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SUMMARY

SUMMARY

Clostridium difficile, a Gram positive, anaerobic, spore-forming bacterium is the
commonest cause of hospital acquired infection in the UK. The organism initiates
infection through spore formation and attachment, germination in the gut and then the
production of two potent cytotoxins; toxins A and B. While the contribution of toxins A
and B to infection is beyond dispute the relative importance of each toxin is a subject of
debate. Thus diagnostic assays capable of rapidly detecting the presence of both toxins are
needed.

To develop such an assay we first characterised the structure of C. difficile spores to better
understand their role in pathogenicity and adherence to organic and inorganic surfaces.
Following attachment the spore germinates and the resulting vegetative bacteria express
toxins. To facilitate the development of an assay capable of detecting both toxins, we
employed a bioinformatics based approach which identified highly conserved nucleotide
sequences within regions of each toxin which we hypothesised were under strict selective

pressure.

The specificity of the probes identified was confirmed using a panel of 58 clinical C.
difficile isolates, related Clostridium isolates, non-related species and human gut
metagenomic DNA samples. Selected probes were incorporated into a metal enhanced
fluorescent assay platform and their ability to detect the organism in various organic
backgrounds was determined. We were able to detect as few as 10 bacteria in 500 pl of
human faecal material within 40 seconds, suggesting that this approach has the potential to

be developed into a commercial assay.

To support the development of this assay we sought to develop an insect infection model
using the worm Manduca sexta. Our inability to initiate infection, inspite of the fact that
bioinformatic analysis revealed the presence of genes with homology to known insect
virulence factors, suggests that C. difficile may have potential evolutionary association to

invertebrates.
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INTRODUCTION

1.1. HISTORY OF CLOSTRIDIUM DIFFICILE

First isolated from neonates in 1935 by Hall and O’Toole, Clostridium difficile was
originally known as Bacillus difficilis due to its difficulty to isolate from human faeces.
Hall and O’Toole established the toxigenic nature of C. difficile when experimenting with
rabbits and guinea pigs, finding that when broth culture of the organism was injected in
the animals, lesions, respiratory arrest and occasionally death occurred. At the time the
toxin was thought to be a type of neurotoxin (Lyerly et al., 1988). The only knowledge
available on B. difficilis was a few papers between 1934 and 1962, which were
documented by Willis in his book “Clostridia of wound infection” in 1969 (Duerden et al.,
1992).

It was not until 1978 that Bacillus difficilis- renamed Clostridium difficile - was identified
as the causative agent of pseudomembranous colitis (PMC). Prior to this, clinicians were
aware that antibiotic therapies induced PMC and associated diarrhoea. Antibiotics such as
clindamycin and lincomycin were implicated in causing disease (Small et al., 1968).
Meanwhile in the USA, Green (1974) had described a cytotoxin present in the stool of
guinea pigs after penicillin treatment, and Tedesco et al. (1974) found a significant

association between PMC development in patients receiving clindamycin treatment.

Even so the correlation between C. difficile and the toxic effects observed by Green and
Tedesco et al. (1974) were not established until a few years later. Bartlett et al. (1978),
with their letter pertinently titled “Will the real Clostridium species responsible for
antibiotic-associated colitis please step forward?”, were the first to contest the conclusions
from two previous papers naming Clostridium sordellii as the cause of PMC (Rifkin et al.,
1977; George et al., 1978). Rifkin et al. (1977) described a heat labile cytotoxin capable of
killing hamsters and causing vascular permeability in the skin of rabbits. The cytotoxin
was neutralised by the C. sordellii antitoxin but not by other clostridial antitoxins, or
antitoxins to Escherichia coli or Vibrio cholerae toxins, thus leading to the conclusion that
C. sordellii caused PMC (George et al., 1978).

Interestingly Bartlett et al. (1978) were reluctant to ascribe C. sordellii with a pathogenic
role in the disease as they had not isolated the bacterium from stool cultures. PMC
sufferers were known to have intestinal lesions and although injections of C. sordellii into
the caecum of hamsters resulted in death, the autopsies did not produce evidence of

2
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lesions or cell cytotoxicity. Bartlett et al. (1978) had in fact isolated C. difficile from
infected patients. Broth cultures of C. difficile were injected into the caecum of healthy
hamsters and gave rise to colitis symptoms seen in humans. Additionally the toxin was
found to be cytopathic and was neutralised when mixed with the gas gangrene producing
C. perfringens antitoxin and C. sordellii antitoxin. Thus as more reports showed
correlations between C. difficile infection and PMC, C. difficile was fully implicated with
arole in PMC (Burdon & George, 1978; Keighley et al., 1978; Larson et al., 1978).

Early literature on C. difficile can be confusing as the cytotoxin was considered to be the
only toxin produced from the organism. Taylor et al. (1981) actually found that another
enterotoxin existed which elicited a positive response in biological assays and degraded on
polyacrylamide electrophoresis into two molecules- one of which appeared to migrate
with the purified cytotoxin band. This toxin was designated toxin A and was thought to
play an important role in C. difficile associated disease (CDAD). This was indeed
confirmed by further research (Banno et al., 1981; Sullivan et al., 1981). It was then

firmly established that C. difficile produced two distinct toxins.
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1.2. CLOSTRIDIUM DIFFICILE ASSOCIATED DIARRHOEA

1.2.1. Pathogenesis & Infection

C. difficile manifests in varying severity from mild diarrhoea to fatal colitis in antibiotic-
treated patients (Voth & Ballard, 2005). The gut microbiota of antibiotic-treated patients is
disrupted allowing C. difficile, which may be exogenously acquired or endogenous to the
colon, to proliferate. Carriage of C. difficile can be asymptomatic and occurs in 40-60% of
neonates and 1-3% of healthy adults (Kuijpers & Surawicz, 2008). In the hospital
environment the organism is primarily acquired exogenously through the faecal-oral route
(Figure 1.1; Salyers & Whitt, 2002).

m_ difficile sporesr\
Transmission ingested by

through hands patient Germination of
Staff! spores in gut
Environmental Equipment Clostridium difficile
contamination Infection Cycle Asymptomatic
with spores carriage
Antibiotic
Treatment
Vegetative cells
and Spores in
faeces
Toxin Release Alteration of Gut
Diarrhoea Flora

Figure 1.1: Clostridium difficile Infection Cycle

The transmission of Clostridium difficile from faeces to infection can be seen.

Following uptake spores pass through the stomach, are thought to germinate in response to
bile salts and other environmental factors in the gut, and attach to the gut wall to colonise
this environment (Panessa-Warren et al., 2007; Sorg & Sonenshein, 2008). Disease arises

when there are enough clostridia present to produce copious amounts of toxin.

Toxin A causes necrosis of cells, inducing tumour necrosis factor alpha (TNF-a),
interleukins IL-1pB, IL-6 and IL-8 and toll-like receptors (TLR-2) to be produced which
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signals for transcription factor NFkB (Poutanen & Simor, 2004; Giannasca et al., 2004;
Janeway et al., 2005). The human immune system also produces high levels of
immunoglobin G (IgG) in response to toxin A post colonisation, suggesting that a robust
antibody response contributes to protecting the host from CDAD (Voth & Ballard, 2005).
The toxins activate intestinal nerves to release neuropeptides and a calcitonin gene-related

peptide (CGRP), thought to have proinflammatory properties.

Neutrophil response and polymorphonuclear leucocytes are stimulated by the release of
inflammatory mediators such as macrophage inflammatory protein 2 (MIP-2) identified in
rats, from the macrophage and resident mast cells. Mast cells are degranulated post
exposure to toxin A. These factors all contribute to the associated inflammatory response
and pseudomembrane formation, increased intestinal permeability, causing electrolyte
imbalance and inhibition of protein synthesis (Figure 1.2). This may result in damage to
the intestinal mucosa, villi and mast cells, thus causing a bloody, viscous fluid to be
released- i.e. diarrhoea and pseudomembranous colitis (PMC). This inflammatory
response has been demonstrated in vivo using rabbit or rat ileal loop models (Voth &
Ballard, 2005).
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Figure 1.2: Pathophysiology of C. difficile infected gut

(a) Healthy gut epithelial cells with normal microbiota. (b) Microbiota disrupted by antibiotic treatment. C
difficile spores and vegetative cells start to proliferate. (¢) Toxins A and B are released from vegetative cells.
Immune response is initiated and M cells are damaged. Electrolyte imbalance occurs. (d) Inflammation
results in CDAD and pseudomembranous colitis.

Toxin B is known as a cytotoxin and does not elicit fluid release however in vitro it has
been shown to be lethal to cells (Genth et al., 2008). Polymorphonuclear leucocytes
migrate between mucosal cells promoting damage and perforation, thus allowing toxin B
to diffuse across the mucosal membrane and cause further damage to the intestinal wall.
This pore formation has been found to be cell-specific and dependent on cholesterol
(Giesemann et al., 2006). If the damage to the intestinal wall becomes too extensive
bacteria can enter the blood stream to cause septicaemia. In an endoscopy, yellow-white
raised plaques are seen on the pseudomembranes, with inflamed mucosa (Kuijpers &
Surawicz, 2008). These yellow plaques (Figure 1.3) are accumulations of fibrin, mucin
and dead host cells, initially forming a few lesions, and progressing to form spreading
pseudomembranes, which have been found to form a sheath over the entire colonic

mucosa in some cases (Lyerly et al., 1988). This is what distinguishes the severity of the
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disease from colitis (Salyers & Whitt, 2002; Poutanen & Simor, 2004). Ultimately PMC
can lead to toxic mega colon and even death- as the disease rapidly increases in severity
within the space of two weeks (Wren et al., 2009). Thus rapid detection methods are

needed to elucidate the presence of C. difficile and diagnose the infected patient.

Figure 1.3: Pseudomembrane formation in a patient infected with C. difficile
Pseudomembrane formation can be seen in the form of raised yellow plaques on the lining of the gut wall.

These are accumulations of fibrin, mucin and dead host cells. Taken from Kuijpers & Surawicz (2008).

Indeed the role of toxins A and B in CDAD have been debated. A study by Lyras et al.
(2009) suggested that C. difficile strains producing only toxin A did not elicit CDAD, and
that only toxin B production was essential for disease. The impact of this study was the
move within the healthcare industry to produce diagnostics which focused only on toxin B
detection. A more recent study by Kuehne et al. (2010) however re-established that a
mutated strain of C. difficile which produced only toxin A could in fact elicit disease,
meaning that both toxins A and B have a role in CDI. Thus it is important to develop
diagnostics able to accurately detect both toxins A and B of C. difficile.

1.2.2. Prevention and treatment of CDAD

In order to prevent C. difficile infection control measures need to be employed within the
hospital environment (Gerding et al., 1995). These measures include strict practices such
as hand washing rather than using alcohol hand rubs as C. difficile spores are resistant to
alcohol (Bartlett, 2006). Furthermore use of gloves and disinfection with sodium
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hypochlorite has resulted in decreased incidence of CDAD (Department of Health &
Health Protection Agency, 2008). An increased level of surveillance to detect new cases
and isolate patients with CDAD can also help limit spread of the bacteria (McFarland,
2005).

The most important risk factor for C. difficile infection is antibiotic use. Broad spectrum
antibiotics including clindamycin, aminopenicillins, cephalosporins (cefoxitins) and
fluoroquinolones are used to treat pathogens which infect patients (Pepin et al., 2005).
Simultaneously, however, they disrupt human colonic microbiota and the host can become
susceptible to opportunistic pathogens such as C. difficile (Mulligan et al., 1984; Deneve
et al., 2008). Fluoroquinolones such as moxifloxacin were found to increase CDAD when
North American epidemic strain (NAP1) PCR ribotype 027 emerged (Biller et al., 2006;
Deneve et al., 2008).

To successfully treat CDAD broad spectrum antibiotic usage must be discontinued and
replaced with a narrow spectrum antibiotic (McFarland, 2005).The primary antibiotics
used to manage CDAD are vancomycin and metronidazole which are bactericidal to C.
difficile; although this treatment is associated with relapse (Hinkson et al., 2008).
Vancomycin is given orally at 125 mg four times daily for 10-14 days while
metronidazole is given orally at a dosage of 250 mg respectively four times daily (or 500
mg three times daily) for 10-14 days depending on severity of disease (Kuipers &
Surawicz, 2008). Original studies have recommended metronidazole as first-line treatment
of CDAD, as it is significantly less expensive than vancomycin, and reduces selective
pressure for the emergence of vancomycin- resistant Enterococci (VRE). Guidelines set
out by the UK Department of Health recommend that metronidazole be used in mild cases
of disease, and vancomycin be used in severe incidences (Department of Health & Health

Protection Agency, 2008).

Ramoplanin is a glycolipodepsipeptide used to treat VRE infections and is currently being
evaluated as another measure to combat CDAD (Freeman et al., 2005). Recently
tolevamer, a novel toxin-binding anionic polymer, has been found to improve CDAD
without affecting normal guy microbiota. Tolevamer works by binding to toxins A and B
via a styrene sulphonate polymer (Miller, 2007). Phase 2 clinical trials with tolevamer
demonstrated a trend for reduced re-occurrence of C. difficile infection (Hinkson et al.,
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2008). Low risk of C. difficile infection has also been found with use of tigecycline
(Wilcox, 2007).

Faecal transplants and bowel irrigations are currently being used to replace the original
microbiota of the gut (Macconnachie et al., 2009). Studies have shown that patients who
have had this treatment do not have any reoccurrence of infection (McFarland, 2005). In
cases of toxic mega colon where the patient develops severe PMC, a total colectomy is a
last resort, as hemi-colectomies have a 100% mortality rate (Miller, 2007).

Probiotics are increasingly being used as a means of restoring normal gut microbiota
following antibiotic treatment to prevent C. difficile proliferation (Miller & Fraser, 2009).
Probiotics are not as yet widely accepted as an effective means for prevention and is the
subject of much debate. Even so, some scientists recommend probiotics use in CDAD
prevention to attempt to restore normal colonic microbiota. In 1989 Surawicz et al. found
that Saccharomyces boulardii, a non-pathogenic yeast, prevented infection and relapses in
clindamycin treated animals. It is normally given twice a day to infected patients, but is
not given to immuno-suppressed patients as fungaemia can occur (Kuipers & Surawicz,
2008). Other probiotics include Lactobacillus rhamnosus GG, Lactobacillus acidophilus,

Lactobacillus bulgaricus and Lactobacillus plantarum 299v (Miller, 2007).

Immunomodulation via active and passive immunity is being considered to prevent CDI.
Active immunity involves vaccination with toxin gene-derived vaccines; however there is
currently no direct evidence to demonstrate the efficacy of this approach (Miller, 2007).
Even so, the company Acambis (based in Cambridge) is developing the world’s first
vaccine against CDAD which commenced clinical trials in 2008. Passive immunity
involves the administration of preformed antibodies capable of neutralising the activity of
toxin A and B (Miller, 2007).

New therapies for CDAD and recurrence of CDAD include the production of human
monoclonal antibodies against the two toxins of C. difficile. Lowy et al. (2010) have
recently performed a randomised, double blind placebo controlled study of two
neutralising, fully human monoclonal antibodies against toxins A and B. The antibodies
were administered in an established hamster model of C. difficile infection, as well as in

phase 1 with human healthy volunteers, and significant efficacy of these antibodies was
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found. A phase 2 randomised trial involving 200 patients with CDAD who were treated
intravenously with the antibodies, along with standard antibiotics, reduced the
reoccurrence rate of infection by 70% (Lowy et al., 2010). However the cost of IV
antibody therapy is likely to be high. This antibody combination is currently in the process

of being licensed to Merck.

1.2.3. Epidemiology

The number of death certificates (Figure 1.4) in England and Wales which mentioned the
bacterium C. difficile in 2007 was 8,324 - an increase of 28% from 2006 (Office of
National Statistics, 2010). Most deaths occurred in the elderly with mortality rates in
patients over the age of 85 between 3,429 and 3,396 per million populations (Office of
National Statistics, 2010). Importantly approximately 80% of reported cases of C. difficile
were in patients 65 years of age or older. Before the emergence of the BA/NAP1 027
strain in 2003, the cases of CDAD were not deemed significant across North America or
Europe (Figure 1.5; Kuijpers et al., 2008). However between October 2003 and June 2004
an outbreak caused by the ribotype 027 strains at Stoke Mandeville Hospital involved 174
cases and 19 deaths due to C. difficile (Freeman et al., 2010). A second outbreak occurred
in October 2004 again at Stoke Mandeville involved 160 and another 19 deaths occurred.
An investigation afterwards concluded that the outbreaks were the result of poor patient
environments and infection control practice (Freeman et al., 2010).

10
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Figure 1.4: National Statistics of C. difficile

Graph from National Statistics data depicting the number of death certificates mentioning Clostridium
difficile as the cause of deaths in England and Wales 2006-2010. (Data taken from Office of National
Statistics online). After 2007 there is a steady decrease in mentions of C. difficile. There are fewer mentions

in 2010 compared to 2007, attributed to better implementation of cleaning practice.

Currently in England there is a C. difficile PCR Ribotyping Network (CDRN) which
allows for rapid ribotyping of samples (HPA, 2010). Indeed in 2008- 2009 the CDRN
processed 4682 samples in England, the most prevalent being 027 (36%), 106 (13%) and
001 (7%) (Freeman et al., 2010). The costs of C. difficile infection are estimated by the
European Centre for Disease Prevention and Control (ECDPC) to be between €5.000-
15.000 per case in England and $1.1 billion per year in the USA. Across Canada and the
USA the incidences of C. difficile infection (CDI) have changed radically, increasing from
36.5 cases per 100 000 population in 1991 to 156.3 cases per 100 000 population in 2003
(Office of National Statistics, 2010). A similar epidemiological increase occurred from 2.7
cases per 1000 in 1997 to 6.8 per 1000 discharges in 2001.
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Figure 1.5: Distribution of Clostridium difficile type 027 strain in Europe by country
This image shows the areas across Europe where outbreaks of 027 ribotype occurred and the sporadic cases

of C. difficile. (Taken from Eurosurveillance, June 2008: Kuijpers et al., 2008.)

1.2.4. Incidence in Animals

There have been many documented cases of CDI in a range of livestock and domestic
animals. C. difficile has been suggested to be an enteric pathogen of horses, associated
with acute colitis post antibiotic treatment- usually with erythromycin (Baverud, 2002;
Taha et al., 2007). The organism has also been identified as a cause of enteritis in calves,
with toxins A and B found to be in 25.3% and 22.9%, respectively, of diarrhoeic calves
(Hammit et al., 2008). The dominant isolate in the calf was found to be of ribotype 078.
Ribotype 078 has been implicated as a cause of enteritis in piglets. Further genetic
evaluation via multiple locus variable number tandem repeat analysis (MLVA) revealed
porcine 078 strains and human 078 strains are genetically related (Debast et al., 2009).
Therefore there is a high degree of similarity between human toxinotype V strains and

animal toxinotype V strains (Jhung et al., 2008; Alvafrez-Perez et al., 2009).
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C. difficile has been found to cause enteritis in captive ostriches. In other species enteritis
occurs in stressed neonates or antibiotic treated animals, however in ostriches C. difficile
IS presumed to be an important commensal (Frazier et al., 1993). In this particular case
described by Frazier, the presence of an antibiotic compound called sulfamerazine in feed
could have induced clinical symptoms. Replacement of sulfamerazine with oral penicillin
was shown to reduce mortality by 50% in the ostriches, but it seems that CDAD is a
common problem in captive ostriches. Another interesting incidence of C. difficile is in
desert locust Schistocerca gregaria Forskal, where it was found to be a commensal of the
gut flora. C. difficile has also been found in retail meat and salads, indicating food could
be involved in transmission from animals to humans (Bakri et al., 2009). C. difficile has
also been found in the environment. Studies of the distribution of C. difficile within the
environment of South Wales have found its presence in river water at a percentage of
87.5%, sea water (44%) and in 46.7% of lake samples taken throughout South Wales (Al
Saif & Brazier, 1996). C. difficile was also recovered from soil samples and 50% of

swimming pools examined in the same study (Al Saif & Brazier, 1996).
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1.3. GENERAL MICROBIOLOGY

1.3.1 Clostridium difficile

C. difficile is a member of the Firmicutes phylum, and the family Clostridiaceae. The
bacteria grow optimally at 37°C and are heterotrophic. C. difficile is an anaerobic spore
forming bacillus, possessing subterminal spores and peritrichous flagella conferring its
motility (Hafiz & Oakely, 1976). Bacilli have dimensions of 0.5-1.9 um by 3.0-16.9 um
(Hatheway, 1990). Bacteria also stain Gram positive; however older colonies sometime do
exhibit Gram stain variability (Aktories & Wilkins, 2000). C. difficile is known to have a
pleomorphic nature, and varying morphologies have been observed with strains (Reynolds
et al., 2010; Siani et al., 2010). Indeed dwarf colonies have been documented in culture,
representing colonies from inoculated spores which have subsequently germinated
(Wilkins, 2000; J. S. Brazier: personal observation).

Colonies have a ground glass appearance on agar with an irregular lobate edge. Typically
on blood agar media the diameter of colonies ranges from 3-5 mm (Figure 1.6; Aktories &
Wilkins, 2000). Colonies change form with age and sporulation is noticeable on cultures
>72 hours post incubation. This is when the colonies have reached stationary or decline
phase of growth. Interestingly these colonies have been described to have a “fried egg”
appearance at 48-72 hours of incubation due to the raised whitish- grey centre spot visible
in the colony.

On selective agar media colonies appear to have a bluish/ green tinge due to an alpha- type
haemolysis (Aktories & Wilkins, 2000). The most common selective agar used for C.
difficile isolation from stool specimens is cycloserine cefoxitin fructose agar (CCFA).
Under ultraviolet light colonies can characteristically exhibit a yellow-green fluorescence
(chartreuse) and exude a pungent horse manure-like odour (Delmee, 2001). The distinct
odour is attributed to C. difficile’s ability to produce isovaleric acid, isocaproic acid and p-
cresol (Levett, 1984). Indeed C. difficile can withstand a concentration of 0.5% p-cresol,
unlike other anaerobic bacteria which are inhibited at this concentration (Dawson et al.,
2008).
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Figure 1.6: Clostridium difficile active cultures.
A: C. difficile grown on CCFA under white light. B: C. difficile grown on CCFA under UV light. Chartreuse
colour visible. (Images courtesy of Daniel Phillips) C. Individual colonies of C. difficile showing

characteristic lobate edges. (Image courtesy of Sciencephoto.com).

1.3.2. Vegetative cells

Vegetative C. difficile cells have complex structures, some of which serve as potential
virulence factors (Figure 1.7). Certain strains C. difficile possess flagella which confer
motility. Flagella are thought to be involved in gut colonisation and have been shown to
play a role in cell adherence (Tasteyre et al., 2000; 2001). Tasteyre et al. (2001) found that
crude flagella were able to adhere 10x more strongly to mouse caecum tissue compared to

a non-flagellated strain of the same serogroup.

C. difficile vegetative cells also possess fimbriae. Fimbriae are 4 - 9 nm in diameter and 6
nm in length and are thought to be involved in adhesion; however as yet no association
between fimbriae and adherence ability of strains has been determined (Borriello, 1998).

