at

the pathogenesis of these strains. If indeed the CPB2 toxin is playing a role in human

disease, further understanding of this relatively un-known toxin and it's role in disease

will need to be determined. Further epidemiological studies and screening of known

human isolates for their expression of CPB2 will also greatly help in the understanding of

the role of CPB2.The data from this study points strongly to an association of human GI
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disease and CPB2 toxin, and because so little is known of this toxins action in humans,

much research will need to be done.
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