Some strains of C. difficile produce a polysaccharide capsule (glycocalyx), which is

15



INTRODUCTION

thought to protect the bacterium from phagocytosis by polymorphonuclear leucocytes
(PMN) i.e. it is an antiphagocytic factor. It has been suggested that toxigenic strains which
produce more fimbriae and capsular material may cause more severe cases of disease;

however this is still the subject of some debate (Bongaerts & Lyerly, 1997).

Figure 1.7: Vegetative cells of Clostridium difficile.
False-coloured SEM image of vegetative cells of C. difficile strain DS1748. Characteristic bacilli rods

(purple) are visible. Scale bar represents 5 um.

1.3.3. Vegetative cell proteins

The surface layer (S-layer) of C. difficile is a proteinaceous para-crystalline structure
surrounding the vegetative cell (Fagan et al., 2009). The S-layer has been implicated in
adhesion and colonisation of cells within the gut and as a protector of the cell against
parasitic attack by bacteriophages. The S-layer consists of S-layer proteins (SLP) (which
act as a molecular sieve) and cell wall proteins (Cwp) (Waligora et al., 2001). Eleven cwp
genes are found to be clustered around the slp locus, and those downstream of sIpA (cwp2-
cwp7) are conserved between strains (Calabi et al., 2001; Sebaihia et al., 2006). Of all the
Cwp, CwpV is the largest and is known to promote C. difficile aggregation (Reynolds et
al., 2011).
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The S-layer comprises of two peptide subunits encoded by the single sIpA gene and is the
major surface antigen to which the immune system is exposed (Ni Eidhin et al., 2008).
The pre-protein of sIpA contains a signal peptide which guides translocation across the cell
membrane and production of mature SLP post cleavage (Fagan et al., 2009). Mature SLP
are high molecular weight (HMW) and low molecular weight proteins (LMW), ~40 kDa
and ~35 kDa respectively, which facilitate adhesion to cell culture lines (Calabi et al.,
2001). The LMW protein is an immunodominant antigen (i.e. this protein is most easily
recognised by the immune system, and thus influences the specificity of the induced
antibody) and so antibodies against this protein are most common in sera from patients
with CDAD.

Interestingly there are differences in sequence homology between strains of C. difficile
particularly in the LMW protein which has been found to induce very limited
immunological cross reactivity. Indeed the LMW antigen is the main basis of serotyping
of C. difficile, which comprises of 21 main serogroups. The HMW sequences do not show
any sequence identity to the LMW sequences, are highly conserved between strains and
are immunologically cross reactive (Fagan et al., 2009). The HMW sequences are 70-71%
identical, whereas the LMW proteins possess 34-40% identity. The reason for sequence
conservation in the HMW proteins has yet to be elucidated, although it has been noted that
the variable regions of the LMW proteins appear to resemble those of flagellin sequences,
which possess highly variable central sequence segments (Calebi et al., 2002).
Alternatively, this lack of sequence identity may prevent the host mounting a protective
immune response and enable reinfection, thus conferring an evolutionary advantage
(Calebi et al., 2002). Hence as the S-layer surrounds the cell almost completely there is
potential for it to be used as a vaccine, and an antibody response may also be used to
eliminate carriage of C. difficile (Ni Eidhin et al., 2008).

1.3.4. Spores

C. difficile produces spores in times of stress, such as nutrient depletion and in aerobic
environments. Spores are highly resistant to desiccation, extreme temperatures and
chemicals and contaminate the environment through faecal soiling from infected patients,
often surviving in the environment for months (Gerding et al., 2008). The spores
themselves appear to be composed of a number of concentric layers as can be see in
Figure 1.8. These layers consist of an inner core surrounded by an outer coat layer and a
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cortex peptidoglycan layer. Indeed not all spores exhibit the same structure, with some
spores possessing an outer exosporium layer hypothesised to play a role in spore

adherence (Figure 1.8; Joshi et al., Unpub.).

Cortex
Peptidoglycan
Layer

_EEE=N

Figure 1.8: TEM images of Clostridium difficile spores.

Exosporium

A. TEM image of a spore of strain DS1748. Concentric layers of the spores can bee seen. B. TEM image of
a spore of DS1813 with exosporium visible. The layers of the spore coat are visible. Scale bar represents 100
nm. Both images are of clinical isolates examined during this study.

1.3.4.1. Sporulation

Sporulation is induced by limitations in certain key nutrients in a population of cells
(Durre, 2005). In Bacillus and Clostridium species the mechanism of sporulation is quite
similar; however C. difficile sporulation has not been extensively studied. In times of
nutrient depletion, vegetative cells generate spores. Initially the vegetative cells split
asymmetrically producing two septa which both contain a copy of the chromosome (Sorg
& Sonenshein, 2008). The mother cell subsequently engulfs the smaller forespore,
assisting it with maturation, and addition of layers such as the peptidoglycan cortex and
coat proteins (Figure 1.8) allows formation of the endospore. The mother cell lyses
releasing the spore into the environment, where it lays dormant until conditions are

adequate for germination to ensue (Durre, 2005).

Recently proteins expressed in the outer spore coat layer of strain CD630 have been
identified as carrying catalase, peroxiredoxin and chitinase activity. These coat proteins
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are CotCB, CotD and CotE respectively (Permpoonpattana et al., 2011). CotCB and CotD
proteins express putative manganese catalases and CotE act as a bi-functional protein with
peroxiredoxin and chitinase activity (studied in Chapter 4), which is hypothesised to play
a role in assembly of the spore coat via protein monomer polymerisation. However the

exact functional activity of these proteins has yet to be fully elucidated.

1.3.4.2. Sporulation genetics

C. difficile lacks the genes present in most bacilli which govern the phosphor-relay system
triggering sporulation. As C. difficile sporulation mechanisms are not yet clear, B. subtilis
is used as a model organism for sporulation. In B. subtilis there are 5 sigma factors
associated with sporulation working in a series to direct RNA polymerase to transcribe
genes in varying stages (Figure 1.9; Piggot & Losick, 2002; Piggot & Hilbert, 2004). An
early event in sporulation is the synthesis and activation of sigma factor H ("), which

joins the core polymerases and directs them to promoter sites: the SpoOA- genes.

SpoOA products negatively or positively regulate the genes and are transcription factors
(Durre, 2005). These products allow for formation of the septa and forespore as described
earlier (Section 1.3.4.1). In C. perfringens SpoOA assists in both toxin production and
sporulation; however in C. difficile the role of SpoOA has been debated. Indeed
Underwood et al. (2009) generated SpoOA mutants by inactivating genes encoding Spo0OA
and associated sensor kinases to understand their contribution to sporulation, revealing
links between toxin production and the sporulation pathway. Sigma factors E and F are
active in forespore development and are later replaced by sigma factors G and K. In B.
subtilis the sigG gene region downstream shares synteny with C. difficile but has different
genes inserted into this area (Durre, 2005). Interestingly, the genome of C. difficile
possesses a prophage-like element known as skin inserted in the sigma-factor K (c*) gene.
This 14.6 kb skin insertion encodes a RNA polymerase sigma factor required for efficient
sporulation (Haraldsen & Sonenshein, 2003).
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Figure 1.9: Sporulation Initiation SpoOA Pathway (Adapted from Piggot & Hilbert, 2004)

Kinases (KinA - KinE) phosphorylate the Spo0 genes: SpoOF- the sporulation initiation phosphotransferase.
Spo0B the response regulator and the phosphoryl group is then passed onto the master regulator SpoOA
(Paredes et al., 2005). Spo0A is subsequently phosphorylated on an aspartate active site, resulting in binding
to a target sequence known as the “OA box” near the promoters of genes controlled by SpoOA, leading to
gene activation or repression (Underwood et al., 2009). Some spore-forming bacteria have evolved to utilise

Spo0A to adapt their virulence and ability to survive.

1.3.4.3. Spore germination

Germination occurs when there is change in optical density caused by spore rehydration
and calcium dipicolinate (CaDPA) release (Sorg & Sonenshein, 2008). The stimulus of
spore germination has yet to be established in C. difficile; however the primary bile salts
cholate, taurocholate and glycolate have been shown in vivo to cause spore germination
(Giel et al., 2010). Indeed early experiments involved supplementing selective agar with
sodium taurocholate and other bile salts such as deoxycholate (Wilson et al., 1982;
Wilson, 1983; Buggy et al., 1985). The normal physiological concentration of sodium

taurocholate in the duodenum is approximately 6.9 mmol I* and 1.2 mmol I* in the
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jejunum (Leverrier et al., 2003) which, interestingly, corresponds with the optimal range
for germination of C. difficile previously found by Sorg & Sonenshein (2008) and
Wheeldon et al. (2008). Glycine has also been found to be a potent co-germinant of C.
difficile spores (Sorg & Sonenshein, 2008; Wheeldon et al., 2008).

Conversely, chenodeoxycholate has been found to inhibit germination in the presence of
taurocholate and cholate (Sorg & Sonenshein, 2009). Another inhibitor of spore
germination in vivo is cholestyramine- a bile salt sequestrant, responsible for the removal
of excess bile salts from the lower digestive tract (Giel et al., 2010). Cholestyramine is
used as a treatment for CDAD, but the efficacy of cholestyramine has been debated as bile
acid synthesis increases 42-46 fold once cholestyramine is ingested. In addition
cholestyramine is able to bind to the antibiotic vancomycin potentially competing with its
activity (Giel et al., 2010).

Spore germination is initiated in the presence of germinants, such as nutrients, surfactants,
lysozyme, peptidoglycan and dipicolinic acid. There are no known germination receptors
in C. difficile, and as such Bacillus spp are used as study examples. In B. subtilis,
germination occurs in response to asparagine, glucose, fructose and potassium (Setlow,
2003). Three sensory receptors are located within the B. subtilis spore inner membrane
which activates the germination process; gerA, gerB and gerK (Durre, 2005). Once
germination is initiated there is no way of stopping the spore from converting into a
vegetative cell, even if the germinants are removed. After this, there is cation (H*, Na",
K*) and CaDPA release leading to hydrolysis of the spore peptidoglycan layer (Figure
1.8). At this point the water content of the spore increases, the core of the spore expands

and enzymatic activity, metabolism and spore outgrowth is able to occur (Setlow, 2003).
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Figure 1.10: Main events in Spore germination (Adapted from Setlow, 2003)

The cycle of spore germination has distinct stages. The first is activation; the mechanisms of which have yet
to be elucidated. Secondly Stage 1 involves core hydration and ion release, leading to stage 2 where there is
total core hydration, expansion and loss of characteristic spore resistance. At the outgrowth stage there is
degradation of small acid soluble proteins (SASP), degradation of spore coats and finally emergence of a

vegetative cell capable of metabolism.

1.3.4.4. Enzymes necessary for spore germination

Spore germination enzymes have been well studied in C. perfringens. The enzymes
associated with spore hydrolysis are SleB and CwlJ, known specifically as spore cortex-
Iytic enzymes (SCLEs). CwlJ breaks down the peptidoglycan layers leading to outgrowth,
however the mechanisms of activation for SleB remains unknown. CwlJ is thought to be
activated by CaDPA from the spore coat. Another enzyme —SleC- is essential for complete
hydrolysis to occur, and enzyme SleM is able to degrade peptidoglycan in the spore
cortex, but is not essential for spore germination (Burns et al., 2010).

Sebaihia et al. (2006) found genes homologous to the CwlJ and SleB genes of B. subtilis
(CD3563), and the SleC genes of C. perfringens (CD0551), within the genome of C.
difficile CD630 (Sebaihia et al., 2006). In fact, in a recent paper Burns et al. (2010) found
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SleC mutants in C. difficile R20191 were unable to germinate and form colonies, even in
the presence of germinants such as taurocholate, whereas the parent strains were capable
of producing colonies. This suggests that SleC is in fact necessary for germination of C.
difficile spores (Burns et al., 2010).

1.3.4.5. Exosporium- a role in germination?

An exosporium layer has been found to surround spores of the highly plastic genome
sequenced C. difficile strain 630 (Sebaihia et al., 2006; Lawley et al., 2009). Other
investigations into the exosporium of C. difficile ATCC 9689 and 43594 have revealed
that during early germination endospores produce strain-specific exosporial projections
which appear to facilitate attachment of the spore to agar or to other spores (Panessa-
Warren et al., 1997). In a later paper (2007) Panessa-Warren also reported bumps and
knobs covering the spore at the initial stages of attachment, which later developed into
more pronounced protrusions. Interestingly the visualization of spore structure during
germination and the structural role of the exosporium have not yet been defined. However
it is clear that bile salts, spore structure and the function of certain spore layers must all

play a part in germination of the spore in the gut.
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1.4. MOLECULAR BIOLOGY OF TOXINS

1.4.1. Large clostridial toxins

Pathogenic isolates of C. difficile usually produce two toxins: toxin A (TcdA- enterotoxin)
and toxin B (TcdB- cytotoxin). These toxins are part of the large clostridial toxin (LCT)
family which target the rho-GTPases and the Ras-GTPases (guanosine triphosphases)
responsible for regulation of actin cytoskeleton dependent cell functions. Furthermore
these GTPases are also involved in cell apoptosis, transcription and transformation (Table
1.1; Aktories & Just, 2005; Alouf & Popoff, 2006). These single chained toxins are
composed of three distinctive functional domains and are characterised by their cytopathic
effects on cell culture (Von Eichel-Streiber et al., 1996). Other classification properties
include: (a) high molecular weight (ranging from 250-308 kDa); (b) an amino- terminal
enzymatic domain with characteristic repeats; (c) a central hydrophobic region; and (d) a
carboxy-terminal domain with carbohydrate recognition sequence repeats (CROPS)
(Rupnik et al., 2009).

Table 1.1: Properties of large clostridial toxins
The main properties of toxins from species within the family of LCTs are shown and compared.

Clostridium Toxin  Size Homology (%) Cytopathic Cellular Position of Enzymatic
species (kDa) (No. effect target glucosylation Activity
oligonucleotide typical for: proteins
repeats)
C. difficile | TcdA 308 48/15 TcdB Rho, Rac, Thr37 (Rho) UDP-
Cdc42 glucosylation
TcdB 270 100 TcdB Rho, Rac, Thr37 (Rho) | UDP-N-acetyl-
Cdc42 glucosylation
TcdB- | 270 93/2 TesL -
1470
C. sordellii | TcsH 300 - - Rac, Ras,
Rap, Ral
TesL 270 76/14 TesL Rac, Ras, Thr35 (Rho) UDP-
Rap1, Rap2 glucosylation
C. novyi Tena 250 32/16 TcdB Rho, Rac, - UDP-N-acetyl-
Cdc42 glucosylation
C. Tepl - - - Ha- Ras, - UDP-
perfringens Rap1B, Rasl glucosylation
Tpel - - TcdB, TesL Thr35 (Rho) | UDP-N-acetyl-
glucosylation
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Toxins from other species classed within this family include Clostridium novyi’s alpha
toxin (TcnA), Clostridium sordellii’s haemorrhagic (TcsH) and lethal toxins (TcsL), and
Clostridium perfringens (types B and C) toxin TcpL, due to their structural and functional
relatedness (Figure 1.11; Rupnik et al., 2009). Recently C. perfringens has been shown to
possess another LCT, TpeL (Nagahama et al., 2011). This has implications in terms of C.
difficile toxin evolution, as it was previously thought that C. difficile toxins were only
related to two other species of clostridia; C. novyi and C. sordellii (Amimoto et al., 2007).
It is well documented that C. difficile’s two toxins share high similarity with C. sordellii’s
toxins. Indeed, C. difficile TcdA is a functional homolog of TcsH, and TcdB is a homolog
of TesL (Figure 1.11).

14.18 oilF28537|emb|Z48636.1]_C._novyi_Tena_
218 250885375 _707545-714645_C difficile_tcdB_R20281
4.01
219 gi4D442jemb|¥531 38.1|_C._difficie_TcdB_WPH D463
6.9
5.20 oi[1 000694|emb|X82638.1|_C._sordeli_TcsL_6018
1.08

D0 qi4pa39/emb| 51797 1|_C._difficile_tedA_PH D463

5.43

\ED gil260685375_715995-7241 27 _C _difficile_TecA_R20291

4.07

9.03 oi[1 2437741 6_673-5628_C _perfringens_Tpel

Figure 1.11: Phylogenetic tree demonstrating relatedness of large clostridial toxins.

Genetic relatedness is determined from nucleotide sequences of the toxins using average percentage distance
(%). Tree constructed using the Jalview™ programme for multiple sequence alignments. Interestingly TcdA
of C. difficile appears to be more closely related to the TpeL toxin of C. perfringens. TcdB is more closely
related to the TcsL toxin of C. sordellii, and C. novyi appears to have diverged from the main toxin family,

and thus has its own separate lineage.
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1.4.2. Structure of the large clostridial toxins

The N- terminus of tcdA and tcdB is 543 aa and harbours the glucosyltransferase (GT)
domain which is responsible for the glucosylation of Rho proteins. The central
translocation domain is characterised by a hydrophobic region (956-1128 aa) which is
thought to have a role in membrane penetration during the infective process by
translocation of proteins across cellular membranes (Von Eichel-Streiber et al., 1992;
Aktories & Barbieri, 2005). The cysteine protease domain is also in this region. The
combined translocation and receptor binding domains are classed as the delivery domain
(Figure 1.12; Genth et al., 2008).

The C- terminus harbours the receptor binding domain of tcdA and tcdB and a putative
transmembrane domain which controls receptor- binding and pore formation. This region
consists of short homologous aa residues known as CROPS- combined repetitive
oligopeptides and exhibits homology to the carbohydrate-binding regions of GTs from
Streptococcus mutans (Just & Gerhard, 2004).

CROPs within TcdA are 21 to 50 residues long and can be repeated throughout the
protein. These repeats are isolate-specific, giving rise to the theory that this region of the
toxin may have been generated from multiple duplication and recombination events in the
gene (Rupnik et al., 2005). The increased repetitiveness of sequence could also explain the
agglutination activity of TcdA in the infective process (Voth & Ballard, 2005).
Interestingly these repeats are only conserved at nucleotide level within tcdA, resulting in
frequent homologous recombinations such as deletions and insertions (Alouf & Popoff,
2006). The tcdB encodes CROPs that are homologous to four of the CROPs of tcdA (Voth
& Ballard, 2005).
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Figure 1.12: Detailed domain structure of large clostridial toxin of Toxin B.

Tripartite Structure of TcdB: (a) Three functional domains are visible. (b) Putative Functions of regions
within domains given:

1. Trp: Binding site for phosphatidylserine

2. DXD Motif Glucosyltransferase Domain: Short conserved motif is found in many families of
glycosyltransferases and is expected to play a carbohydrate binding role in sugar-nucleoside diphosphate and
manganese dependent glycosyltransferases.

3. GTPase Substrate specificity: Catalytic domain harbours enzymatic activity

4. Cysteine Protease: Homology to RTX toxins of Vibrio Cholerae

5. Hydrophobic Region: Possible involvement in pore formation and delivery of the catalytic domain into
the cytosol of the cell

6. DXG Aspartate Protease: DXG (1665aa) motif is suggested to be part of an aspartate protease domain,
possibly involved in processing of the toxins.

7. CROPs: clostridial Repetitive Oligopeptides- repeating units.

1.4.3. Mechanism of action of the large clostridial toxins

LCT are glucosyltransferases that modify the host cell membrane G proteins which
control cell processes- mainly targeting actin polymerisation, resulting in host cell death
(apoptosis) (Poxton et al., 2001; Salyers & Whitt, 2002; Voth & Ballard, 2005). The
toxins glucosylate the Rho, Rac and Cdc42 GTPases at the threonine residue (Thr35/37)
which is essential for the switch function of the GTPases (Giesemann et al., 2008). This
renders them inactive (Salyers & Whitt, 2002). The G proteins cycle between two states;
the GDP (guanosine diphosphate) binding state and the GTP (guanosine triphosphate)
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binding state (Salyers & Whitt, 2002). Toxins A and B act upon the GDP-bound state, as
this configuration allows the threonine to be uncovered, thus allowing easier glucosylation
by the toxins. This reduces the activity of the GTPase in the G protein, resulting in an
imbalance of cellular function (Figure 1.13; Salyers & Whitt, 2002).

GTP GDP

(a) Thr /% Thr

‘ EFFECT

GDP- bound GTP- bound
formofG formof G
protein PO, protein
UDP
(b) UDP- Glucose

S ©-

Weakens binding of
GTP

Figure 1.13: Toxin Mode of Action:
(a) The normal GTP cycle with the threonine residues being glucosylated. (b) The effect of glucosylation on
the G proteins by toxins A and B. The glucosylated GTP bound form residue has a lower affinity for GTP,

disrupting the normal functions of the G protein causing changes to host cells.

1.4.4. Mode of action of toxins A and B
The mode of action of the toxins is specific. Toxins A and B are both cytotoxic; however
toxin B is more potent than toxin A. Both cause severe vascular permeability by disrupting

junctions between cells and causing haemorrhaging (Poutanen & Simor, 2004). The toxins
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bind to specific receptors. The receptor for toxin A in animals is the trisaccharide Gal-p1-
4GIcNAc and Gal-a1-3GIcNAc which is not present in humans. In humans the co-receptor
for toxin A is glycoprotein 96 (gp96), binding to the apical membrane of the host cell
(Rupnik et al., 2009). Toxin B binds to an unknown receptor on the baso-lateral
membrane of the host cell (Rupnik et al., 2009).

Upon binding both toxins are endocytosed by low pH endosomes. This in turn induces
structural changes leading to pore-formation. Qa’Dan et al. (2000) established this by
using bafilomycin- a macrolide antibiotic derived from Streptomyces griseus, finding that
endosomes with a low pH may cause a conformational change in the protein regions in the
toxins. The toxin N termini are translocated into the cytosol across the membrane by the
translocation domain and then transferred into the cytosol through pores (Poxton et al.,
2001). The glucosyltransferase domain in the cytosol is released by autoproteolysis and
targets GTPases (Rho, Rac). The delivery domain is then cleaved by autoproteolysis

triggered by inositol hexakisphosphate (InsPg) (Davies et al., 2011; Reinike et al., 2007).

The cysteine protease domain is also thought to play a part in the auto-proteolytic
cleavage, as it is located adjacent to this site (Ergerer et al., 2007). This cysteine protease
is linked to the RTX toxin of Vibrio cholerae, which possesses a catalytic triad comprising
an aspartate-1665 residue (also present in tcdB), a cysteine 698 residue and a histidine 653
residue. Hence it has been suggested that the clostridial glucosylating toxins belong to a
new family of cysteine proteases. The catalytic domain of the toxin is translocated into the
cytosol of target cells, which supports the theory of toxin autocatalytic cleavage (Egerer et
al., 2010). Dithiothreitol (DTT) induces cysteine protease activity by increasing the
synergistic effect of InsPg, which in turn activates the cysteine protease domain (Reineke
et al., 2007).

1.4.5. Pathogenicity Locus

Toxin production is encoded by the tcdA and tcdB genes located on a 19.6 kb
pathogenicity locus (PaLoc) that encompasses three additional small open reading frames
(ORFs): tcdR, tcdE and tcdC (Figure 1.14; Cohen et al., 2000; Spigaglia & Mastrantonio,
2002). Toxin A'is 8.1 kb in length and is 308 kDa consisting of 2710 aa residues and toxin
B is 7 kb in length and is 270 kDa consisting of 2366 aa residues (Bongaerts et al., 1994;
Faust et al., 1998).
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The PalLoc is located between two insertion sequences- cdu 2/2 and cdd 2-3 located
upstream and downstream respectively of the PaLoc (Cohen et al., 2000). The locus also
contains ORFs for insertion sequence cdu-4 (Spigaglia & Mastrantonio, 2002). In every
toxigenic C. difficile strain the PaLoc has been found to be present at the same
chromosomal integration site, and in non-toxigenic strains this site is replaced by a 115 bp
non-coding sequence (Rupnik et al., 2009; Stare & Rupnik, 2010). This gene organisation
is not conserved in all strains, and usually C. difficile strains are compared to reference
strain VPI10463 (Figure 1.14) via a system known as toxinotyping, as described in
Section 1.5.2.

cdu?’ cdd1

cdi2 | cdud PaLoc (19.6 kb)
N il

SN P

cdd2 cdd3 cddd

Figure 1.14: Pathogenicity Locus of C. difficile

PalLoc of C. difficile strain VPl 10643 (toxinotype 0). The PaLoc includes two large toxin genes (tcdA,
tcdB) and three accessory genes involved in various regulatory and transportation functions. The Paloc is
located between the Open Reading Frames (ORFs) of insertion sequences cdu 2/2 and cdd 2-3 and cdu-4 in

non-toxigenic strains (Adapted from Bruggeman & Gottschalk, 2009).

The toxins genes tcdA and tcdB have ~66% sequence homology, functional homology and
a low GC content. They are also similar in their biological functional activity, using their
highly conserved N-terminal region to glucosylate substrates (Voth & Ballard, 2005). Due
to this it has been proposed by Von Eichel-Streiber et al. (1992) and others that the genes

arose from a duplication event.

Other genes located in the PalLoc include tcdR (formerly known as tcdD and as TxeR),
tcdE and tcdC genes (Braun et al., 1996). Gene tcdR encodes an alternative sigma factor
involved in positive transcriptional regulation of toxin expression. Indeed tcdR was first
found to be an unconventional positive regulator in expression experiments using E. coli,
(Moncreif et al., 1997). These results were confirmed by experiments using C. perfringens

and then C. difficile (Mani & Dupuy, 2001). These experiments assessed tcdR’s ability to
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act as a sigma factor, and established that a combination mixture of core RNA polymerase
and tcdR is able to bind to the tcdA, tcdB and tcdR promoter regions (Mani, 2002).

Hence tcdR functions as an RNA polymerase sigma factor for toxins A and B and
activates its own expression in a similar manner to its effect on the toxin promoters (Mani
& Dupuy, 2001; Dupuy et al., 2008). The tcdR gene is also homologous to the cntR gene
(previously known as the TetR and BotR genes) regulator of the toxin cntABCDE genes
of C. botulinum and cntA gene of C. tetani respectively (Sebaihia et al., 2007). These
proteins act as alternative sigma factors and are so different in their structure and function
that they have been classed into their own subgroup of sigma-"® family (Dupuy et al.,
2008). This family includes the UviA gene of C. perfringens, which regulates an UV-
induced bacteriocin (Bruggeman, 2005).

The negative regulator is encoded by the tcdC gene and is responsible for down regulation
of toxin A and B production (Hinkson et al., 2008). Gene tcdC is a 231 aa and 693 bp
(Govind et al., 2006). The tcdC gene is not similar to any regulatory protein known as it is
highly variable. Some strains possess deletions in tcdC of 18 bp and/or 39 bp which are
associated with toxin overproduction. This is evident in toxinotype Ill, of which the
hypervirulent 027 strain B1/NAP1 of C. difficile is part (Spigaglia & Mastrantonio, 2002;
Loo et al., 2005; McDonald et al., 2005).

Transcription of tcdC occurs early in the growth phase of C. difficile (Cohen et al., 2000).
tcdC has been studied by Matamouros et al. (2007), who found that tcdC, when co-
expressed with tcdR, caused less activity of the toxins, resulting in reduced expression of
tcdA. This occurred as tcdR activated expression from the tcdA promoter, giving the first
direct evidence that tcdC negatively regulates tcdA transcription by interfering with the
tcdR- containing RNA polymerase (Figure 1.15; Dupuy et al., 2008). Indeed the putative
transmembrane domain located with the tcdC region has been proven by Govind et al.

(2006) to be a membrane associated protein.
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Figure 1.15: Schematic representation of C. difficile toxin gene regulation by tcdC

The tcdC gene represses transcription of tcdA and tcdB via inhibition of tcdR RNA polymerase interaction or
the ability of tcdR to recognise the toxin promoters. When tcdC is absent, and there is presence of positive

stimuli, tcdR transcribes toxin production (Matamouros et al., 2007). Adapted from Dupuy et al. 2008.

The tcdE gene is a 501 bp ORF between tcdA and tcdB, which encodes for a 170 aa
hydrophobic protein. Gene tcdE appears to have high homology with a phage holin-like
pore forming protein thought to contribute to release of the toxin from bacterial cells
(Bartlett, 2006; Jank et al., 2007; Rupnik et al., 2009). Holins themselves are cytolytic
proteins which cause lysis of the bacterial host in order to release progeny phage. Indeed
expression of tcdE in E. coli caused bacterial cell death, which suggests that tcdE in some
way functions as a lytic protein, potentially facilitating release of toxins A and B into the

extracellular environment (Tan et al., 2001).
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There is high homology between PalLoc genes and phage genes. The most notable is
tcdE’s phage — like holin. Interestingly tcdA also shares homology with phage gene ¢ CT2
in Clostridium tetani strain E88, 55% sequence identity with Lactobacillus casei phage ¢
A2 (ORF 22) and homology with a 103 aa section of tcdC in strain VP1 10463 (Canchaya
et al., 2003; Goh et al., 2005). This suggests that the origins of the PaLoc may have been
an ancient prophage (Fortier & Moineau, 2007).

1.4.5.1. Evolutionary origins of the PaLoc

The PaLoc is a genetic element hypothesised to have been incorporated into the C. difficile
genome from an unrelated strain via a process called horizontal gene transfer (HGT). This
hypothesis has yet to be proven and thus the genetic element is still designated a
“pathogenicity locus” (Rupnik et al., 2005). The locus was defined by Braun et al. (1996)
as a distinct genetic element incapable of mobility. Braun et al. also proposed that the

PalLoc may be a self-governing part of a larger genetic element linked with virulence.

Thus there is no surprise that many scientists are reluctant to speculate upon the origins of
the PalLoc. Indeed there is a distinct possibility that at some point in the organism’s
evolution that the PaLoc may have originally been a pathogenicity island (PAI) acquired
via HGT into the C. difficile genome, but has lost its mobility over time. Interestingly the
PaLoc is replaced by a 115 bp fragment in non-toxigenic strains which supports this
argument. The flanking regions of PAIls are characterised by direct repeats which are
involved in recombination events. This can lead to deletion of the PAI (Alouf & Popoff,
2006). Characteristics representative of a PAI include presence in pathogenic strains and
absence in less pathogenic strains of the same species, encoding of toxins, mobility
between genomes (in some cases mediated by bacteriophage) and genetic instability
(prone to deletions) (Woodford & Johnson, 2004).

Sebaihia et al. (2006) reported that C. difficile strain CD630 possesses a highly plastic
genome consisting of 11% mobile genetic elements (transposons, prophages, insertion
sequences, introns). It is understood that pathogens with high genetic flexibility, such as
C. difficile, may be more competent in colonisation of new ecological niches and may
have a selective advantage over other organisms with less plastic genomes (Hacker et al.,

2003). Thus this foreign DNA may have been originally integrated to give C. difficile an
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advantage over other organisms due to selective pressure. We may already be seeing the
evidence of this in the form of the hypervirulent ribotypes recently emerging to cause

increased severity of disease.

1.4.5.2. Evolutionary origins of the PaL.oc and horizontal gene transfer

Horizontal gene transfer (HGT) also occurs between microbes within the host
environment. There are a number of studies demonstrating the transfer of antibiotic
resistant determinants between Gram positive and Gram negative bacteria within the
intestinal tracts of humans and animals (Shoemaker et al., 2001; Igimi et al., 2008).
Indeed the human gut is an environment where HGT should occur frequently, as there is a
constant supply of nutrients, numerous bacteria (10*%/g) and surfaces for bacterial
adherence (Shoemaker et al., 2001).

Transfer of genes can occur in many ways. The first process is usually via transformation,
involving the stable uptake of extracellular DNA, under natural bacterial growth
conditions called natural transformation. The ability of DNA acquisition via
transformation amongst a broad range of bacteria also indicates that this ability is
conserved amongst many species and thus is important in evolution (Thomas & Nielson,
2005). Conjugative transfer is a process by which bacteria acquire plasmids. Bacteria are
known to form a pilus to allow the transfer of plasmid material to other cells, which results
in a junction between the donor bacteria and a pore through which the plasmid DNA and
genes can be transferred to the recipient cell. Plasmids are small genetic elements which
can be transferred quickly, and are facilitated by transposons, insertion sequences and
other mobile elements which allow integration of the DNA into the host genome (Madigan
& Martinko, 2005). DNA can also be incorporated into a bacterium by bacteriophage, in a
process known as transduction (Elliott et al., 2007). Lytic bacteriophage incorporate host
DNA into their genome, and this gets transferred as the bacteriophage replicates, resulting

in a transducing particle which is released along with normal phage.

Bacterial genomes are highly plastic, and thus some genes have the ability to be
horizontally transferred. For example, it has been hypothesised that species related to C.
difficile may have evolved from a common ancestor as many genes shared by these
species have high sequence identity (Von Eichel-Streiber et al., 1992; He et al., 2010). C.

difficile’s close relatives include C. sordellii known to cause toxic shock, and C. novyi
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which is present within soil, manure and also produces toxins. The toxin gene tcdB has
85% homology and 74% identity with TcsL of C. sordellii and the G+C content of C.
difficile toxin A and B encoding regions are ~28% G+C, which is similar to that of the
entire C. difficile genome (G+C content of ~29%) (Voth & Ballard, 2005). A feature of a
typical PAI is a different G+C content from the rest of the genome and the C. difficile
PaLoc does not show this variation. Therefore it may be plausible that the acquisition of
virulence genes by C. difficile was not a recent event, and that the toxins which are so
prevalent within the clostridial family may have in the past been part of a plastic, mobile
gene pool where HGT may have occurred frequently within ancestors of the organism,

resulting in the spectra of toxin- possessing clostridia which we see today.

1.4.5.3. Evolutionary origins of the PaLoc and codon usage

Codon usage bias refers to the frequency at which synonymous codons occur within DNA,
which is important when attempting to understand how an organism has evolved (Bulmer,
1991). Codons are recognised by several tRNAs, and those recognised by the most
abundant tRNA are used more often than those recognised by the rarer tRNAs. In E. coli
the quantification of cytoplasmic tRNA revealed that the relative abundance values of
varying tRNA molecules were different (Ikimura, 1981). This difference is thought to be
associated with amino acid abundance in proteomes, where the tRNA abundance
correlated with the abundance of codons in genes of unicellular organisms, such as E. coli
and Saccharomyces cerevisiae. This lead to the theory that codon usage and tRNA genes
co-evolved, allowing for optimal translation in organisms. Altered codon usage in

organisms is often indicative of some sort of HGT having occurred.

There currently is little literature regarding the codon usage within the C. difficile PaLoc
and no evidence of tRNA sequences either within or outside of the PaLoc (Braun et al.,
1996). Even so, some species of clostridia do show signs of HGT within their genomes,
such as C. botulinum type A strain that possesses a chromosomally encoded BoNT locus,
whose downstream boundary is flanked by two genes with high sequence similarity to IS

element 1S1069 of Lactococcus lactis (Bruggeman, 2005).

A recent paper by He et al. (2010) examined the phylogeny, HGT, recombination and
evolutionary history of C. difficile at the whole genome level. It has been found that
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strains associated with disease evolved from multiple lineages, suggesting that C. difficile
is more dynamic than previously thought. This has refuted the idea that these virulent
isolates evolved from a single lineage. Indeed the paper suggests that the C. difficile and
C. tetani lineages diverged around 2.34 billion years ago, and C. difficile itself 85 million
years ago (He et al., 2010). Interestingly although this common ancestor of C. difficile is
millions of years old, the lineages all contained isolates of 017, 078 and 027 ribotype,
which implies that there may be genetic elements conferring virulence characteristics
which are common to all strains. Indeed this poses questions about how host-pathogen
interactions have changed in the past thirty years, as C. difficile was only implicated as a
cause of CDAD since then. Have changes in human activity, such as antibiotic usage

affected the recent evolution of C. difficile?

1.4.6. Variant C. difficile toxins

While the 19.6 kb PaLoc is present in all toxigenic isolates of C. difficile with a defective
PaLoc, truncated tcdA genes are still capable of causing clinical disease (Stabler et al.,
2008). Indeed the DNA sequence of the PaLoc varies between C. difficile strains; a factor
which has been exploited by Rupnik et al. (2001) in the construction of the toxinotyping
classification system (as described in Section 1.5.2). Currently 31 toxinotypes have been
identified (Rupnik et al., 2009).

Within the PaLoc variations such as deletions are usually located in the repetitive regions
of tcdA 3’ and 5’ ends (Bruggeman & Gottschalk, 2009). Interestingly in tcdB variations
only occur at the nucleotide level, and no truncated forms of tcdB have been found yet.
This suggests that tcdB is essential for disease manifestation when compared to tcdA
where deletions can range from 100 bp to 5.9 kb in toxinotype X (Soehn et al., 1998).
Toxinogenic C. difficile strains usually produce both toxins (A"B*); however some variant
toxin strains have been reported. There are seven toxin production types of C. difficile
identified to date as listed in Table 1.2.

36



INTRODUCTION

Table 1.2: Seven types of toxin production in C. difficile

The ability of strains to produce toxin A, toxin B and the binary toxin CDT are displayed. The

corresponding toxinotype and molecular background of the strains is listed. Adapted from Rupnik et al.
(2008).

Toxin Toxinotype Molecular background
Production
Type
A+ B+ CDT- 0 CDT- : absence of entire/ large part of CDT locus
Minor types: |, I, XII, X1, XVIII,
XIX, XX
Major types: XXI
A+ B+ CDT+ Minor types: XXIV CDT+ : presence of full length CDT locus
Major types: lll, IV, V, VI, VI,
IX, XIV, XV, XXI1, XX
A- B+ CDT- VI, some O strains A-: nonsense mutation at aa position 47 in tcdA gene
A-: mechanism unknown
A- B+ CDT+ X A-: rearrangement in Paloc and large deletion
XVI, XVII, some V-like strains causing probably
changes in regulation and low or no transcription of
truncated tcdA
A-: mechanism unknown
A+ B- CDT+ IX-like B-: mechanism unknown
A- B- CDT+ Xla, Xlb A-, B-: only small non-functional part of Paloc
some strains without Paloc present
A-, B-: no PalLoc
A- B- CDT- PalLoc and CDT locus negative Complete absence of tcd and cdt genes
strains

The best characterised strains are the atypical 8864 strain and serogroup F strain 1470,

which both have truncated 3’ ends on their tcdA genes, resulting in a 6.0 kb deletion in

8864 and a 1.7 kb deletion in the immunodominant repetitive ligand domain of 1470

(Letournier et al., 2003). Other studies have indicated that some variant strains in

serogroups F and X have a mutation in 5° end of tcdA, which results in the untimely

termination of tcdA translation. Although strain 1470 is not known to cause CDAD, other

strains belonging to the serogroups X and F have been involved in CDAD (Letournier et

37



INTRODUCTION

al., 2003). The cytotoxins produced by these strains display unusual cytopathic effects in
cell culture reminiscent of that exhibited by the lethal toxin of C. sordellii (Sambol et al.,
2000).

Deletions in the tcdC gene have recently become important as this gene encodes the
negative regulator of the toxin (Dupuy, 2008). These types of deletion can be
differentiated into four groups from 18 bp to 56 bp (Curry et al., 2007). The BA/NAP1
027 ribotype strain which demonstrates high toxin A and B production and binary toxin
production is characterised by a deletion in the tcdC locus (Jank et al., 2007). These
hyper-virulent toxin variant strains demonstrate increased morbidity and mortality
compared to other isolates (Drudy et al., 2007). Only in two toxinotypes is the
conformation of the PaLoc totally changed- in toxinotypes X and XI, the latter of which
only has tcdC and two thirds of tcdA left.

Insertions within the PaLoc, although rare, do occur in several toxinotypes (Bruggeman &
Gottschalk, 2009). Toxinotype X has an insertion of 1.1 kb between tcdE and tcdA in
strain 8864, and a 2 kb insertion in tcdA in strains of toxinotype XIV (Alouf & Popoff,
2004). This 2 kb insertion at the 5° end of tcdA was found to be an IStron: CdISt1, excised
from mRNA and specific only to C. difficile, and has now been found in other toxinotypes
(XVII, XXII, and XXIII) (Mehlig et al., 2001; Bruggeman & Gottschalk, 2005). It has
been suggested that truncations and deletions within a genome, as in the C. difficile tcdA
and tcdC genes, may represent a specific form of adaptation for the pathogen to certain
niches, hosts, tissues or during transition of the pathogen from a chronic state of infection

to an acute state or vice versa (Alouf & Popoff, 2004).

1.4.7. Binary toxin genes

Several C. difficile strains express a binary toxin (CDT) in addition to toxins A and B
which is part of a family of adenosine diphosphate (ADP) ribosylating toxins. The CDT is
unrelated to tcdA and tcdB, but is homologous to the toxins expressed by the VIP1 genes
in Bacillus cereus, CST of C. spiroforme and the C2 toxin in C. botulinum (Table 1.3;
Durre, 2005). It is also closely related to the C. perfringens lota la and Ib toxins, sharing
approximately 80% and 82% amino acid sequence identity respectively. Differences
within the ADP ribosylating toxins family include varying substrate specificity for actin

isoforms and in the steps of cellular uptake (Barth et al., 2008). The protein components
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of CDT and toxins from other clostridial species, such as C. sporogenes and C.
perfringens, are interchangeable, generating biologically active chimeras. As these toxins
commonly cause gastrointestinal infections in animals and humans this indicates potential
evolutionary links between these pathogens (Barth et al., 2004; Geric et al., 2006). This
relatedness demonstrates that binary toxin synthesis in these species may have resulted
from a shared evolutionary past, supporting the hypothesis that there may have been a

common ancestor from which C. difficile evolved.

Table 1.3: Binary Toxins that modulate the actin cytoskeleton

The binary toxins depolymerise actin filaments and alter cell barriers using ADP- ribosylation.

Pathogenic Toxin Components Cellular Substrate
Species Targets

C. difficile CDT | CDTa (Enzyme, 48 kDA) Cellular & | a- and B/y Actin
CDTb (Binding, 94 kDa) | Muscular G-
actin
C. perfringens E | lota | la (Enzyme, 48 kDa) a- and B/y Actin
Ib (Binding, 98 kDa) [Modification
sites all at
C. spiroforme CST | Sa (Enzyme, 44 kDa) Arg 177] | a- and B/y Actin

Sb (Binding, 92 kDa)

C. botulinum C, Cc2 C2l (Enzyme, 49 kDa) Cellular G- | B/y Actin

D Toxin | C2lI (Binding, 81 kDa) actin

B. cereus VIP | VIP1 (Enzyme, 52 kDa) - a- (?) and B/y
VIP2 (Binding, 80 kDa) Actin

CDT is located on a 4.3 kb chromosomal locus, and is composed of two unlinked
molecules needed for toxin activity; CDTa and CDTb, of which CDTa is the enzymatic
component and CDTb is the binding component (Perelle et al., 1996; Geric et al., 2006).
The binary toxin is an ADP (adenosine diphosphate) ribotransferase which affects the
actin cytoskeleton of cells and is known to cause fluid accumulation in rabbit ileal loops
(Geric et al., 2006). In C. difficile, binary toxins are usually produced by variant strains
(Table 1.3), and it has been suggested that binary toxin production contributing to the
virulence of emerging epidemic strains although the significance of this contribution is
widely debated (Barth et al., 2004).
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The contribution of CDT to strain virulence is widely debated. Recently CDT has been
shown to cause rearrangements in human colonic carcinoma cells, forming long (150 mm)
microtubules that wrap and embed clostridia in the gut, thus leading to the theory that
CDT assists colonisation by increasing adherence of the pathogen (Schwan et al., 2009).
Indeed this phenomenon is not confined to CDT and is shared with the C2 toxin of C.
botulinum and the la toxin of C. perfringens suggesting that binary ADP- ribosylating
toxins play an important role in pathogenesis (Schwan et al., 2009).

CdtB binds to host cells via specific receptors as “B” monomers which are generated post
proteolysis of the “B” precursor molecule, which then form heptamers as the toxin binds
to the cell surface/ solution. The heptamer complex then acts as a docking platform that
translocates CdtA into the cytosol by acidified endosomes, where it ADP-ribosylates G
actin molecules (Barth et al., 2004; Rupnik et al., 2009). ADP ribosylation of G actin
occurs at Arginine 177, thus blocking actin polymerisation (Schwan et al., 2009). This
results in cytoskeletal disarray, cell death, proteolysis of mitogen activated protein kinases
(MAPK) which subsequently inhibit cell signalling; or result in an increase of intracellular
levels of cyclic AMP (adenosine monophosphate) leading to oedema and
immunosuppression (Barth et al., 2004). The prevalence of binary toxin producing strains
of C. difficile is 1-6% (Stare et al., 2007). C. difficile strain CD630 is CDT negative, but
has regions which possess similarity to the binary toxin regions, thus representing a

truncated CDT locus.

1.4.8. Genetic plasticity of the C. difficile 630 genome

The sequencing of the C. difficile 630 chromosome has revealed a highly plastic and
mobile genome with relatively high number of genetic elements such as introns,
transposons, prophage and insertion sequence (IS) elements (Bruggeman & Gerhard,
2009). Lateral gene transfer of mobile elements such as these brings about sequence
reassortments in bacterial genomes. In human bacterial pathogens the majority of genes
acquired in this way confer pathogenicity and resistance to antibacterial agents (Woodford
& Johnson, 2004).

The existence of ten CRISPR (Clustered Regularly Interspaced Short Palindromic Repeat)
elements within the genome supports the idea that C. difficile has an acquired immunity
(Sebaihia et al., 2006; Karginov & Hannon, 2010). The spacer regions in the CRISPR
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elements are homologous to bacteriophage and plasmid sequences and are thought to
confer resistance to prophage infection (Sorek et al., 2008). Sebaihia and colleagues have
described CRISPR sequences as sampling agents, preserving a record of all foreign DNA
encountered by the cell. The CRISPR element in C. difficile is encoded on mobile
elements: two prophage (CD0904-979 and CD2889-2952), and a skin element discussed
in Section 1.3.4.2. The genes located near the CRISPR regions are known as cas genes.
These genes are thought to be linked to the CRISPR—mediated acquired immunity through
RNA interference systems, recognised as the CRISPR-cas system (CASS) (Bruggeman &
Gottschalk, 2009). The overall function of CRISPRs is yet to be elucidated. Interestingly,
their frequency in the 630 genome is the highest identified in any bacterium to date
(Bruggeman & Gottschalk, 2009).

Seven conjugative transposons have been also been identified in strain 630 which carry
the majority of antibiotic resistance genes in the genome and exhibit 58-77% similarity to
the vancomycin resistance locus in Enterococcus faecalis (Sebaihia et al., 2006). One
particular transposon Tn5397 harbours a group Il intron capable of entering into the
genome at specific sites via self splicing from mRNA (Mullany et al., 1996; Bruggeman
& Gerhard, 2009). Sebaihia et al. (2006) have also identified several copies of chimeric
genetic elements within the C. difficile 630 genome called IStrons which comprise of an
insertion sequence and a group 1 intron. IStrons merge the high mobility of insertion
sequences with the exact splicing of introns for excision by mRNA and are not usually
found in bacterial genomes (Bruggeman & Gerhard, 2009). These were first identified in
strain C34 by Braun et al. (2000) where a copy inserted itself into gene tcdA. The IStron,
however, did not affect toxin A production as it was excised accurately from the primary
transcript, thus allowing toxin expression. This demonstrates the high genomic plasticity
within the 630 genome and as further sequencing projects are completed (R20291 and
several other strains - http://www.sanger.ac.uk/Projects/C_difficile/) more light will be
shed about the C. difficile genome.
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1.5. MOLECULAR GENOTYPING OF C. DIFFICILE

1.5.1. General typing methods

Genotyping of pathogenic bacteria, such as C. difficile, enables the source of outbreaks to
be identified and aids in understanding the epidemiology of disease. Currently there are a
range of techniques used to type C. difficile. These include toxinotyping, pulsed field gel
electrophoresis (PFGE), PCR ribotyping, multilocus sequence typing (MLST), multilocus
variable-number tandem-repeat analysis (MVLA) and restriction endonuclease analysis
(REA). Each is described in this section in detail (Table 1.4; Rupnik et al., 1998; Marsh et
al., 2010).

Pulsed field gel electrophoresis (PFGE) is based on the digestion of chromosomal DNA
by restriction enzymes that cleave and produce HMW fragments (~10Mb) that are
separated in agarose gels by a complex form of electrophoresis. The electrical field
regularly changes orientation causing the DNA to also alter its direction (Primrose &
Twyman, 2007). PFGE has been widely used to type outbreaks of C. difficile; however
many strains (Serogroup G) are not typable by PFGE due to rapid degradation of DNA
during the procedure resulting in undistinguishable smears (Bidet et al., 2000; Alonso et
al., 2005).

PCR ribotyping is the most common method for typing of C. difficile, and is based on
identification of mutations within the 16S-23S rRNA intergenic spacer region (Stubbs et
al., 1999). Primers complementary to the 3’ end of the 16S rRNA gene and to the 5’ end
of the 23S rRNA gene are used to amplify the variable length intergenic spacer region
(Bidet et al., 2000). PCR ribotyping is faster than PFGE and is able to type strains from a
range of serogroups. Indeed, Stubbs et al. (1999) have created a library of 116 distinct
types of C. difficile based on PCR ribotyping.

Multi locus sequence typing (MLST) has been used to type C. difficile, but its
discriminatory power is the subject of debate. Indeed Killgore et al. (2008) completed a
review of seven typing methods for C. difficile and concluded that MLST was better suited
to investigations of population structure (Marsh et al., 2010). MLST genotyping has been
developed for investigation of clonal relationships between bacterial populations and for
global epidemiological analyses using nucleotide sequences of housekeeping genes
(Woodford & Johnson, 2004; Griffiths et al., 2010). Each allele is assigned a unique
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sequence type number and laboratories can perform their own MLST analyses and keep

control of their data using MLST databases (http://pubmist.org/). Surprisingly there is only

a single report of C. difficile MLST which was conducted by Lemee et al. (2004), despite
its high throughput and portability between research laboratories (Dawson et al., 2009).

Multilocus variable-number tandem repeat analysis (MVLA) is based on PCR
amplification and fragment analysis of repeat loci. Amplification is cheap and yields
results quickly (Marsh et al., 2006). Indeed MVLA is a highly discriminatory method for
C. difficile genotyping and useful to distinguish between strains from different outbreaks
(Marsh et al., 2010). Restriction endonuclease analysis (REA) is able to distinguish sub-
types of C. difficile (Dawson et al., 2009). REA is a standard in C. difficile genotyping and
has been instrumental in the typing of the current BI/NAP1 clone strains (Marsh et al.,
2006). The technique however is not readily transportable between laboratories as
interpretation of REA banding patterns is subjective. For accurate comparison bacterial
strains must be run on the same gel which requires exchange of reference strains between

research groups (Zaisz et al., 2009).

Amplified fragment length polymorphism (AFLP) analysis has also been used for typing
of C. difficile. AFLP involves amplification of multiple genomic restriction fragments by
PCR, resulting in high-resolution sub-genomic fingerprints (Klaassen et al., 2002). It has
been found that AFLP is more reliable at genotyping C. difficile than PFGE (Klaassen et
al., 2002). Arbitrarily primed PCR has also been used as a genotyping technigque; however
the technique does not provide adequate discriminatory power to distinguish genotypes
and suffers from lack of reproducibility (Marsh et al., 2006). Surface layer protein (SIp)
gene A sequence typing has been used as a reproducible method for genotyping (Kato et
al., 2005).

An analysis carried out by Killgore and colleagues (2008) compared seven genotyping
techniques; REA, PFGE, PCR-ribotyping, MLST, MVLA and SIpA sequence typing, and
found there is no single method that is easily transportable between research laboratories

which has a high level of discrimination (Killgore et al., 2008).
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Table 1.4: Comparison of Molecular Genotyping Techniques

A general comparison of molecular genotyping techniques used for C. difficile is shown. The most widely

used method of genotyping is PCR ribotyping which is able to recognise strains.

PCR
Ribotyping

MLST

MVLA

REA

AFLP

SipA
sequence
type

smal Restriction
sites

16S-23S rRNA
Interspacer
Region

Housekeeping
genes (7 Loci)

DNA Repeat
Units

Hindlll
Restriction sites

Pstl and Msel
Restriction sites

Surface layer
protein A gene

Molecular fingerprinting technique for
typing clinical isolates and distinguishes
between subtypes

Gold-Standard, recognises many
strains, easily reproducible and
portable between laboratories

Easily Reproducible

Can sub-type strains

Distinguishes sub-types

Based on PCR so DNA degradation is
not an issue

PCR amplification is transferable
between laboratories. Distinguishes
between sub-types

Laborious and time consuming. Inter-
laboratory comparisons difficult. DNA
degradation results in untypeable results

Limited discriminatory power, doesn’t

distinguish between sub-types

Limited discriminatory power, time
consuming, doesn’t distinguish between
sub-types, limited research conducted in

C. difficile typing

Can be too discriminatory

Laborious and time consuming. Inter-
laboratory comparisons difficult.

Uses Fluorescent labels, requires
appropriate analysis equipment

Only uses the sequence of one locus

1.5.2. Toxinotyping of C. difficile

The toxinotyping methodology was established after 1980 when variant strains of C.

difficile emerged (Figure 1.16). Subsequent restriction fragment length polymorphism

analysis of the toxin A and B genes in the PalLoc showed variations in the regions

encoding toxin A (Bruggeman & Gottschalk, 2009). These variations are the basis for

distinguishing strains into toxinotype. Toxinotyping is now considered a highly important

method for understanding the toxin production in C. difficile isolates, and as such has

changed laboratory diagnosis of disease and scientific understanding of the role of toxins

in pathogenesis and evolution (Rupnik, 2001; 2008).

In 1985 Delmee et al grouped C. difficile strains into 30 serotypes, of which 9 were of

variant toxinotype. Currently 15 serogroups are known to be variant (Rupnik, 2008).
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Further studies conducted using PCR ribotyping methods and REA typing show high
correlation to toxinotyping. Strains of a given ribotype tend to belong to a certain
toxinotype, however ribotyping remains the more discriminative method as a single
toxinotype can often include several ribotypes (Stubbs et al., 1999). There are now 31
known toxinotypes of C. difficile, grouped from toxinotype 0 which is the reference strain
VPI110463, to XXXI (http://www.mf.uni-mb.si/mikro/tox/) [accessed on 12/2011].

Toxinotyping is conducted via a restriction fragment length polymorphism- polymerase
chain reaction — RFLP PCR- method. The 19.6 kb PalLoc region is amplified in order to
produce ten PCR fragments that are then compared to reference strain VPl 10463 for
length and restriction site polymorphisms (Rupnik et al., 2008). All toxin genes are
individually amplified in three fragments (defined by Rupnik et al., 1999) corresponding
to the catalytic domain (Al & B1), putative translocation domain (A2 & B2) and the
repetitive domain of each protein (A3 & B3) (Rupnik et al., 1997). However this method
has been modified to only amplify the two most variable regions of the PaLoc- regions B1
and A3 with the restriction enzymes Hincll/Accl and EcoRI, and the restriction patterns
determined. The strains with toxin genes similar to the reference strain VPl 10463 belong
to toxinotype 0. Strains with similar toxin changes were classified in to variant
toxinotypes from I - XXVII (Rupnik et al., 2008; Rupnik et al., 2009).

Deletions in the PaLoc are usually found in tcdA and to date no form of significant
deletion in tcdB is known (Figure 1.17). This may be due to the larger region of repeat
regions within tcdA compared to tcdB. The presence of such short homologous regions of
DNA in tcdA may assist in insertion and deletion events in these repeat regions (Rupnik,
2008). Minor toxinotypes are defined as having variations in only one part of the toxin
genes, with the sole difference usually being an insertion or deletion in the A3 fragment of
C. difficile. Major toxinotypes show changes in all three fragments or at least in two
fragments of both toxin genes (Rupnik, 2008).
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Figure 1.16: Toxinotyping ORFs of C. difficile

The restriction fragment areas are shown here in the schematic representation of the 5 open reading frames
of C. difficile. The toxin A and B genes and accessory genes tcdR, tcdC and tcdE and varying areas where
restriction enzymes act upon these genes are depicted. Restriction enzymes used: A — Accl, E — EcoRlI, Ec —
EcoRV, H —HindlIll, Hc — Hincll, N — Nsil, Nc — Ncol, P — Pstl, R —Rsal, S — Spel, X — Xbal

Taken from http://www.mf.unimb.si/mikro/tox/images/PalL oc%20PCR%20in%20nontox.pdf
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Figure 1.17: Detailed schematic representation of the PalLoc region

In toxinotype 0 and representative variant toxinotypes the presence or the absence and the exact positions of
restriction site are shown: A — Accl, E — EcoRlI, Ec — EcoRV, H —HindlIl, Hc — Hincll, N — Nsil, Nc — Ncol,
P —Pstl, R —Rsal, S — Spel, X — Xbal. Taken from Rupnik, (2008).

47



INTRODUCTION

1.6. CLINICAL DIAGNOSIS OF C. DIFFICILE

1.6.1. Diagnostic sensitivity

Current detection of C. difficile is conducted either invasively in the patient or non-
invasively in the laboratory. Usually the effectiveness of such tests is defined by their
sensitivity, specificity, and predictive values. The sensitivity in terms of a diagnostic test
is the proportion of persons with a disease identified as positive for a disease by the assay
(Altman & Bland, 1994). The specificity in terms of a diagnostic test is the proportion of
persons without a given condition/disease who are identified by the assay to be negative

for the condition; thus the assay is specific (Saah & Hoover, 2007).

The diagnostic specificity of an assay is usually lessened by sample contamination;
however the diagnostic sensitivity and specificity of an assay is very different to the
analytical sensitivity and specificity. To explain, the analytical sensitivity of an assay
represents the smallest amount of a substance (bacteria in this case) that can be accurately
measured by an assay. Thus the analytical specificity of an assay is the ability of an assay
to measure one particular organism in a sample rather than others (Saah & Hoover, 2007).
Thus the diagnostic sensitivity and specificity of an assay defines its operational ability-

but cannot be extrapolated to a clinical setting.

Predictive values are used to measure if an assay will give the correct clinical diagnosis
(Altman & Bland, 1994). The positive predictive value (PPV) of a test is the probability
that a person who has a positive test result truly has the disease. To be precise, this means
the PPV is the number of patients with the disease out of every 100 patients with a
positive test result who are correctly diagnosed (Altman & Bland, 1994; Saah & Hoover,
2007). The negative predictive value (NPV) is the probability that a person with a negative
test result truly does not have the disease; i.e. the NPV is the number of patients without
the disease out of every 100 patients with a negative test result who are correctly
diagnosed (Altman & Bland, 1994; Saah & Hoover, 2007).

All these statistical definitions are linked: the higher the diagnostic sensitivity of an assay,
the better the NPV, and the higher the specificity, the better the PPV (Saah & Hoover,
2007). Accordingly, if a diagnostic assay has perfect sensitivity and specificity (100%)
then all persons with positive test results would have the disease, and all persons with
negative test results would not have the disease.
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1.6.2. False positives and false negatives

When performing diagnostic tests it is possible that false positive and false negative
results can be obtained (Table 1.5). False negative results, where the disease has not been
detected by the assay can lead to infected patients not being treated for potential CDI and
increased transmission risk (Planche & Wilcox, 2010). False positive results can also have
consequences. Importantly they can diminish the diagnostic sensitivity of an assay, cause
unnecessary introduction of CDAD antibiotic treatment to patients, and in certain cases
false positive patients may be cohorted with patients who truly have CDI which in turn
can lead to acquisition of genuine infection (Planche & Wilcox, 2010). Thus an effective
C. difficile diagnostic assay must be able to define true positives and true negatives. This

would require a standard reference assay to be developed in CDI diagnosis.

Table 1.5: False Positive and False Negative results

This table lists the possible explanations of false positives and false negative results. It is important to have a
diagnostic assay capable of distinguishing true positives and negative cases of CDI (Adapted from
Woodford & Johnson, 2004).

Reasons for False — positive results ~ Reasons for False - negative results

In PCR- carry over contamination from previous Inhibition of PCR

amplified products

Presence of exogenous target DNA in kits Inadvertent loss of template nucleic acid targets
due to poor extraction methods

Poor primer design (Non specificity of primers) Poor primer design- (non conserved regions at
primer sites in variant strains)

Unfavourable amplication conditions Poor sensitivity of nucleic acid amplification/
detection in assay

Contamination through laboratory staff Digestion of nucleic acid template with DNAses and
RNAses from exogenous sources
Poor specificity/ sensitivity
Unfavourable amplification conditions

1.6.3. Diagnostic methods for C. difficile detection
The sensitivities and specificities for the tests described below are detailed in Table 1.6.

1.6.3.1. Culture
C. difficile can be detected via its colony morphology and its definitive odour- which has

previously been likened to horse manure (Aktories et al., 2000). There is a high NPV of
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82-92% of odour assessment for the presence of C. difficile infection (Rupnik et al.,
2009). On media colonies are typically cream in colour, and as they age they can fade to
white and display a fried- egg appearance on agar due to spore formation. Also, when put
under ultraviolet light, at ~365 nm in wavelength, the colonies can fluoresce chartreuse in
colour, however this is not universal across strains. It must be noted that colonies grown
on selective agar called cycloserine-cefoxitin fructose agar (CCFA) first described in
1979, will auto-fluoresce due to the presence of a neutral red pH indicator (Aktories et al.,
2000).

Culture on CCFA is not very specific as non-toxinogenic isolates can grow, but is very
sensitive for C. difficile growth, and requires between 40-48 hours incubation (Delmee et
al., 2005). Culture then requires additional testing to determine if the strain is toxigenic.
Also ethanol shock has been shown to enhance the isolation of C. difficile pre-inoculation.
Another alternative of CCFA is CDMN agar: Clostridium difficile moxalactam
norfloxacin agar, found to be 20% more effective at isolating C. difficile (Oxoid) than
CCFA (Aspinall et al., 2002). CDMN contains 32mg/l moxalactam, 16 mg/l norfloxacin
and 0.5 g/l cysteine hydrochloride and has been found to inhibit growth of faecal
streptococci, other Clostridium species and Bacteroides, unlike CCFA (Aspinall et al.,
2002; Jobstl et al., 2009).

Stool culture, however, is labour intensive with results not available until 76-92 hours,
thus few laboratories routinely perform stool cultures. Also stool culture does not
differentiate between toxigenic and non-toxigenic strains; therefore stool culture
diagnostic tests are usually conducted in conjunction with toxigenic tests in a two step
algorithm (Goldenberg et al., 2009). This improves sensitivity to 90% and specificity to
98% (Poutanen & Simor, 2004). Stool culture does however provide an advantage when
strain typing during an outbreak (Poutanen & Simor, 2004). Toxigenic culture is the
selective culture of C. difficile followed by confirmation of toxin production (Goldenberg
& French, 2011). This assay measures toxin production in vitro, which is non-comparable
to in vivo toxin production, leading to lower specificity. This assay takes 4-5 days to
confirm the presence of C. difficile (Planche & Wilcox, 2011).
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1.6.3.2. Cytotoxicity assay

There is currently no universal standard test for C. difficile, but the cell cytotoxicity assay
(CCTA) is considered to be the reference “gold standard” (Rupnik et al., 2009). A
cytotoxic assay is conducted by inoculating a faecal filtrate sample onto cultured cell
monolayers, which should display a cytopathic effect that is neutralised by a specific cross
reacting C. sordellii antitoxin if toxin B is present (Delmee et al., 2005). Cultures are
examined microscopically at between 24-48 hours and either Vero or Hep2 cell lines are
used (Planche & Wilcox, 2011). CCTA is specific and sensitive, taking between 48-72
hours for results to be obtained, specifically 24 hours first for cytotoxicity demonstration,
and 24 hours secondly for neutralisation of toxicity (Poutanen et al., 2004; Goldenberg et
al., 2009). The diagnostic sensitivity is relatively high; 94- 100% and specificity is 99%
(Snell et al., 2004). The CCTA however is labour- intensive and expensive as tissue
culture facilities are required and results are known to vary according to the type of cell
line supplied and reagents used and only detects toxin B (Poutanen et al., 2004). Thus it
has been suggested that a two step algorithm of stool culture with CCTA can increase
sensitivity of CDI detection (Arnold et al., 2011).

1.6.3.3. Enzyme Immuno-Assays

Enzyme immunoassay (EIA) kits detect either toxins A and B, or only toxin A. EIAs are
widely available from companies, are easy to perform and are rapid, yielding results
within 20 minutes to an hour (Tenover et al., 2011). This method is less sensitive than the
CCTA,; even so studies evaluating commercial kits have found most tests to be reliable
when compared with CCTA (Belanger et al., 2003; Planche et al., 2008; Tenover et al.,
2010). Previous studies have found combined use of EIA and CCTA gives a PPV of 99.5
% leading to the proposal of a two-step algorithm (She et al., (2009). More recent studies
have found that EIA kits can deliver false positive results and have sensitivities of
approximately 60% (Tenover et al., 2010). Indeed some EIAs tested by Planche (2008)
were found to have overestimated cases of C. difficile by 20%. The findings and concerns
from Planche et al (2008) were echoed by Eltringham (2009) finding only a 10% PPV.

Thus EIAs should not be used as standalone tests for CDI.
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1.6.3.4. Antigen Enzyme Immunoassays: Glutamate dehydrogenase

Glutamate dehydrogenase (GDH) is a common antigen produced by all C. difficile isolates
(Lyerly et al., 1991; Carmen et al., 2012). Early commercial GDH tests cross reacted with
other species, especially C. botulinum, C. sporogenes, and Peptostreptococcus anaerobius
(Williams & Spencer, 2009). Current commercial tests detect GDH within 15 minutes, and
cost approximately £6 per test (Inverness Medical, 2009). Although the tests are rapid,
easy to perform and sensitive, they are not specific for diagnosis of toxinogenic strains,
thus detection algorithms are still used (Snell et al., 2004; Gilligan, 2008; Eastwood et al.,
2009).

It has been widely suggested that GDH assays should be used in conjunction with CCTAs
which yields better PPV and NPV (Ticehurst et al., 2006; Fenner et al., 2008).
Commercial assays, such as the CDIFF Quik Chek Complete (TechLab) have GDH
detection alongside toxin detection in a lateral flow type of assay (Quinn et al., 2010).
Swindells et al. (2010) found that this particular commercial assay was highly sensitive
(100%) and could be relied upon for exclusion of patient carriage of C. difficile as the
NPV was 100% when compared to both CCTA and stool culture.

Conversely, more recent studies which tested the GDH, E1As and/ or CCTA combinations
and/or CCTA, found they missed 23-24% of positive specimens, and some even had
reduced sensitivity (83.1%) (Sloan et al., 2008; Novak-Weekley et al., 2010). Real time
PCR and PCR have also been used in these algorithms, invariably having high sensitivity
and high specificity compared to all other diagnostic methods (Doing et al., 2010). An
issue with these two/three step algorithms is the turnaround time and cost as the combined
use of CCTA and GDH assays, or RT-PCR and GDH assays could be costly in terms of
diagnosis. An ideal assay would also have a rapid turnaround time. Even so, these
disadvantages can be offset by reducing unnecessary antibiotic usage and infection control
measures in the hospital and streamlining of isolation facilities within a hospital (Williams
& Spencer, 2009). Interestingly it has recently been observed that the sensitivity of the
GDH assays may vary according to PCR ribotype, and that GDH is less sensitive than
PCR in detection of ribotypes 002, 007 and 106 (Tenover et al., 2010). Hence there is
some debate regarding the effectiveness of GDH assays; however despite these concerns
GDH detection does offer a high NPV and may in future partly replace culture methods if

used in effective algorithms (Fenner et al., 2008).
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1.6.3.5. Faecal Lactoferrin

Lactoferrin is a glycoprotein secreted by mucosal membranes and is a component of
polymorphonuclear leucocytes (Kane et al., 2003). Lactoferrin is highly expressed in
patients with severe bowel inflammation and also those with C. difficile infection (Wren et
al., 2009). A test for lactoferrin could be used in conjunction with other tests as an
algorithm, as with the GDH assays. Indeed Wren et al. (2009) examined the potential of
faecal lactoferrin tests for use in C. difficile diagnosis, as the correlation between
lactoferrin production and CDAD is highly significant (Williams & Spencer, 2009). It was
established that faecal lactoferrin is a useful marker for indication of the presence of

inflammatory diarrhoea (Wren et al., 2009).

1.6.3.6. Polymerase Chain Reaction

PCR methods for the detection of C. difficile toxin A or B or both have been developed
with high specificity and sensitivity, but there is no standardisation of the PCR methods
and no commercial assays are available (Poutanen et al., 2004). PCR for toxin B has a
minimum detection limit of 1 x 10° C. difficile per gram of stool, with a sensitivity of 95%
when compared to CCTA (Goldenberg et al., 2009). The turnaround time though, is rapid
within 4 hours, but when compared to stool culture sensitivity is reduced to 83.6% with a
specificity of 98.2%. PCR methods offer greater specificity and sensitivity, although their
cost is high, but in the future it is possible that detection of toxin B may be reduced due to
mutations within the PaLoc (Rupnik et al., 2009).

1.6.3.7. Real Time Polymerase Chain Reaction

Real Time PCR is a very sensitive and specific, targeting specific genes that are associated
with toxin production (Knetsch et al., 2011). RT PCR requires labour intensive
purification of the sample before PCR can be conducted resulting in the total time for
sample preparation and detection to be in excess of 8 hours (Rinttila et al., 2004). The
method itself is more powerful than conventional PCR and the C. difficile genes detected
include tcdA, tcdB, tcdC regulator and gluD and 16S genes (Rinttila et al., 2004; Van den
Berg et al., 2005). RT PCR has high concordance with toxin culture, and thus is widely
used to detect toxigenic C. difficile strains directly from faeces (Belanger et al., 2003; Van
den Berg et al., 2007).
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The commercial assays all target tcdB and include the ProGastro assays for use with the
Cepheid Smart Cycler, the similar GeneXpert ™ (Cepheid), and the BD Gene Ohm assay
(Doing et al., 2010). The Xpert and BD Gene Ohm assays have been directly compared to
stool culture and CCTA, both giving 100% sensitivity but individually for stool culture the
Xpert and BD Gene Ohm is 97% specific (Table 1.7; Swindells et al., 2010). These new
RT PCR assays have a relatively rapid turnaround time and when used in conjunction with
other assays, such as GDH, have high sensitivity (Larson et al., 2004). The commercial
assays developed to address the issue of turnaround time have led to improved, faster and
more sensitive assays despite the cost. Even so, a 2 hour assay turnaround is still relatively

long for a diagnosis to be made.

1.6.3.8. Diagnostic Imaging Methods

Flexible sigmoidoscopy is used to detect PMC in patients, and is superior to the cytotoxin
tests (Johal et al., 2004). In rare cases where stool cytotoxin tests may have produced false
negative results, invasive flexible sigmoidoscopies are used to examine the sigmoid region
of the colon (Johal et al., 2004). The process takes between 20-30 minutes and causes the

patient slight pain in the bowel due to the presence of air.

Areas which escape detection via sigmoidoscopies are detected via colonoscopies (Bartlett
& Gerding, 2008). PMC is often not present using this visualisation technique and as such
colonoscopies are deemed insensitive. There are also risks of perforation occurring in
severe cases of colitis. Computed tomography scans are also used for severe cases of
CDAD, and characteristic features which can be seen in the scans include inflammation of
the mucosa which can be easily identified by clinicians (Bartlett & Gerding, 2008).
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Table 1.6: Comparison of current C. difficile detection methods

The sensitivities and specificities (as described in Section 1.6.1) for each detection method are compared.

The times to perform the assay and the advantages of each assay are listed.
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1.6.3.9. Summary of C. difficile diagnostics

The gold standard for C. difficile diagnosis is the cell cytotoxin neutralisation assay
against which all other C. difficile diagnostics are measured. There is considerable debate
as to the effectiveness of the various methods currently used for C. difficile diagnosis, and
although varying algorithms have been implemented across some laboratories, there is a
pressing need for the diagnostic methodology to be standardised to enable accurate
diagnosis and to enable comparisons between laboratories. The widely differing
sensitivities and specificities of the various assays is a cause for concern as the literature
and relevant statistics regarding the diagnostics is often confusing, conflicting and limited.
This is not to say, however, that assays such as RT PCR are not effective- the problem is
their long turnaround time. Current assays target toxin B of C. difficile (RT PCR and
CCTA), and EIAs can target toxin B or both toxins A and B; however these tests have
been suggested to be used in two/three step algorithms to enable accurate diagnosis to be
made and avoid false negative or positive results. Indeed the limitations of current
diagnostic assays for C. difficile detection have a considerable impact upon treatment, as
early treatment of the disease may reduce the spread of the organism and reduce patient
mortality. Thus there is a pressing need to develop an assay which rapidly detects

toxigenic C. difficile with ease and has high specificity, sensitivity and predictive values.

1.7. TECHNOLOGY FOR PATHOGEN DETECTION

1.7.1. Microwave-accelerated metal - enhanced fluorescence

Detection of human pathogens using DNA based assays is often labour intensive and
costly due to the need for the inclusion of a purification step to remove inhibitory
biological materials (Section 1.6) (Belanger et al., 2003; Rintilla et al., 2004; Eastwood et
al., 2009; Knetsch et al., 2011). A new platform technology called microwave accelerated
metal enhanced fluorescence (MAMEF) has recently been developed which eliminates the
need for extensive sample purification and has been used successfully to detect pathogenic
spore formers such as Bacillus anthracis ((Geddes & Lakowicz, 2002; Aslan et al., 2007;
2008). The approach combines two technologies, metal enhanced fluorescence (MEF) and
the low power microwave heating of metal, to yield a system with a level of sensitivity
comparable to that of RT PCR, but with a much shorter turnaround time of 60 seconds.
There are two key processes involved in MAMEF: firstly DNA extraction from the

microorganism and secondly the MAMEF itself. To release DNA the microorganism is
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lysed using low power microwaves in a cavity. The cavity itself comprises a glass slide
with aluminium triangle structures adhered to the surface and silicone isolators use to hold
the aqueous solution of microorganisms. The metal used in this activity can be changed
and more recently a gold “bow tie” triangle has been used for microwave lysis as the
power generated is higher than aluminium (Figure 1.18; Geddes & Lakowicz, 2002;
Zhang et al., 2011). Indeed this method is capable of extracting DNA from whole spores
of B. anthracis and vegetative cells of a range of pathogens (Aslan et al., 2007; 2008;
Tennant et al., 2011; Zhang et al., 2011).

Aluminum Triangles

!
!

Anthrax spores

Figure 1.18: Aluminium “Bow tie” Structure used in MAMEF

The aluminium triangles are used to extract DNA from the target microorganism. To release DNA the
microorganism is lysed using low power microwaves in a cavity. The cavity itself comprises a glass slide
with aluminium triangle structures adhered to the surface and silicone isolators use to hold the aqueous

solution of microorganisms. Image taken from Aslan et al. (2008).

The MAMEF bioassay comprises a silvered glass slide (Silver island film- SiF) which
contains silver nanoparticles, biomolecules and aqueous media. The silver nanoparticles
act as a platform for the anchorage of biomolecules, such as DNA probes (specific to the
microorganism), which is facilitated through the addition of stable thiol groups to the
DNA (Aslan et al., 2008). Once target DNA from the microorganism adheres to the
anchored DNA a further reporter biomolecule fluoresces and this fluorescence is enhanced
by the silver nanoparticles (Geddes & Lakowicz, 2002; Geddes et al., 2003; Aslan et al.,
2007; 2008; 2010; Tennant et al., 2011; Zhang et al., 2011).
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Microwave power is used to increase fluorescence (hence metal enhanced fluorescence) as
the excited fluorophores transfer their energy to the silver nanoparticles and are
subsequently thought to become more photostable. The energy is transferred via surface
plasmons which are fluctuations in electron density at the surfaces of metal, which
become excited when they react with a photon (Aslan & Geddes, 2008). For MEF silver is
currently used as the metal, but in the rationale for MEF can apply to any metal that
supports plasmon resonance (Aslan & Geddes, 2008). Silver is employed firstly as
platform for bimolecular recognition events to occur, secondly as an amplifier of
fluorescent signatures, and thirdly a low temperature surface (during microwave heating)
to create a temperature gradient. As the metals are not heated by the microwaves, they
remain at a lower temperature than the water, thus causing mass transport of warmer

biomolecules to the colder silver nanoparticles on the surface (Aslan et al., 2005).

In the case of the B. anthracis DNA assay focussed microwave heating with pulses of 20
seconds was found to be sufficient to extract DNA from vegetative organisms and whole
spores (Aslan et al., 2008). Indeed the focussed microwaves were capable of inducing
structural changes in the spores which was visualised via transmission electron
microscopy (TEM) (Figure 1.19; Aslan et al., 2010). Specifically for the MAMEF
component of the assay a single stranded nucleotide anchor probe (Figure 1.20), with a
nucleotide sequence specific to B. anthracis DNA, was attached to the silvered film and
target B. anthracis oligonucleotide and a fluorophore labelled oligonucleotide were
incubated alongside an anchor DNA probe and subsequently low power microwave
heating for 30 seconds was employed for MEF (Aslan et al., 2010). Thus the total time for
B. anthracis detection was < 60 seconds.
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Figure 1.19: Extraction of B. anthracis DNA

(a) Transmission electron microscopy (TEM) images of B. anthracis spores before and after low power
microwave heating. (b) TEM images of vegetative organisms both before and after 20 low power microwave
exposure between aluminium triangles. (c) Gel electrophoresis study of DNA extracted from vegetative
cells. The markers are shown in lanes 1 and 2, and in lane 3 DNA can be seen from unmicrowaved

vegetative cells, and in lane 4 DNA can be seen from microwaved spores. (Taken directly from Aslan et al.,

2010).
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a Fiuorescent Probe — Conserved Target
22 nt =| Anthrax DNA Sequence from the
= Protective Antigen genome,
= 3 47 nt
gf ....... ‘
=10 nt ;
J= =Y :
It
AnchorProbe {15 nt '
21 nt =1

B :2.Amino{ethoxy)ethanol
W :Succinic Anhydride

b SH TAMRA FluorescentProbe
I
CTTTTTACCGTTATATATAAG TATAAGGTAAATGTATATGCTG
TGGCAATATATATTCATTAGGGTTAATATTCCATTTACATATACGAC
TargetProbe

Figure 1.20: Probe design for B. anthracis assay
This image shows the configuration for the DNA based hybridisation MAMEF assay designed specifically
for B. anthracis. The anchor probe is adhered to silvered glass, and when hybridisation occurs the

fluorescent probes fluoresces. Image taken directly from Aslan et al., (2007).
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1.8. AIMS AND OBJECTIVES OF STUDY
1.8.1. Hypothesis

We hypothesise that the structure and physical properties of the spore form of C. difficile
contributes to the virulence of the organism and to the ability to release DNA following

microwave treatment.

Based on bioinformatic analysis of the whole genome of C. difficile we hypothesise that

the pathogen may have evolved from an ancestor which was an insect pathogen.

We hypothesise that the toxin genes within C. difficile may have been acquired through

horizontal gene transfer over its evolution from other bacteria.

We hypothesise that the toxin genes may also have been a relic of an insect associated
toxin ancestor gene, and indeed genes within the whole genome may also have some

insect associations.

Our final hypothesis is that the nucleotide sequences of toxin A and toxin B genes contain
conserved regions encoding structures essential to the biological function of each toxin.

The conserved nature of these sequences make them ideal target for detection probes.

1.8.2. Aims

The main aim of this thesis was to design an assay based on conserved highly specific
regions of toxin A and B capable of detecting the presence of toxigenic C. difficile in a
faecal samples within 60 seconds. The clinical application of such a detector would be to
rapidly diagnose potential C. difficile infection within patients, thus allowing clinicians to
determine the best course of treatment for the patient, preventing cross infection and

further development of PMC.
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The specific aims of this PhD are:

1. To characteristic the structure of C. difficile spores with a view to understanding its

contribution to adherence and pathogenicity

2. To employ a bioinformatic based approach to investigate the evolutionary origins.

3. Determine the ability of C. difficile to infect and colonise invertebrates with a view to:
i) Understanding the biological history of the pathogen. Did it originally evolve as
an insect pathogen?
i) Determine the feasibility of establishing a non-mammalian infection and
colonisation model.
iii) To provide a model system with which to assess the efficacy of a C. difficile

detection assay.

4. To identify conserved genetic signatures within toxins A and B of C. difficile using a

bioinformatics based approach which could form the basis of a specific diagnostic assay.

5. To determine the specificity of conserved genetic signatures against a range of C.

difficile isolates, related species and unrelated species for specificity.
6. Incorporate specific toxin A and B probes within the MAMEF technological platform

and determine its ability to detect the presence of bacterium in a range of organic matrices
including faeces. The sensitivity of the assay will also be determined.
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2.1. ABSTRACT

C. difficile, a Gram positive spore-forming bacterium, is the commonest cause of hospital
acquired infection in the United Kingdom. Its prevalence is partly due to its ability to
produce resistant spores, enabling the organism to colonise healthcare environments and
infect susceptible individuals. In preliminary studies the composition of culture media had
a marked effect on the ability of individual clinical C. difficile isolates to form spores and

germinate.

To determine if spore structure contributed to surface binding we characterised the surface
properties of spores produced by 21 clinically relevant isolates with regards to their
hydrophobicity and ability to adhere to hospital grade stainless steel. Overall, isolates of
hypervirulent ribotype 027 and UK epidemic ribotypes 001, 078 and 106 appeared to be
more hydrophobic than isolates occurring less frequently in the UK. We also found that
spores of highly hydrophobic isolate DS1813 (ribotype 027) adhered more strongly to
human gut epithelial cell lines Caco-2 and HT-29 than spores of lowest hydrophobic
isolate DS1748 (ribotype 002).

Examination of the structure of spores from a range of clinical isolates by electron
microscopy revealed differences: most notably the presence of a pronounced exosporium
layer surrounding hydrophobic DS1813 spores. This outer layer is thought to contribute to
hydrophobicity and spore attachment, and appeared to be absent from spores of other
strains examined. Based on these results we hypothesise that differences in spore surface

properties could contribute to the spread and prevalence of virulent strains of C. difficile.
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2.2. INTRODUCTION

C. difficile is an anaerobic, spore-forming Gram positive bacterium implicated as the
primary cause of antibiotic associated diarrhoea in the UK. Between 2004 - 2008 C.
difficile was involved in 10.5 per 1000 deaths in England and Wales, compared to 3 per
1000 deaths for Methicillin Resistant Staphylococcus aureus (Office of National Statistics,
2010). Alterations in colonic microbiota, usually due to broad spectrum antibiotic
treatment, is thought to increase sensitivity to C. difficile infection enabling the vegetative
organism to produce potent cytotoxins which destroy intestinal epithelial cells, increase
vascular permeability and ultimately leads to the formation of pseudomembranes
composed of neutrophils, fibrin, mucosa and cellular debris as described in Section 1.2
(Poutanen & Simor, 2004; Rupnik et al., 2009). The subsequent bloody diarrhoea results

in the release of large numbers of spores into the environment.

The formation of spores occurs when the vegetative organism is subjected to some type of
stress, usually nutritional limitation, and allows the organism to survive in a dormant state
until conditions improve- a situation that can be anything from a couple of months to
several years (Setlow, 2003). Indeed it is this ability to form spores which enables the
bacterium to survive outside of the anaerobic environment of the gut and spread from
person to person within healthcare facilities. In addition to protecting the organism from
the toxicity of oxygen and a shortage of nutrients the spore also confers increased
resistance to general-purpose disinfectants; a property which is thought to contribute to the
transmission of the organism as a consequence of ineffectual disinfection (Cardiff & Vale
NHS, 2007; Rupnik et al., 2009).

It has been suggested that sub-inhibitory levels of non-chlorine based hospital cleaning
agents may exacerbate the problem of transmission by stimulating epidemic strains of C.
difficile to convert to chemically resistant spores and thereby avoid the attentions of the
biocide (Ronner et al., 1990; Fawley et al., 2007). As well as conferring resistance to
chemical insult, the spore also contributes to transmission by mediating attachment to
surfaces commonly found in the healthcare environment, such as bed linen and stainless
steel (Hellickson & Owens, 2007). This ability to attach to surfaces further increases
biocide resistance, particularly in the presence of organic matter such as faeces, and as

such presents a considerable challenge for those seeking to break the infection cycle.
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The attachment of a spore to a specific surface is primarily influenced by the hydrophobic
properties of the surface, the spore, and to a lesser degree by spore surface structures such
as appendages and an exosporium (Doyle & Rosenburg, 1990; Husmark & Ronner, 1992;
Klavenes et al., 2002; Setlow, 2003). The exosporium is a loose outer layer which
surrounds spores produced by some, but not all, members of the Bacillus and Clostridium
spp. including C. difficile (Henriques & Moran, 2007). The spore architecture of Bacillus
and Clostridium spp. is highly similar as shown in Figure 2.1 and Section 1.3.4. Whilst the
morphology of spores has been well understood, its protein composition and structures

have yet to be fully elucidated (Husmark & Ronner, 2002).
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Figure 2.1: Clostridium difficile spore of strain 630

This transmission electron microscopy images clearly shows the layers of the spore in detail. The spore
comprises of a core which contains ribosomes. Surrounding the electron dense core is a membrane further
enveloped by a cortex layer which in itself is formed of concentric layers (Driks, 2004). These areas function
to protect the spore and keep it dry (Driks, 2009). The spore is also surrounded by an exosporium layer. This

image was taken from Lawley et al. (2009).
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It has been suggested that the hydrophobicity of the exosporium plays a key role in
attachment to environmental and cellular surfaces (Koshikawa et al., 1989). The
hydrophobicity of the exosporium of enterotoxigenic isolates of Bacillus cereus enables
the spore form of this organism to adhere to environmental surfaces and resist cleaning
and rinsing procedures (Faille et al., 2002). In addition a correlation has been
demonstrated between spore hydrophobicity and the ability of pathogenic isolates of B.
cereus to adhere to human colon carcinoma cells, germinate and express their exotoxins
(Andersson et al., 1998).

Following attachment to the intestine the spores of C. difficile must also germinate and
express toxins if they are to initiate an infection. The mechanisms by which spores of C.
difficile determine that conditions have improved sufficiently to support growth have yet
to be fully elucidated. In the case of other spore forming organisms such as Bacillus spp,
specific receptors within the spore have been identified which respond to LMW
germinants such as amino acids, nucleosides, sugars, or salts and initiate germination
(Moir, 2006). Somewhat surprisingly, given that the proteins involved in germination are
remarkably conserved across the Bacilli and Clostridia, bioinformatic analysis of the
genome sequence of C. difficile strain 630 has failed to reveal the presence of homologs to
known germinant receptor genes (Sebaihia et al., 2006; Lawley et al., 2009). While
specific receptors have not been identified studies have shown that in vitro C. difficile
spore germination is triggered by the amino acids glycine, alanine, cysteine and
phenylalanine as well as the bile salt taurocholate. The bile salt chenodeoxycholate

inhibits taurocholate-induced C. difficile spore germination (Giel et al., 2010).

It has recently been hypothesized that C. difficile spores require the presence of
taurocholate and glycine to trigger germination in the gut. Thus spores remain dormant in
the lower intestine while the available taurocholate is deconjugated to cholate and taurine
by members of the commensal microbiota. Treatment with broad spectrum antibiotics
subsequently alters the composition of the gut microbiota such that organisms which
deconjugate taurocholate are inhibited allowing the local concentration of taurocholate to
increase and the concentration of inhibitory chenodeoxycholate to decrease. As a
consequence C. difficile spores bind both taurocholate and glycine and thus trigger

germination (Rameirez et al., 2010).
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2.3. RESEARCH AIMS

The aims of this chapter are to:

Determine if media composition affects the ability of C. difficile to form spores and
germinate

Understand if spore surface structure plays a role in virulence

Establish if spores are able to adhere to a range of surfaces, including hospital grade
stainless steel and human adenocarcinoma colonic cell lines

Examine any potential differences in the surface structure of spores of varying strains

using electron microscopy
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2.4. MATERIALS & METHODS

2.4.1. Strains, growth conditions and media composition

The clinical isolates of C. difficile used in this study are shown in Table 2.1 and were
obtained from the National Anaerobic Reference Unit, Cardiff Wales, except strain
CD630 which was obtained from the National Collection of Type Cultures (NCTC),
Health Protection Agency, UK. Bacillus atrophaeus ATCC 9372 was purchased from
American Type Culture Collection, (ATCC, Rockville, MD, USA).

Table 2.1: Strains of Clostridium difficile used in this study
The bacterial species and strains listed above were used in this study. These strains are clinically relevant
isolates obtained from the National Anaerobic Reference Unit, University Hospital Wales, Cardiff, courtesy

of Dr. J. S. Brazier and Dr. Val Hall. The strain designation, isolate source and the PCR ribotype are listed.

Clostridium difficile Strains PCR Ribotype Source Toxin Production

DS1759 001 Maidstone tcdA” tcdB®
DS1747 001 St. James, Leeds tcdA’ tedB’
R8652 001 NCTC tcdA’ tcdB”
DS1750 001 St. James, Leeds tcdA’ tcdB’
DS1813 027 Hinchingbrooke tcdA’ tcdB”
DS1801 027 Leicester tcdA” tcdB®
R20291 027 Stoke-Mandeville tcdA” tcdB®
DS1807 027 Salford tcdA’ tcdB’
R10459 106 Dudley tcdA’ tcdB”
DS1798 106 Poole tcdA’ tedB”
DS1787 106 Leicester tcdA’ tcdB”
DS1771 106 Bristol Southmead tcdA’ tcdB’
DS1742 014 Bristol Frenchay tcdA” tcdB”
DS1748 002 Leeds tcdA’ tcdB’
DS1721 005 Leicester tcdA” tcdB®
DS1752 012 Bradford tcdA’ tcdB’
CD630 012 NCTC tcdA’ tcdB”
DS1723 078 Leicester tcdA’ tedB”
DS1724 020 Leicester tcdA tcdB”
DS1684 010 Brighton tcdA tcdB”
DS1665 023 Bath tcdA’ tcdB”
Other Species
Bacillus atrophaeus ATCC ATCC
9372

Cultures of C. difficile were grown in brain-heart infusion (BHI) broth and agar (Oxoid,
Basingstoke, Hampshire, UK) unless otherwise indicated. Others were grown on
Columbia agar media. Media was degassed in anaerobic conditions (a mixture of 80% N,
10% CO, and 10% H,) for 24 h prior to use. Cultures were incubated anaerobically at
37°C for 48 h in a Bug Box Plus anaerobic cabinet (Ruskinn Technology Ltd, Bridgend,
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Wales). Cultures were tested for purity by streaking pure colonies onto BHI agar and re-
incubating. To enable germination of C. difficile spores, 1% (w/v) of the bile salt sodium
taurocholate (ST) (Sigma Aldrich, Dorset, UK) was added to specified media before
autoclaving. Colonies were streaked to purity. Columbia agar and broth (Difco, Franklin

Lakes, NJ, USA) was also used in experiments in this Chapter.

Media composition: Columbia agar media (Difco, USA) contained approximately per
litre: Pancreatic Digest of Casein (12.0 g) , Peptic Digest of Animal Tissue ( 5.0 g), Yeast
Extract (3.0 g), Beef Extract (3.0 g), Corn Starch (1.0 g), Sodium Chloride (5.0 g), Agar
(13.5 g), Colistin (10.0 mg), Nalidixic Acid (10.0 mg). Brain Heart Infusion agar (Oxoid
Ltd, Basingstoke, UK) contained approximately per litre: Calf brain infusion solids (12.5
mg), Beef heart infusion solids (5.0mg), Protease peptone (10.0mg), Sodium chloride
(5.0mg), Glucose (2.0 mg), Disodium phosphate (2.5 mg), Agar (10.0 mg).

2.4.2. Spore production and enumeration

To produce spores, a single colony harvested from the appropriate agar plate was used to
inoculate 10 ml of the corresponding degassed broth which was incubated for 10 d at 37°C
in the anaerobic workstation. At the end of this period the cultures were centrifuged
(Heraeus Biofuge primo R, Fisher, UK) at 5 000 x g for 15 min at room temperature and
the supernatant discarded. The retained pellet was resuspended in 10 ml sterile deionised
water (sdw) and centrifuged at 5 000 x g again. This washing cycle was repeated a further
two times at the end of which the spore pellet was resuspended in 1 ml of sdw and heated
in a heating block (Techne, driblock, UK) to 80°C for 10 min to inactivate any remaining

vegetative cells and stored at 4°C.

The number of spores produced following broth culture was determined using a method
based on that of Miles & Misra (1938). An aliquot of 20 pl of extracted spores was
serially diluted in degassed sterile broth media (180 pl) using a microtitre plate (Sterilin
Ltd., Teddington, Middlesex, England) until a dilution down to 10™° was achieved. A total
of three 10 ul aliquots from each dilution were spotted onto the surface of the appropriate
degassed agar plates (neat to 10™'%). Once inoculated, spots were allowed to dry at 25°C
and the plates were incubated anaerobically for 48 h at 37°C. Colony forming units (cfu)
were counted from each spot on the microtitre plate and the mean number of colony
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forming units per millilitre (cfu/ml) determined by multiplying the mean cfu by the

dilution factor. Unless otherwise stated all organisms were stored as spores at 4°C.

2.4.3. Transmission Electron Microscopy studies

Spore samples produced as described in Section 2.4.2 (1 ml) were centrifuged at 2 000 X ¢
for 4 min. The supernatant was removed and pelleted spores were fixed with 1 ml of a 2%
(v/v) glutaraldehyde and 2% (v/v) Osmium tetroxide mix. This was left for 1 h at 22°C,
after which the Osmium tetroxide- spore mix was centrifuged (Heraeus Biofuge primo R,
Fisher, UK) at 2 000 x g for 2 min. BHI agar was prepared (3 g to 50 ml water) and
molten agar (50°C) added to the stained spore pellet and left to set. The extra agar around
the spores was removed and the agar-embedded spore pellets were dehydrated through an
ethanol series from 50% ethanol to 100% alcohol for 10 min each. The 100% dehydration
was repeated three times, and the ethanol was replaced with propylene oxide (PO) for 15

minutes.

Epoxy resin was composed of a mixture of araldite CY212, dodecyl succinic anhydride
(DDSA) and benzyldimethylamine (BDMA) (Sigma-Aldrich, Dorset, UK). An equal
quantity of PO was added to the resin and used to cover each spore pellet. The pellet was
left for 36 h to allow resin infiltration. PO mixture was subsequently removed and pure
Epoxy resin (Sigma-Aldrich, Dorset, England) was added to the samples which were
embedded into a flat moulded tray and left in an oven at 60°C to harden for 48 h.
Transverse sections were cut on a Microtome (Reichert-Jung, Depew, NY, USA) and
stained on nickel grids with uranyl acetate and lead citrate. Images were taken on the
Transmission Electron Microscope (Philips EM 208). Of each strain sample examined

under TEM, 10 spores were viewed.

2.4.4. Negative-stain electron microscopy of whole spore

Spore samples were diluted in sdw, placed on Formvar-coated grids and examined after
negative staining in 2% (w/v) methylamine tungstate. After 15-30 s the excess stain was
withdrawn using filter paper. The grids were washed twice with water and dried by filter
paper. Samples were examined immediately using a Phillips EM 208 transmission
electron microscope with an accelerating voltage of 80 kilovolts (kV), and magnifications
between 20,000 x and 55,000 x were used.
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2.4.5. Microbial adhesion to hydrocarbon test

To determine the hydrophobic characteristics of individual C. difficile spores from a range
of isolates we used a hexadecane hydrocarbon based microbial adhesion to hydrocarbon
test (MATH). The MATH assay has been commonly used to ascertain hydrophobic
characteristics of bacteria and it is hypothesized that hydrophobic bacteria are more likely
to adhere to the hydrocarbon and the hydrophilic bacteria tend to remain in water
(Rosenberg et al., 1980). Thus the C. difficile spores of each isolate were suspended in 9
ml of sdw to achieve an optical density of between 0.500-0.600 at ODggo (Ultrospec 1100
pro UV/Visible spectrophotometer, Biochrom, Cambridgeshire, UK). A 4 ml aliquot of
spore suspension in a Universal container was vortex mixed (VortexGenie, Fisher
Scientific, UK) with 0.4 ml of the hydrocarbon n-hexadecane (Sigma-Aldrich, Dorset,
England) at full speed for 1 min. The mixture was incubated at room temperature (22°C)
for 15 min to allow the different phases to partition settle. Subsequently the optical density
of the lower aqueous phase was determined. Each assay was repeated twice. Changes in
hydrophobicity were calculated as a percentage from original ODggo to the final ODgoo
post hexadecane exposure.

2.4.6. Contact angle measurements

To ascertain the hydrophobic characteristics of the surfaces tested in this study we
employed a contact angle test upon the hospital grade stainless steel discs and the agar.
The contact angle between the test surface and a droplet of water was measured using a
horizontal projection technique. Briefly, a droplet of water was put onto the stainless steel
disc and the agar and a light was used to project the image. The projection allows a crude
measurement of the contact angle between the droplet and the surface using a protractor,
the hypothesis being that the contact angle between the water and a hydrophobic surface

(steel) would be less than the contact angle between the water and a hydrophilic surface

(agar).

2.4.7. Stainless steel plate transfer assay

In order to assess adherence of spores to a hospital grade stainless steel surface and an
agar surface considered to be representative of a hydrophilic surface, we employed a spore
transfer assay. A stainless steel disc 2 c¢cm in diameter with a Grade 2B finish
(Goodfellows Cambridge Ltd, Huntingdon, UK) was inoculated with 10 pl of spore
suspension (500 spores per 10 pl in units of cfu/ul) and left to dry at 25°C for 20 min. The
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inoculated steel discs were aseptically attached to a steel rod plunger and securely fastened
into the supporting metal frame as seen in Figure 2.2 (IKA, Labortechnik, Staufen,
Germany). An electronic weighing balance was secured to a raising platform and
positioned beneath the metal plunger. Either side of the platform, two Bunsen burners
created a sterile vortex of air encompassing the platform area. A degassed BHI agar plate
was placed directly under the metal plunger, on the tared electronic balance. The platform
and balance were raised until the steel disc compressed the agar surface with a force of
100 g (+/-5g) and held for 10 s. The balance was lowered; the agar plate replaced with
another and the compressing process repeated a total of sixteen times for each inoculated
disc. The compressed agar plates were anaerobically incubated at 37°C for 48 hours and
the number of cfu on each plate counted. Sixteen strains of C. difficile were tested (Figure
2.8).

Supporting

Metal Frame\

Metal Plunger

Bunsen Flame’

BHI Agar Plate-

Electronic
Balance

Raising ___A
Platform

Figure 2.2: Plate transfer assay for spore transfer

This image shows the transfer apparatus used to assess spore transfer from stainless steel. A: Apparatus set
up for spore transfer. The plunger is attached to a supporting metal frame. To maintain a sterile environment
a Bunsen burner is placed either side of an electronic balance with a BHI agar plate on it. The balance was
tared with each agar plate and the spores plunged at a force of 100 g/ 10 s. B: An inoculated stainless steel
disc fastened to metal plunger. C: BHI agar plate compressed aseptically with inoculated steel disc. As per
Williams et al. (2009).
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2.4.8. Preparation of mammalian cell culture lines

Two human epithelial colorectal adenocarcinoma cell lines, Caco 2 (ATCC HTB-37) and
HT 29 (ATCC HTB-38) were grown as monolayers in continuous culture as subsequently
described. The two intestinal cell lines were passaged in minimum essential medium with
Earle’s balanced salt solution (MEM/EBSS, Invitrogen, Paisley, UK) supplemented with
10% foetal bovine serum, 1% non-essential amino acids, 1 mM sodium pyruvate, 2 mM
L-glutamine and 50 pg/ml penicillin: streptomycin solution (Invitrogen, Paisley, UK) and
incubated at 37°C in a 5% CO, atmosphere in 25 cm? vented flasks. Flasks were sub-
cultured after cells reached full confluence (analysed via phase-contrast microscopy
according to cell density) every 6-7 days, at which point cells were washed 2 times in PBS
(pH 7.2), detached from the plastic flask using a trypsin: EDTA (Ethylene-diamine-
tetraacetic acid) solution (Invitrogen) and seeded into new flasks to a cell density of 1-5
for Caco 2 cells and 1-10 for HT 29 cells.

2.4.9. Adherence ability of C. difficile spores to Human gut epithelial cell lines

Spores of strain DS1813 at 1.40 x 108 cfu/ml and DS1748 at 1.30 x 10° cfu/ml were tested
for adherence to Caco 2 and HT 29 cells. Caco 2 cells and HT 29 cells were prepared as
detailed above. The initial cell density was at 1-2 x 10° for each cell line. The cell density
can be thus related to the ratio of bacteria per cell line. One hundred pul of 1.30 x 10°
cfu/ml spores were added to 1 ml 7 day old confluent Caco 2 gut epithelial cells in
antibiotic-free Eagles minimum essential medium (EMEM) and left to incubate for 100
min in a Bug Box Plus anaerobic cabinet (Ruskinn Technology Ltd, Bridgend, UK). Post
incubation, the cell- spore mixture was washed in phosphate buffered saline (PBS; Sigma-
Aldrich, Dorset, UK) following centrifugation at 800 x g to remove any unattached spores.
This washing step was performed three times in total and the supernatant from each wash
step collected for enumeration of any spores not adhering to the cells. The supernatant was
enumerated as per Miles & Misra (1938) on degassed BHI + 0.1% ST. Controls included
PBS incubated with spores and EMEM incubated with the spores.

This method was repeated for 15 day old confluent Caco 2 cells, which had spontaneously
become differentiated and polarized, showing morphological changes, including tight
junctions, cell polarity and formation of a microvilli brush boarder (Pinto et al., 1983).
The experiment was also repeated using confluent 7 d and 15 d old HT 29 cell

monolayers, these cells however remained in an undifferentiated state, but are documented
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to contain a small proportion (<0.2%) of mucin-secreting goblet cells post-confluency
(Pinto et al,. 1982; Lesuffleur et al., 1990). The human gut epithelial cell lines
differentiated into a microvilli brush border at 15 d for Caco 2 and HT 29 cells. All tests

were performed in duplicate.

2.4.10. Statistical analysis

Statistical analysis was performed using GraphPad Prism version 5.04 for Windows,
(GraphPad Software, La Jolla California USA, www.graphpad.com). Statistical significant
differences were tested for using one way analysis of variance (ANOVA) at the 95%
confidence interval in conjunction with Dunnett’s post test. A P value of <0.05 was

considered significant (Bowker & Randerson, 2006).

2.5. RESULTS

2.5.1. Spore germination

We compared the ability of a representative collection of twenty one clinically relevant
isolates of C. difficile to form spores when cultured in BHI media in the absence of the co-
germinant sodium taurocholate. The average spore yield for each isolate following culture
and enumeration on BHI based media are shown in Figure 2.3. Each result represents the
mean of four individual assays. In the absence of sodium taurocholate, viable counts on
BHI agar varied from 10* - 10" cfu/ml across the range of strains tested. While strain
DS1759 (PCR ribotype 001) produced the highest yield of spores, this trait was not shared
by other ribotype 001 strains (n=4). Indeed there was variation (Figure 2.3) in spore
germination ability between strains of the same PCR ribotype. There is a significant
difference in germination ability between each strain as determined via one way ANOVA
(P=0.02). Further statistical analysis using Tukeys multiple comparison test confirms
DS1759 is better able to germinate than other strains (P<0.05).
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Figure 2.3: Spore formation and germination on BHI media

A range of 21 clinically relevant C. difficile isolates were grown in BHI media and cultured without the
germinant sodium taurocholate. There were variations in the ability of isolates to germinate on BHI media,
and thus the number of viable spores (cfu/ml). Spores were produced in quadruplet and these values
represent an average spore yield across strains and the difference is significant between strains as P = 0.02.
(n=4).

2.5.2. The effect of media composition on spore formation

To determine if the ability of C. difficile isolates to form spores was influenced by the
composition of the media, and the ability of eight clinical isolates of C. difficile to form
spores in BHI and Columbia broth was determined. Following incubation for 10 d, heat
shocked cultures were diluted and plated onto either BHI or Columbia agar containing 1%
sodium taurocholate to trigger germination. The ability of certain strains to form spores
appears to be affected by the composition of the media. This was most evident for strains
R20291 (ribotype 027, Stoke Mandeville isolate) (difference of approximately 3 log as
shown in Figure 2.4) and DS1801 (ribotype 027) (difference of approximately 2 log as in
Figure 2.4) which show the greatest difference in spore counts. There was no significant
difference (one way ANOVA; P = 0.2519) in spore germination ability between BHI and

Columbia media when the co-germinant sodium taurocholate.
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Figure 2.4: Comparison of spore formation and germination of clinical isolates of C. difficile

A further 8 clinical isolates were compared for spore germination ability. Spores generated in either

Columbia or BHI broth were cultured on the corresponding agar media in the presence of 1% sodium

taurocholate. Significant variations in spore germination ability in Columbia media can be seen for two
isolates- DS1801 and R20191 in particular (P = 0.2519) (n = 4).

Furthermore the percentage difference in the germination of spores between media with

and without the supplement taurocholate was assessed (Figure 2.5). The percentage of

spores that germinated in the absence of the co-germinant taurocholate differed markedly

depending on the media and the isolate. Indeed the results suggest that Columbia media

contains more essential co-germinants than BHI and that the isolates DS1801 and

DS1813, both hypervirulent 027 ribotypes, differ in their germinant requirements from the

other strains.
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Figure 2.5: Percentage difference in germination of C. difficile spores between Columbia or BHI
media. The percentage difference in spore germination between media with and without sodium
taurocholate supplemented is shown together for clinically relevant C. difficile isolates. The isolates with the
most marked difference (DS1813 and DS1801) grown in Columbia media germinate better with the
germinant sodium taurocholate added.

2.5.3. Hydrophobicity

The ability of a spore to adhere to a surface is influenced by its hydrophobicity. To
characterise the relative hydrophobicity (RH) of spores obtained from a range of clinical
isolates, we employed the Microbial Adhesion to Hydrocarbon Test (Rosenberg et al.,
1990) with hexadecane as the organic solvent. Spores of B. atrophaeus ATCC 9372
(Marker) were included as an internal control to enable a comparison to be made to the
results from other studies. As expected the RH value for this strain was comparable to that
reported by Wiencek et al. (1990). As can be seen from Figure 2.6 relative
hydrophobicities ranged from 77% (DS1813 ribotype 027) to 14% (DS1748 ribotype
002). Interestingly the most hydrophobic isolates appear to be those of hypervirulent or

epidemic ribotypes (027, 001, 078, 106) suggesting a possible association with virulence.
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There is a significant difference in the hydrophobicities within each PCR ribotype and
between each strain (P < 0.0001).
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Figure 2.6: Relative hydrophobicity of the spore form of different ribotypes of Clostridium difficile

A microbial adhesion to hydrocarbon test was used to determine the hydrophobic characteristics of the
surface of C. difficile spores for a range of 21 clinical isolates. The highest percentage hydrophobicity
demonstrates the most hydrophobic spores and the lowest percentage demonstrates the most hydrophilic
spores. The percentage hydrophobicity is grouped according to PCR ribotype and there is significant
difference between the strains according to hydrophobicity percentage (P<0.0001) (n = 2).

2.5.4. Spore surface characterisation by electron microscopy

To determine if variation in relative hydrophobicity could be related to spore surface
architecture we employed transmission electron microscopy to characterise the spore
forms of a range of C. difficile isolates. The most hydrophobic DS1813 (77% RH),
DS1771 (72.2 % RH), DS1684 (45% RH) and hydrophilic DS1748 (14%) were examined
under TEM. While the spores were structurally similar there were discernable differences

between the strains.
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Spores produced from strain DS1813 comprised an electron dense cortex surrounded by
concentric rings of peptidoglycan, a second thinner outer coat layer and finally an
exosporium which surrounded the majority (66%) of the spores observed (Figures 2.7 A,
B, C). The exosporial layer is a bag—like structure surrounding the spore which can clearly
be seen in Figure 2.7 B. The exosporial layer surrounds the spores of DS1813 (Figure 2.7
A & C). It must be noted that this exosporial structure was not seen in some DS1813
samples, which suggests that it is not strain specific. In contrast we were unable to detect
the presence of an exosporial layer surrounding the spores of the other strains. Indeed the

common concentric ring structure of the spore coat layers can be seen in each TEM image.
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Figure 2.7: Transmission electron microscopy of C. difficile spores

A: TEM image of a cross section of a hydrophobic spore produced by C. difficile DS1813. The exosporial
layer can be seen. B: Negative stain electron microscopy of exosporium sac surrounding a spore of DS1813
C: DS1813 with exosporium visible. Subsequent strains did not exhibit and exosporial layer D: Strain
DS1771. E: Strain DS1684 F: Strain DS1748 (Images scale bar = 100 nm).
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2.5.5. Ability of C. difficile spores to adhere to stainless steel

Stainless steel is a material common in the hospital environment and thus we sought to
determine if spores from a range of clinical isolates varied in their ability to adhere to this
material. To achieve this, a plate transfer method was employed in which the percentage
of spores which remained attached to the surface of a hydrophobic (>45 degree contact
angle) steel disc was determined following consecutive impression on the surface of 16
hydrophilic (O degree contact angle) BHI agar plates. As can be seen in Figure 2.8, the
adherence of spores from different clinical isolates varied from 18-100%.

100

Percentage C. dififcile spores transferred to BH | (%)
w
)

C. difficile strain & Ribotype

Figure 2.8: Percentage of C. difficile spores transferred from stainless steel to BHI plate

The percentage of C. difficile spores was determined after transfer from a stainless steel disc onto the surface
of BHI agar plates following 16 replica platings. The correlation between surface transfer and strains was
not statistically significant (P>0.05). n=2.

Differences in adherence to steel correlated with relative hydrophobicity as determined
using the MATH assay, in that hydrophobic isolates adhered better than their hydrophilic
counterparts. Thus spores of DS1813 adhered more strongly to steel than those of
DS1748.
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2.5.6. Adherence of C. difficile spores to human gut epithelial cell lines

We employed a human gut epithelial cell model to determine the adhesive ability of
spores derived from DS1813 and DS1748. We used two intestinal cell lines Caco 2 and
HT 29. Caco 2 cells originate from a colon carcinoma cell line which require 15 d culture
to become fully differentiated, at which time they possess a microvilli brush border which
is absent at day 7. HT 29 cells originate from an adenocarcinoma cell lines and do not
spontaneously differentiate upon culture although some cells can develop goblet cells

which produce mucus.

Hence we sought to determine if spores of DS1813 and DS1748 differed in their ability to
bind to these cells at different stages of development. There was a significant difference
(one way ANOVA,; P= 0.042) in the ability of spores of strain DS1813 to adhere to both
cell lines in contrast to DS1748 (Figure 2.9). Interestingly there was no significant
difference between DS1748 and DS1813 adherence to 7 d Caco-2 cells and 15 d HT 29
cells; however there was a significant difference for both strains at 15 d old Caco 2 cells
(P =0.0393) and 7 d HT 29 cells (P = 0.0079). This difference in adherence ability may be

attributed to the differences in surface properties between the spores of both strains.
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Figure 2.9: Adherence of C. difficile spores to two separate human gut epithelial cell monolayers

The spores of isolates DS1813 (hydrophobic) and DS1748 (hydrophilic) were assessed for adherence to
monolayers of human colon adenocarcinoma grade Il cell line (HT 29) and Caco 2 human colorectal cell
lines. Spores were enumerated on 0.1% sodium taurocholate and BHI agar. These values represent an

average spore adherence for strains DS1813 and DS1748 (n = 2).
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2.6. DISCUSSION

The spore form of C. difficile plays a key role in facilitating person to person spread of the
pathogen. It allows the organism to survive in the hostile hospital environment protecting
it from the toxic effects of oxygen and biocides. Currently there is considerable debate as
to whether clinical isolates vary in their ability to form spores: it has been suggested that
isolates of the hypervirulent type BI/NAP1/027 strains sporulate better than their non-
epidemic counterparts and that this difference results in increased disease occurrence and
severity (Akerlund et al., 2008). However a recent conflicting study by Burns et al. (2010)
demonstrated that sporulation rates of a number of strains of C. difficile, including those of
non-clinical isolates, were broadly similar. Hence there was no preference of a particular
strain/ribotype to possess increased sporulation ability. While we were unable to comment
on the rate of spore formation we did observe that certain stains such as R20291
(BI/NAP1/027) failed to achieve the same level of spores at 10 days as other isolates and
that these differences were growth media dependent, raising the question as to their

relevance in vivo.

Once the spore has been released from an infected individual it must adopt strategies
which enable it to survive and colonise the environment. The results of our study suggest
that the emergence of epidemic and hypervirulent isolates may in part be due to their
enhanced ability to adhere to organic (human adenocarcinoma cells) and inorganic
(stainless steel) surfaces compared to non-epidemic strains. Using a simple MATH assay
developed by Rosenberg et al. (1980) we observed what appears to be a relationship
between PCR ribotype and spore hydrophobicity. The spores that demonstrated the
highest levels of hydrophobicity were predominantly hypervirulent and epidemic
ribotypes (027, 001, 106 and 078) while the hydrophilic spores were mainly non-epidemic
clinical isolates. A similar association was seen when the binding of spores to stainless
steel was examined. This material is widely used in the healthcare environment in the
manufacture of surgical equipment and hand washing facilities, and as such represents a
potential source of spore contamination. Thus spores from hypervirulent ribotypes may be
better adapted to adhere to these surfaces and thus increase the potential for person to

person spread.

To determine if the observed differences in hydrophobicity and adherence were due to

variations in spore structure we employed electron microscopy to characterise the
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morphology of a range of spores with varying relative hydrophobicity as determined by
MATH. Spores of hydrophobic DS1813, DS1771, DS1684 and hydrophilic DS1748
strains were examined under TEM. While the spores of each isolate shared a number of
common features- an internal core, cortex and outer coat layers- they differed with regards

to the presence of an exosporium which was only present in strain DS1813.

This bag like structure was recently described surrounding spores of another strain of C.
difficile CD630 (Lawley et al., 2009) and is thought to contribute to spore hydrophobicity
and play a direct role in adherence (Koshikawa et al., 1989; Charlton et al., 1999). Indeed
it has been suggested that the degree to which a spore can adhere to a surface is directly
influenced by the presence or absence of the exosporium in a range of Bacillus species,
such as B. megatarium and B. cereus (Koshikawa et al., 1989). However this exosporial
layer did not surround spores of every isolate examined, suggesting that there is no direct

correlation between spore hydrophobicity and the presence of an exosporium.

In addition to mediating binding to steel, the exosporium plays a central role in facilitating
the attachment of spores to the cells lining the gut- an important first step in bacterial
invasion. The human colonic cell lines Caco 2 and HT 29 are used as in vitro models due
to their ability to retain key features of normal intestinal epithelial cells and thus were
considered to be representative of cells potentially encountered by C. difficile during
germination in vivo (Howell et al., 1992). Caco 2 cells become polarized and fully
differentiate into mature cells having microvillus brush-boarder morphology by 15 d of

culture, whereas 7 d old cells lack these features (Pinto et al., 1983).

Parental HT 29 cells do not spontaneously differentiate in culture, and thus do not exhibit
the same characteristics as Caco 2 cells after 15 d of prolonged cultivation (Pinto et al.,
1982; Roussett, 1986). However a small number of goblet cells are present post-
confluency capable of producing mucins (Pinto et al., 1982; Lesuffleur et al., 1990). Not
surprisingly we found that the spores produced by the hypervirulent DS1813 (027) which
possessed an exosporium were more efficient at attaching to both HT 29 and Caco 2 gut
monolayers than spores of DS1748. It has previously been observed that spores of C.
difficile attach to the apical microvilli of human epithelial cells by means of their
exosporium which, in addition to facilitating colonisation, acts as an anchor during
germination (Panessa-Warren et al., 1997).
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As C. difficile growth is restricted to oxygen limited environments, such as those
encountered in the gut, there is considerable interest in the manner in which C. difficile
spores regulate their germination. Bile salts such as taurocholate, which has a positive
effect on germination, and chenodeoxycholate which has an inhibitory effect on
germination, have been posited to have a central role in regulating germination and as
such probably represent the means by which C. difficile spore “sense” their physical
location. In addition to bile salts other amino acid based co-germinants have been
identified in vitro such as glycine, alanine, cysteine and phenylalanine (Setlow, 2003; Sorg
& Sonenshein, 2008; Giel et al., 2010). Indeed combinations of these amino acids are able
to stimulate in vitro spore germination in the absence of taurocholate (Sorg & Sonenshein,
2008).

In the context of our study differences in the composition of BHI and Columbia media
may account for the variation we observed in spore formation and germination. While
there appears to be an association between the 027 ribotype and the ability to germinate in
Columbia media in the absence of taurocholate, the limited number of isolates examined
makes it impossible to draw any solid conclusions at this time. While commercial growth
media in no way seeks to mimic the complex conditions encountered in the human gut,
they do provide a system in which to compare the ability of different isolates to germinate.
Indeed the results from this study suggest that further examination of strain DS1801 could
aid our understanding of the factors that regulate germination. However the results
obtained using these media must be treated with caution as they may simply represent

media specific artefacts and bear no relationship to what actually happens in vivo.

In conclusion we found that the surface properties of spores produced by hypervirulent
and epidemic isolates of C. difficile made them better equipped than their non-epidemic
counterparts to adhere to both gut cells and healthcare surfaces and as a consequence may
enhance their opportunity to transfer to susceptible hosts and initiate new infections. By
fully understanding this process by which spores attach to clinically relevant surfaces we
hope to be able to develop strategies which could inhibit attachment of spores and thus
block the infection cycle. We also conclude that that there is no direct correlation between
spore hydrophobicity and the presence of an exosporium. Finally the study of the factors

affecting germination and spore formation are extremely complex, particularly when
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attempting to relate laboratory derived observations using a small number of isolates to

events that are occurring in vivo.
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3.1. ABSTRACT

Conserved sequences within the gene encoding regions of C. difficile toxins A and B were
identified using a restriction enzyme site based typing system developed by Rupnik et al
(1998). These conserved sequences lacked the restriction sites targeted by the restriction
enzymes used in Rupnik’s toxinotyping system. Bioinformatic analysis was employed to
design probes specific to toxins A and B from these regions. From bioinformatic analysis
we found that conserved regions within the toxin A and B gene sequences shared

homology to virulence genes associated with insects.

Candidate probes specific to toxins A and toxin B of C. difficile through bioinformatic
analysis were synthesised and examined for specificity using a rigorous screening process
against 58 clinical isolates of C. difficile, unrelated species, species from the LCT family
and 10 human metagenomic gut DNA extracts. Probes which hit only with toxigenic C.
difficile isolates were employed in the MAMEF based technological platform as described

in Chapter 5.
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3.2. INTRODUCTION

As described in Section 1.4.5.1, the genes encoding toxin A and B are thought to have
evolved as a result of horizontal gene transfer. Gene transfer events occur in organism
evolution, conferring characteristics which enable an organism to survive. Indeed within
C. difficile areas of sequence conservation have been identified. Thus, on the premise that
structurally important regions of each toxin are likely to be highly conserved, the results of
the restriction enzyme based toxinotyping method (previously described by Rupnik et al.,
1998; Section 1.5.2) were utilised to pinpoint potentially conserved nucleotide regions in
C. difficile toxin A and toxin B, which were not restricted by the enzymes used by Rupnik.
The regions Al, A2 and B3 lacked any of the restriction sites that the range of restriction
enzymes Rupnik (1998) specifically used to digest the PaLoc of C. difficile VPI 10463.
Thus these areas were considered suitable target for probe design (Figure 3.1).

PL2 B2s PL3 A2 PL4
I { I i — —
2.0 kb 1.8 kb 1.5 kb 2.0kb l.é kb
PL1 Bl Bis Al A3 PLC
I 1 b | I 1 I | b—
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ted R ted B tedE tedd tedC
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Figure 3.1: PCR amplification region of C. difficile

The PCR amplification areas are shown here in a schematic representation. The variable regions include B1,
B2 and A3. Thus the areas with highest sequence conservation were B3, Al and A2. (Image taken from
Rupnik et al., 1998). In toxinotype 0 and representative variant toxinotypes the presence or the absence and
the exact positions of restriction site are shown: A — Accl, E — EcoRI, Ec — EcoRV, H —Hindlll, Hc —
Hincll, N — Nsil, Nc — Ncol, P — Pstl, R —Rsal, S — Spel, X — Xbal.

To confirm if the nucleotide regions defined above by Rupnik (1998) were indeed highly

conserved, individual gene sequences from multiple isolates were directly compared using
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a bioinformatics based approach. Bioinformatics is the application of information
technology to the field of molecular biology and has enabled information regarding
biological structures, such as DNA, proteins and RNA to be analysed (Zvelebil & Baum,
2008). The genomic revolution was considered to have begun in the mid 1990s; however
the roots of bioinformatics can be traced back to the 1950’s when bovine insulin was
sequenced by Frederick Sanger and colleagues (Ryle et al., 1955). Indeed by the 1960’s
the first database of protein sequences “Atlas of Protein Sequence and Structure” was
published by Margaret Dayhoff with >100 protein sequences available (Primrose &
Twyman, 2007). During the 1970s and 1980s DNA sequences became more accessible
and predicted protein sequences from translation of sequenced genes were available. By
1982 there were so many sequences available that they were collated into a database,
known as GenBank, which today contains in excess of 30 million sequences (Benson et
al., 1999). Thus as the amount of biological information has increased it has been
necessary to employ computer based algorithms to analyse them (Primrose & Twyman,
2007).

The method used to compare the relationship of nucleotide sequences utilises alignment
pairing comparisons: two sequences are analysed and the number of shared residues
determined (pairwise alignments). This method deduces sequence similarity in DNA and
protein sequences which are subject to evolutionary changes including mutations within
their genome sequences. Specifically bases, and the amino acids they encode, can change
over time as a result of point mutations within the genome. Synthesis of sequences from
different organisms and gene duplications are quite common in organism evolution. As
such, it is necessary to employ alignment comparisons to reveal any potential similarities,
resulting in an alignment score, which represents the alignment quality and the
evolutionary closeness of the sequences (Primrose & Twyman, 2007). Those sequences
with a high alignment score are deemed as having homology, which suggests that the
organism/gene may have evolved from a common ancestor/ ancestral gene. Thus an
alignment of two sequences is essentially a hypothesis that the sequence residues of

interest have evolved from the same ancestor.

Multiple sequences can be aligned using online programmes such as Clustalw (EBI)

(Larkin et al., 2007). ClustalW has a graphic interface which allows viewing of a set of
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sequences easily; hence if the sequences show a similar alignment pattern they are likely
to have derived from a common ancestral sequence (Woodford & Johnson, 2004).
Multiple sequence alignments allow wider analyses of sequences to be made, such as
relationships between families to be deduced, predicting sequences, and to construct
phylogenetic trees (Zvelebil & Baum, 2008). In the case of this thesis, multiple sequence
alignment (MSA) analyses were used to establish areas with conserved residues in the

sequences of C. difficile toxin A and toxin B.

To establish if a sequence has any homologs, various searching tools are available to
detect homologs in databases. One such is BLAST (Basic Local Alignment Search Tool)
[NCBI], which finds core similarities (defined by set parameters) between nucleotides
and/or proteins and can search for protein sequences using a nucleotide sequence and vice
versa (Altschul et al., 1997). Firstly suitable matches are located within each database and
are indexed according to rank by their similarities. The highest scoring sequences are
deemed as having the most homology to the query sequence. These scores have an
expectation value (E-value) which is the estimation of the probability of two random
sequences aligning with a score higher than the defined parameter of S (Primrose &
Twyman, 2007). E-values can vary from 0 to X, and those with an E-value closer to 0 are
also deemed to have significant homology (Altschul et al., 1997). This approach was
employed to deduce any probe similarities to database sequences.

3.3. RESEARCH AIMS

The aims of this chapter are to:

Analyse the toxin encoding genes tcdA and tcdB within the genome of C. difficile to
identify conserved regions within each nucleotide sequence of each toxin

Determine the specificity of these conserved regions using bioinformatic analysis

Design candidate probes from regions specific to each toxin

Determine the ability of candidate probes to detect tcdA and tcdB targets

Determine the sensitivity of these candidate probes

Determine the specificity of the candidate probes against a range of C. difficile isolates,
isolates from related Clostridium strains, other bacterial isolates and against human gut

metagenomic DNA extracts
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3.4. MATERIALS & METHODS

3.4.1. Bioinformatic analysis of C. difficile sequences

Submitted nucleotide sequences for the two C. difficile toxin genes tcdA and tcdB were
collated from the National Centre for Biotechnology Information (NCBI) genomic
database “GenBank” [http://www.ncbi.nIm.nih.gov/Genbank/] [Accessed 01/10/2008]. In
total the nucleotide sequences from 20 toxin A entries and 18 toxin B entries, obtained
from unrelated viable strains of C. difficile were accessed. One further toxin B sequence
was obtained from Stabler et al. 2008.

3.4.2. Conserved regions in C. difficile toxins A and B

Conserved regions were pinpointed as described in Section 1.5.2 (Rupnik et al., 1999).

3.4.3. Multiple Sequence Alignments of C. difficile sequences

To confirm that the predicted conserved regions within toxins A and B contained regions
of conserved nucleotide sequences, the multiple sequences deposited in the Genebank
database were analysed using ClustalW Multiple Sequence Alignment (MSA) program
provided by European Bioinformatics Institute (Larkin et al., 2007). The results of this
analysis were displayed using Bioedit v7.1.3 (Hall, 2001) MSA viewer in which bases are
colour coded to highlight conserved regions.

3.4.4. C. difficile toxin A and B Probe Design

Probes were designed to recognise nucleotide sequences within conserved regions of
toxins A and B. As part of the design process we incorporated features which would
enable us to utilise the probes in a future MAMEF assay (as described in Section 1.7). The
anchor probe for the C. difficile assay was designed to be 17 nucleotides in length and to
be separated from the 22 nucleotide fluorescent detector probe by a stretch of 5
nucleotides. The anchor probe binds target DNA while the detector probe subsequently
binds at a distance which positions the fluorophore optimally for biomolecular recognition
to occur. The use of an anchor and detector probes also allows for two levels of sensitivity

within the assay for each toxin.
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3.4.5. In silico characterisation of probe properties

3.4.5.1. Melting point and GC content analysis

For PCR based annealing reactions to take place optimally, designed probes should ideally
have a GC content of approximately 50% so the melting temperature can be adequate for
PCR annealing (Primrose & Twyman, 2007). To achieve this aim we employed the
following bioinformatic programs:

1) Oligoanalyser 3.1 program (Integrated DNA Technologies, 2009)
[http://eu.idtdna.com/analyzer/Applications/OligoAnalyzer/Default.aspx]

[Accessed 01/2009]

ii) Primer 3 [http://frodo.wi.mit.edu/primer3/](Rozen & Skaletsky, 2000)

[Accessed 01/2009]

3.4.5.2. Probe secondary structure analysis

Furthermore, the potential for secondary structures and primer dimers was assessed
through manual analysis of the probe sequences. The formation of primer dimers and
secondary structures within a PCR reaction are the result of non-specificity, where the
probes can bind to themselves or each other, resulting in poor amplification and the
generation of PCR products which are not the correct amplicon size. Sequences were also
analysed for long repeats of nucleotides, as repeats of >3/4 nucleotides can lead to
formations of secondary structures and non-specificity (Primrose & Twyman, 2007).
Analysis was performed using the Oligoanalyser 3.1 program (Integrated DNA
Technologies, 2009).

3.4.5.3. Probe sequence homology search using BLAST

We employed the Basic Local Alignment Search Tool nucleotide homology search
facility: BLASTn: BLAST (NCBI) [http://blast.ncbi.nlm.nih.gov/Blast.cgi] to determine if
probes had homology to sequences within the Genbank database.

3.4.6. C. difficile toxin A and B- specific Probe Studies

3.4.6.1. Bacterial species, growth conditions, and metagenomic DNA

C. difficile isolates

To enable the designed probes to be tested against a representative collection of C. difficile
isolates, we supplemented the collection of isolates described in Chapter 2 with additional
toxinotypes of C. difficile obtained from the National Anaerobic Reference Unit, Cardiff,
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Wales, courtesy of Dr. Val Hall. These strains are shown in Table 3.1. These extra isolates
also included clinical isolates from blood culture and variant isolates which only produced
toxin B (Ribotypes 017, 047, 110). A further three toxinotypes were tested courtesy of Dr.
Katie Solomon, University College Dublin, Ireland. Unless otherwise stated all organisms
were stored as spores at 4°C as described in Chapter 2. In total 58 C. difficile isolates were
tested.

The purity of C. difficile strains was confirmed by using Clostridium difficile Moxalactam
Norfloxacin (CDMN) antibiotic selective supplement (Oxoid, Basingstoke, Hampshire,
UK). Contents of 1 vial of Oxoid CDMN supplement was reconstituted with 2 ml sdw and
added to 500 ml molten (50°C) C. difficile agar base (Oxoid, Basingstoke, Hampshire,
UK), together with 7% (v/v) defibrinated horse blood (SR0050) (Sigma Aldrich, Dorset,

UK). This was mixed well and poured into sterile Petri dishes, left to dry and degassed.
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Table 3.1: Table of isolates used in this study

The additional isolates of C. difficile are listed. Isolates from blood culture are listed as (B/C). Toxin
production for each strain and its PCR ribotype are shown, with additional information including the source.
The isolates and information above was provided courtesy of Dr. Jon Brazier and Dr. Val Hall at the
Anaerobic Reference Unit, University Hospital Wales, Cardiff, UK, 2008.

C. difficile strain ‘ Year referred Source Ribotype Toxin Production

Representatives of toxinotype VIiI
R9557 1996 Faeces 017 tcdA tcdB*

R13695 2000 Faeces 017 tcdA tcdB®
R18091 2003 Faeces 017 tcdA tcdB*
R10542 1997 Faeces 047 tcdA tcdB®
R18045 2003 Faeces 047 tcdA tcdB®
R7771 1994 Faeces 110 tcdA tcdB®
R17978 2003 Faeces 110 tcdA tcdB”
Representatives of toxinotype Xl

R24498 2007 Faeces 056 tcdA" tcdB*
DS2008/08 2008 Faeces 056 tcdA” tcdB*
R26796 2008 Faeces 056 tcdA* tcdB”
Blood culture isolates

R2139 1985 B/C 017 tcdA tcdB®
R9399 1996 B/C 001 tcdA” tcdB*
R12824 1999 B/C 001 tcdA tcdB”
R13400 1999 B/C 014 tcdA tcdB*
R15552 2001 B/C 023 tcdA tcdB*
R17752 2002 B/C 001 tcdA” tcdB*
R19058 2003 B/C 078 tcdA' tcdB”
R19168 2004 B/C 046 tcdA” tcdB*
R19222 2004 B/C 017 tcdA tcdB”
R20408 2004 B/C 045 tcdA tcdB*
R22537 2006 B/C 014 tcdA' tcdB”
R24626 2007 B/C 027 tcdA* tcdB”
R25028 2007 B/C 005 tcdA’ tcdB*
R25577 2008 B/C 002 tcdA tcdB*
R26390 2008 B/C 027 tcdA tcdB”
R27038 2008 B/C 005 tcdA tcdB*
R27039 2008 B/C 002 tcdA’ tcdB*
R28614 2009 B/C 106 tcdA’ tcdB*
R30061 2010 B/C 014 tcdA* tcdB*
R30359 2010 B/C 333 tcdA" tcdB*
Other Strains

R22680 = Faeces 017 tcdA tcdB*
12727 - Faeces 001 tcdA” tcdB*
11204 s Faeces 001 tcdA” tcdB*
Isolates with designated toxinotype Toxinotype

VPI 10463 0

Toxinotype Xla Xla tcdA tcdB
Toxinotype Xlb Xlb tcdA tcdB

Toxinotype IX IX tcdA tcdB”
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3.4.6.2. Bacterial species unrelated to and related to C. difficile

In addition to increasing the range of C. difficile isolates tested, the ability of the probes to
react with other bacterial species was assessed. Thus to establish the specificity of the
designed probes we tested them against a range of bacterial species from closely related

Clostridium strains, to unrelated strains, as listed in Table 3.2.

Table 3.2: Additional bacterial species used in this study

The additional species and their strain designations used in this study are listed above. The species related to,
and those not related to, C. difficile are shown. The species were obtained from the NCTC (National Culture
Type Collection, HPA, London, UK), unless otherwise stated. Other isolates obtained from the anaerobic
reference unit (ARU) at the University Hospital Wales (UHW) are listed as ARU, UHW. Those isolates and
information was provided courtesy of Dr. Jon Brazier and Dr. Val Hall at the Anaerobic Reference Unit,
University Hospital Wales, Cardiff, UK.

Bacterial species Strain Source

Unrelated Bacterial Species

Methicillin-resistant Staphylococcus aureus NCIMB 9518 NCTC
Staphylococcus aureus NCTC
Escherichia coli K12 NCTC
Bacillus subtilis 6051 NCTC
Related Clostridium Species

C. sordellii R20453 UHW
C. sordellii 13356 UHW
C. novyi R14479 UHW
(o 1.1 277 UHW
C. septicum R22030 UHW
C. perfringens 13170 NCTC
C. perfringens type C 3180 NCTC
C. coccoides 11035 NCTC
C. leptum 753 DSM
C. innocuum 1280 DSM

3.4.6.3. Human Metagenomic gut DNA

The human gut environment contains approximately 10'%/g bacteria. Therefore the probes
designed to detect C. difficile must be able to specifically detect the toxin genes amongst
the numerous bacteria present (Shoemaker et al., 2001). Therefore to further confirm the
specificity of the designed probes, metagenomic DNA samples from ten human volunteers
were obtained from Cardiff School of Biosciences, Wales, Cardiff, UK, courtesy of Dr.
Julian Marchesi. The metagenome was extracted from faecal matter (Dr. J. Marchesi-

personal communication) from humans in Zambia, France and the UK.
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3.4.6.4. DNA Extraction from C. difficile using Chelex 100 Resin

(Courtesy of Dr. J. Brazier; Personal communication)

Chelex 100 Resin (BioRad Laboratories, UK) was dispensed into 2 ml sterile distilled
water and vortex mixed well using a VVortexGenie (Fisher Scientific, UK). Approximately
100 ul Chelex 100 was added to an Eppendorf tube whilst gently agitated. A 10 ul loopful
of C. difficile colonies from an overnight (24 h) agar plate culture on CDMN was taken
and mixed into the Chelex 100. Subsequently the Eppendorfs were placed on a hot plate at
100°C for 12 min, and then centrifuged for 10 min at 15,000 rpm. The supernatant was
aliquoted out and stored as DNA extract at -20°C. Concentration of DNA measured using
Biophotometer (Eppendorf, UK) DNA absorbance function calculating absorbance using
the relationship that Azgo 0f 1.00 = 50 pg/ml pure DNA. DNA purity was calculated at 260

nm/280 nm.

3.4.6.5. Probe Synthesis
Probes were synthesised by Eurofins MWG Operon, Ebersberg, Germany, at HPSF

purification, synthesis scale 0.05 pl.

3.4.7. PCR for C. difficile

3.4.7.1. Preparation of 1x Tris Boric EDTA Electrophoresis buffer

A 10x TBE buffer stock containing 27.5 g boric acid (Sigma Aldrich, UK), 54 g Tris base
and 20 ml 0.5M EDTA was prepared. To make a 1x solution of TBE, 100 ml 10x TBE
buffer was added to 900 ml double diH,O water in a 1L Duran bottle.

3.4.7.2. Preparation of 1% (w/v) Agarose
In a 500 ml Duran bottle 200 ml 1x TBE buffer was added to 2 g molecular biology grade
agarose (Sigma Aldrich, UK) and microwaved until all the powder dissolved. The agarose

was left to cool and poured into a gel cast mould with comb (Biorad Laboratories, UK).

3.4.7.3. PCR to detect Toxin B within C. difficile isolates
As a control a primer known to detect toxin B within C. difficile isolates was employed
(Wren et al., 1993). Only toxin B was detected via PCR as all C. difficile strains contain a

stable toxin B gene.
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3.4.7.4. PCR thermocycle optimisation conditions for designed probes

To generate probes for use in a dot blot macroarray the hypothesised conserved regions of
nucleotide sequences were amplified using PCR. The PCR thermocycle conditions for
each of the probes were optimised to obtain definitive amplicons bands of the correct size.
When optimising PCR conditions the annealing temperature was assessed by performing a
temperature gradient (+/-10°C) thermocycle calculated by the thermocycler (Techne
Touch gene gradient thermocycler). PCRs were performed using the Taq PCR core kit
(Qiagen, Qiagen House, Crawley, West Sussex, UK). For the optimisation studies DNA
extracted from C. difficile strain R20291 was used in each 20 pl reaction. Each 20 pl
reaction contained: 9.9 ul sdw, 2.5ul PCR buffer, 5 pl Q solution, 0.4 pl of 25 mM MgCl,,
2 pl of 10 mM deoxyribonucleotides (dNTPs), 1 pl primer mix, 1 pl template DNA and
0.2 pl of 5 Units/ pl Taq polymerase. The PCR thermocycle programme employed was as
follows: 94°C for 5 min and 30 cycles of 94°C (30 s), annealing gradients variable
according to probe (Table 3.3) and 72°C (45 s). PCR products were gel electrophoresed in
1% (wl/v) agarose (Sigma Aldrich, UK) at 85 V, stained with SafeView™ and
photographed in a UV-transilluminator (ChemiDoc, BioRad laboratories, UK).

Table 3.3: PCR Thermocycle annealing temperatures per probe
The probes for each toxin were found to have the above optimal temperatures for PCR to occur. These are

the temperature at which all further PCR reactions and dot blot reactions will be conducted.

Clostridium Anchor Probe F Primer Optimal Detector Probe F Primer Optimal

difficile Toxin 5’ 3 Temperatures 5’ 3 Temperatures

(17 nt) for PCR (22 nt) for PCR

Toxin A Probe

from TTTGAATACTTTGCACC TGCTAATACGGATGCTAACAAC

50 bp Region
Toxin A Probe 2
from TTTAATACTAACACTGC 37.3 TGTTGCAGTTACTGGATGGCAA  66.9

76 bp

Toxin B Probe TCAAGACTCTATTATAG 48.4 TAAGTGCAAATCAATATGAAGT  60.1
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3.4.7.5. Staining of PCR products in agarose gel using SafeView ™

To visualise amplified DNA bands in a gel we used SafeView™ (NBS Biologicals,
Cambridgeshire, UK). SafeView™ is as sensitive as ethidium bromide but does not suffer
from concerns over its potential toxicity. Green fluorescence is emitted when it binds to
sSDNA, dsDNA and RNA and has a fluorescence excitation maximum at approximately
290-320 nm, emitting at 490 nm). The stain was added to molten agarose before setting,

and to 1 x TBE buffer in a gel electrophoresis tank, at the specifications listed below:

Table 3.4: Amount of Safeview™ to use in an agarose gel
The volume of Safeview™ required for visualisation in an agarose gel is shown above. The volume of
Safeview™ required to be added to 1 x TBE buffer in a gel electrophoresis tank (Biorad laboratories, UK) is

shown. Information is taken from NBS Biologicals, Cambridgeshire, UK).

- Sizeof GelCast ((m) ~ Agarose(ml)  SafeView (ul)
10x 15 120 2.5
10x 6 50 1.75
Tank Size TBE Buffer in tank (ml) SafeView (pl)
Small 250 10
Medium 800 30

3.4.8. Genomic DNA hybridisation dot blots

3.4.8.1. Preparation of DIG-labelled Hybridisation Probes

After PCR optimisation the product was labelled with digoxigenin (DIG) to enable
detection in a larger macroarray via dot blot hybridisation (Figure 3.2). DIG is a non-
radioactive molecule with high immunogenicity which is a used as an alternative way of
labelling oligonucleotides. The probes were prepared for dot blot hybridisation by
performing a PCR reaction by replacing standard dNTPs with DIG-labelled dNTPs in a
chemiluminescence-based method (Roche Diagnostics, Charles Avenue, West Sussex,
UK). Further advantages of the DIG system is its high sensitivity, short exposure time,
safety, and the probes are reusable (Roche Diagnostics:
www.roche-applied-science.com/sis/lad/index.jsp?id=lad_040100).

To label the probes a PCR labelling reaction was performed using the DIG-labelled
dNTPs. Per 20 pul reaction was: 9.9 ul sdw, 2.5ul PCR buffer, 5 pl Q solution, 0.4 pl of 25
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mM MgCl,, 2 pl of 10 mM DIG-labelled dNTPs, 1 pl primer mix, 1 pl template DNA and
0.2 pl of 5 units/ pl Tag polymerase. PCR conditions were as in Section 3.4.7.4 above,
with annealing temperatures specified in Table 3.3. The template DNA used in the PCR
reaction was strain DS1813. The concentration of PCR product was measured using a
Biophotometer (Eppendorf, UK) and stored at -20°C, undiluted (50-100 ng/ul).

—

Anchor Probe

Hypothesised Conserved Nucleotide Sequence

D —

Detector Probe

DIG labelling reaction to amplify the hypothesised

The anchor and detector probe were used in a PCR
conserved region and create a DIG labelled probe

C. difficile bacteria and other species for specificity

Dig labelled probes were tested against variety of
using dot blotting macroarray technique

Figure 3.2: Probe generation
Schematic showing the method used to generate DIG labelled probes for use in a macroarray dot blot
hybridisation reaction. These DIG labelled probes were screened for specificity against a range of C.

difficile isolates, and bacteria from other species. This can be seen later in section 3.5.6.2.

3.4.8.2. Sensitivity of DIG-labelled probes

To establish the sensitivity each DIG-labelled probe, 2 pl of probe was serially diluted in
20 ul sdw, and 2 ul of each dilution sequentially dot blotted onto a positively charged
nylon membrane (Roche Diagnostics, Charles Avenue, West Sussex, UK) and fixed with
UV light (ChemiDoc, BioRad laboratories, UK) to ascertain the optimum probe

concentration for further DNA hybridisation dot blotting experiments.
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3.4.8.3. Macro-arraying genomic DNA onto a positively charged nylon membrane

To allow all of the C. difficile isolates to be examined easily via dot blot, a Macro-arraying
technique was employed to hybridise gDNA samples onto the positively charged nylon
membrane. The gDNA extracted from the C. difficile isolates (using Chelex 100), was
aliquoted at 30 ul per well into a 384 well plate (ABGene, Fisher Scientific, UK) and
printed into the positively charged membrane using a Flexys robotic workstation
(Genomic Solutions Ltd, UK). The robot was set to blot 4 spots of DNA in a grid format
(Figure 3.3). To orientate the membrane a single well was included, containing loading
dye (Bromophenol blue, Sigma Aldrich, UK) and 50 ng/ ul lambda phage DNA (Promega,
UK). After macroarraying the gDNA was fixed to the nylon membrane using a UV
transilluminator (ChemiDoc, BioRad laboratories, UK) for 5 min. The fixed membranes

were stored for future use between two sheets of blotting paper at room temperature.

Sample gridding E.:I (OO i O O
from macroarray O O OO0

. Nylon membrane (ONO) O O
Blotting paper O O O O

Plate

N

Figure 3.3: Macroarraying experiment

The gDNA from a range C. difficile isolates was macroarrayed onto a positively charge nylon membrane
using a robotic machine- FLEXYS (Genomic Solutions Ltd, UK). gDNA was macroarrayed in the sample
gridding format shown above to give four dots of DNA,; thus four replicates for each isolate. After
macroarraying the gDNA was fixed onto the membrane using a UV transilluminator (ChemiDoc, BioRad

laboratories, UK) and stored on blotting paper in a plate for future use.

3.4.8.4. Solutions for DNA hybridisation dot blots

All solutions used in the dots blots were made according to instructions from Roche. The
methods and solutions are specific for use with the DIG detection system (Roche
Diagnostics, Charles Avenue, West Sussex, UK). These are listed in detail in the
Appendix.
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3.4.8.5. DNA hybridisation dot blots

3.4.8.5.1. Pre-hybridisation of membrane

To prepare the membrane for hybridisation the membrane was calibrated in a pre-
hybridisation step. The hybridisation tubes were washed thoroughly and the hybridisation
oven (Fisher Scientific, UK) warmed to 50°C beforehand. This was checked using a
thermometer (Fisher Scientific, UK). For pre-hybridisation, 20 ml of DIG Easy Hyb buffer
(Roche Diagnostics, Charles Avenue, West Sussex, UK) was put in each hybridisation
tube and left in the hybridisation oven until they reached 50°C. Subsequently the
membrane was put into the hybridisation tube with DNA side facing the tube interior and

a further 20 ml heated DIG Easy Hyb buffer was added to give 40 ml in each tube.

3.4.8.5.2. Hybridisation of the probes to the membrane

For hybridisation of the DIG labelled probes to any DNA on the membranes, another
hybridisation step is undertaken. Each hybridisation experiment was repeated three times.
Approximately 5-10 ul of the DIG-labelled PCR product probe (this is dependent on the
probe concentration, as described by Roche Diagnostics) to 500 ul of DIG Easy Hyb
buffer (Roche Diagnostics, Charles Avenue, West Sussex, UK) and boiled in a beaker on a
hot plate (Fisher Scientific, UK) for 10 min (98°C) followed by chilling immediately on
ice. The boiled probe was added to the pre-heated hybridisation tube after Prehybridisation
stage and subsequently the tubes were rotated in the hybridisation oven (Fisher Scientific,
UK) overnight at 50°C.

3.4.8.5.3. Stringency Washes

The stringency washes are employed to remove any unbound probe and is carried out at
approximately 10°C above the hybridisation temperature (this is equivalent to the PCR
annealing temperatures as described in Table 3.3). In practise the temperature should be
60-68°C depending on the stringency required. The hybridisation oven was set at the
appropriate stringency temperature specific for the probe used and the stringency solutions
(SSC solutions) were heated manually using a microwave (GE microwave Model No.
JE2160BF01, kW 1.65 (M/W) to 60°C. The hybridisation buffer was then discarded from
the tube and the stringency washes conducted. The membrane was washed in 40 ml 2x
SSC stringency solution twice for 15 min, and then in 40 ml 0.5x SSC stringency solution
twice for 25 min. For high stringency the membrane was washed in 40 ml 0.1x SSC

stringency solution twice for 15 min.
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3.4.8.5.4. Detection of bound probe using DIG chemiluminescence

The bound probes were detected on the membrane using an anti-DIG alkaline phosphatase
method. The membrane was equilibrated in washing buffer for 2 min then agitated in 1%
blocking solution for 45 min. The membrane was then agitated for 30 min in a 1:10,000
dilution of anti-DIG alkaline phosphatase antibody (Roche Diagnostics, Charles Avenue,
West Sussex, UK) in 1% blocking solution. To make the 1:10000 dilution of anti- DIG
antibody, 5 ul of antibody was diluted into 50 ml of 1 % blocking solution. The antibody
was centrifuged prior to dilution in 1% blocking solution.

The membrane was then washed twice for 15 min in washing buffer to remove any
unbound antibody from the membrane, and equilibrated in detection buffer for 2 min. In
an eppendorf 10 ul CSPD (Roche Diagnostics, Charles Avenue, West Sussex, UK) was
added to 1000 pl detection buffer. The membrane was placed DNA side up onto a clean
plastic bag and the 1000 ul CSPD pipetted over the membrane. The plastic bag was folded
so there were no bubbles and to ensure the membrane was entirely covered with CSPD.
The membrane was incubated at 37°C for 15 min to this makes the light-producing

reaction reach equilibrium. The blots were exposed overnight.

3.4.8.5.5. Chemiluminescent Camera Method for detection:

To visualise the blot a chemiluminescent camera was used, courtesy of Dr. Claire
Hamilton and Dr. Kelly Berube in Cardiff School of Biosciences. The chemiluminescent
camera (Biospectrum® Imaging system, UVP, UK) is sensitive enough to detect any light
emission from the membrane. The image was visualized using the VisionWorks® LS
analysis software (UVP, UK).
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3.5. RESULTS

3.5.1. Bioinformatic analysis of C. difficile sequences

Conserved nucleotide regions within the sequences of toxins A and B were identified by
employing Rupnik’s toxin typing method (1998). Conserved regions from different
clinical isolates (20 from tcdA and 19 from tcdB) of C. difficile were collated from the
Genbank database and imported into ClustalW (European Bioinformatics Institute) to
identify common areas from which to design probes using the Jalview™ MSA viewer
(Figure 3.4). Two conserved regions within toxin A and four conserved regions within
toxin B were identified (Table 3.5). These results confirmed that the regions defined by
Rupnik et al. (1998) were indeed conserved within both C. difficile toxins, and these

conserved regions were suitable for probe design for the MAMEF- based assay.

tedARegion 1 / \ tedARegion2

9130 6140 9150 9160 \9170 9180 7570 7580 7590 7600 7610
T e T FER Y PETRS PRER) PP PO PR PPN vl b e L
lteda GGAGTGTTTAAAGGGT (P ARTGGAT TTGRATACT TTGCACCTGCTARTALGGATGCTARC  1tcdh ACTGCTGRAGCAGCTACTGGATGGCARACTATTGATGGT ARARAATAT TACT TTAATACT

2tcdADove 1990 GGAGTGTTTARAGGGTCTAATGGATTTGAATACTTTGCACCTGCTARTALGGATGCTAAC  2tcdADove 1990 ACTGCTGAAGCAGCTACTGGATGGCARACTATTGATGGT AN ARATATTACT TTAATACT
3tcdASebaihia 2006 GGAGTGTTTARAGGGTCJPAATGGATTTGAATACTTTGCACCTGCTAATALGGATGCTAAC  3tcdhSebaihia 2006 ACTGCTGAAGCAGCTACTGGATGGCAAACTATTGATGGTAMAAAATATTACTTTAATACT

\ Conserved Probe /

4tcdrR20291 GGAGTGTTTAAAGGACCIARTGGAT TTGRATACT TTGCACCTGCTAATALGGATGCTARC  4+¢dAR20291 ACTGCTGAAGCAGCTACTGGATGGCAAACTATTGATGGTANAARGTATTACT TTAATACT
5tcdACD196 GGAGTGTTTAMGGACCQATGGATTTGAATACTTTGCACCTGCTAAWGGATGCTMC 5tcdACD196 ACTGCTGAAGCAGCTACTGGATGGCAAA(.'I‘ATTGATGGTA@AGTATTACT'ITAMACT
/ 9190 9200 9210 9220 9230\ 9240 7630 7640 7650 7660 7670 7680

R O e P I e e T O O T P S Y PP PP PR PO (e
ltcdA ARTATAGAAGGT CAAGCTATACGT TATCAARATAGATTCCTACATTTACTIGGARARATA  1tcda AACACTGCTGARGCAGCTACTGGATGGCAAACTATTGATGGTARAARATATTAQTTTAAT
2tcdADove 1990 [AATATAGAAGGT CRAGCTATACGT TATCAARATAGATTCCTACATTTACTTGGAMARATA  2tcdADove 1990 AACACTGCTGAAGCAGCTACTGGATCGCARACTATT GATGGTARAAAATATTAQTTT AT
3tcdASebaihia 2006 |AATATAGAAGGTCAAGCTATACGITATCAAAATAGATTCCTACATTTACTTGGARAARTA  3todaSebaihia 2006 | AACACTGCTGAAGCAGCTACTGGATGGCARACTATT GATGGT ARARRATATTATTT ART
4tcdAR20291 AATATAGATGGT CAAGCTATACGTTATCARAATAGATTCCTACATTTACTTGGARARATA  4tcdAR20291 AACACTGCTGARGCAGCTACTGGATGGCAAACTATTGAT GGTARAAAATAT TAQTTTAAT
5tcdACD196 @TATAGATGGTCAAGCTATACGTTATCAAAATAGATTCCTACATTTACTTG%‘AAATA 5tcdACD196 AACACTGCTGARGCAGCTACTGGATGGCAAACTATTGATGGTARAARATAT TAGTTTAAT

Figure 3.4: Schematic diagram showing deduction of conserved regions

Sequences of toxins A and B respectively obtained from the Genbank database were assessed for conserved
regions using EBI ClustalW. The Bioedit v7.1.3 (Hall, 2001) method of viewing MSA allows conserved
residues to be colour coded according to those used in the EBI program ClustalW. The guanine reside (G) is

shown as black, cytosine (C) as blue, adenosine (A) as green and thymine (T) as red.
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Table 3.5: Conserved regions of toxins identified via MSA
Regions within toxin A and toxin B of C. difficile were identified by ClustalX and the MSA analysis
software Jalview™. The size of these regions were determined are listed above. Two regions in toxin A and

three regions in toxin B were conserved across all the sequences collated from GenBank.

C. difficile Region Final Conserved Nucleotide Regions References
Toxin Length (bp)

Toxin A: 1 ATGGATTTGAATACTTTGCACCTGCTAATACGGATGCAA Sebaihia et al., 2006
CAACATAGAA Lemee et al., 2005
Letournier et al., 2003
Toxin A: 2 AAAATATTACTTTAATACTAACACTGCTGTTGCAGTTACT Braun et al., 2000
GGATGGCAAACTATTAATGGTAAAAAATACTACTTT Sambol et al., 2000
Kato et al., 1998
Toxin B: 1 TTGGCAAATAAGCTATCTTTTAACTTTAGTGATAAACAA Hundsberger et al.,
GATGTACCTGTA 1997

Toxin B: 2 CATATTCTGGTATATTAAATTTCAATAATAAAATTTACTA Eichel-Streiber, 1995
T Sauerborn & Eichel —
Streiber, 1990
Toxin B: 3 TTTGAGGGAGAATCAATAAACTATACTGGTTGGTTAGAT Dove et al., 1990
TTAGATGAAAAGA Wren et al., 1990

Toxin B TCAAGACTCTATTATAG
extra region TAAGTGCAAATCAATATGAAGT

3.5.2. Probe Design

Probes for the MAMEF assay were designed to recognise sequences within each
conserved region (~50 nucleotides; Table 3.5) and were configured to take account of the
requirements of the assay as described in Section 1.7. Thus the anchor probes were 17
nucleotides in length while the fluorescent detector probes were 22 nucleotides in length,
and a 5 nucleotide gap between the anchor and fluorescent probes was incorporated to fit
the MAMEF assay requirements. The potential capture and fluorescent detector probes

designed from the regions can be seen in Tables 3.6 and 3.7.
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Table 3.6: Conserved regions of toxins identified via MSA

Probes regions within toxin A of C. difficile were designed to recognise nucleotide sequences within
conserved regions of toxin A, and incorporated features needed for use in a future MAMEF assay. Regions
were divided at natural break within the nucleotide sequence- at GC or CC points. The entire conserved
region and the capture and detector probes designed from them is shown. The colour coding of bases
indicates areas of probe under design. Bases shown in purple indicate the capture probe under design and
its corresponding detector sequence from the conserved region. Bases shown in green indicate the capture
probe under design and its corresponding detector sequence from the conserved region. Bases shown in blue
indicate the capture probe under design and its corresponding detector sequence from the conserved region.
Bases shown in red indicate the capture probe under design and its corresponding detector sequence from
the conserved region.

Clostridium
difficile

Probe Regions
50 nt in total

Toxin
Region

Entire Conserved Capture Probe (17 nt) Detector Probe Remaining
Region Region (22 bp) region after
1 2 3 4
R[0S ATGGATTTGAATACT | GGATTTGAAT | TTTGAATACTT | GAATACTTTGC ACCTGCTAATACGGATGCT | AACATA GAA
50 bp TTGCACCTGCTAATA | ACTTTGC TGCACC ACCTGC AAC
Region CGGATGCTAACAAC
ATAGAA TGCTAATACGGATGCTAAC | ATAGAA
AAC
TAATACGGATGCTAACAAC | GAA
ATA
P[90S AAAATATTACTTTAA | TACTTTAATAC | TTTAATACTAA | ACTAACACTGC | TGCTGTTGCA | TGCTGTTGCAGTTACTGGA | CAAACTATTAA
72 bp TACTAACAC TAACAC CACTGC TGTTGC G TGG
Region TGCTGTTGCAGTTAC TTACTG
TGGATGGCAAACTA TGTTGCAGTTACTGGATGG | ACTATTAATGG
TTAATGGTAAAAAA CAA
TACTACTTT
ATGGCAAACTATTAATGGT | AAATACACTT
AAA
GATGGCAAACTATTAATG | AAAATACTACT
GTAA
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Table 3.7: Conserved regions of toxins identified via MSA

Probes regions within toxin B of C. difficile were designed to recognise nucleotide sequences within

conserved regions of toxin B, and incorporated features needed for use in a future MAMEF assay. Regions

were divided at natural break within the nucleotide sequence- at GC or CC points. The entire conserved

region and the capture and detector probes designed from them is shown. The colour coding of bases

indicates areas of probe under design. Bases shown in purple indicate the capture probe under design and its

corresponding detector sequence from the conserved region. Bases shown in green indicate the capture

probe under design and its corresponding detector sequence from the conserved region. Bases shown in blue

indicate the capture probe under design and its corresponding detector sequence from the conserved region.

Bases shown in red indicate the capture probe under design and its corresponding detector sequence from

the conserved region.

Clostridium
difficile

Toxin Region

1. Toxin B
51 bp
Region

2. Toxin B

41 bp Region

3. Toxin B
52 bp Region

Probe Regions
50 nt in total

Entire Capture Probe (17 nt) Detector Probe Remaining
Conserved _Region (22 bp) DNA Region
Region 1 2 3 4

TTGGCAAATAA | TTGGCAAATAA | ATAAGCTATCTTT | TCTTTTAACTT TTTTAACTTTAGTGATAAA | GATGTACCT
GCTATCTTTTAA | GCTATC TAAC TAGTG CAA GT
CTTTAGTGATAA
ACAAGATGTAC TTTAGTGATAAACAAGATG | CTGTA
CTGTA TAC

ATAAACAAGATGTACCTGT

A
CATATTCTGGTA | CTGGTATATTAA AATAATAAAATTTACTAT
TATTAAATTTCA | ATTTC
ATAATAAAATTT
ACTAT
TTTGAGGGAGA | AGGGAGAATCA | GAATCAATAAAC | TCAATAAACTA | TAAACTAT | TATACTGGTTGGTTAGATT | ATGAAAAG
ATCAATAAACT | ATAAAC TATAC TACTGG ACTGGTTG | TAG A
ATACTGGTTGGT G TGGTTGGTTAGATTTAGAT | AAGA
TAGATTTAGAT GAA
GAAAAGA TTGGTTAGATTTAGATGAA | A

AAG

TTAGATTTAGATGAAAAG

A
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3.5.3. In silico characterisation of probe properties

The anchor and fluorescent detector probes for each toxin were analysed for GC content
and secondary structures. Those with secondary structures were discarded from further
use. Sequences were then imported into BLASTn and those sequences with significant hits
to species other than C. difficile were discarded (9 tcdA sequences and 14 tcdB sequences).
Those which showed homology to C. difficile only were selected for commercial synthesis
(Table 3.8).

Table 3.8: Final probes for commercial synthesis
The probes above were commercially synthesised for further experiments. (Eurofins MWG Operon,

Ebersberg, Germany).

Clostridium difficile Anchor (Capture) Probe F Primer Detector Probe F Primer

Toxin 5’ 3 5’ 3
(17 nt) (22 nt)

Toxin A Probe from

TTTGAATACTTTGCACC TGCTAATACGGATGCTAACAAC

50 bp Region

Toxin A Probe from

76 bp TTTAATACTAACACTGC TGTTGCAGTTACTGGATGGCAA

Toxin B Probe TCAAGACTCTATTATAG TAAGTGCAAATCAATATGAAGT
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3.5.5. PCR Thermocycle Optimisation

The annealing temperatures of the synthetically designed probes were optimised for tcdA
and tcdB binding and to enable the PCR DIG-labelling of the probes for subsequent use in
genomic hybridisation macroarraying experiments. The anchor and fluorescent detector
probes were all tested across a temperature gradient (+/- 10°C) corresponding to the
annealing temperatures shown in Table 3.3. The PCR reactions revealed that the annealing
temperatures recommended by Eurofins MWG Operon (Ebersberg, Germany) were
optimal for each reaction (Figure 3.5; 3.6; 3.7).

M1 2 3 4 5 6 7 8 910 11 12 M M1 2 3 45 6 7 8 910 11 12 M

<

Figure 3.5: Anchor and detector gradient PCRs for tcdA 50bp probe
(A) This gel shows the optimal temperature of PCR annealing over a temperature gradient of 55.6°C (+/-

10°C). The gel also shows the PCR reaction for the anchor probe worked generating a product. (B) This gel
shows the optimal temperature of PCR annealing over a temperature gradient of 63.5°C (+/- 10°C). The gel
also shows the PCR reaction for the anchor probe worked generating a product. The optimal annealing
temperatures for the anchor and fluorescent detector probes were determined as 55.6°C and 66.9°C. Marker

(M) used is 1000 bp. PCR products at the optimal annealing temperatures are circled in red.
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M1 2 3 4 5 6 7 8 910 11 12 M M1 2 3 4 5 6 7 8 9 10 1112 M

Figure 3.6: Anchor and detector gradient PCRs for tcdA 76 bp probe

(A) This gel shows the optimal temperature of PCR annealing over a temperature gradient of 37.3°C (+/-
10°C). The gel also shows the PCR reaction for the anchor probe worked generating a product. (B) This gel
shows the optimal temperature of PCR annealing over a temperature gradient of 63.5°C (+/- 10°C). The gel
also shows the PCR reaction for the anchor probe worked generating a product. The optimal annealing
temperatures for the anchor and fluorescent detector probes were determined as 37.3°C and 66.9°C. Marker
(M) used is 1000 bp. The amplicons produced from PCR at the optimal annealing temperatures are circled in

red.

M1 2 3 45 6 78 910 11 1213 M M1 2 3 45 6 7 8 91011 12 1314 M

Figure 3.7: Anchor and detector gradient PCRs for tcdB

(A) This gel shows the optimal temperature of PCR annealing over a temperature gradient of 55.6°C (+/-
10°C). The gel also shows the PCR reaction for the anchor probe worked generating a product. (B) This gel
shows the optimal temperature of PCR annealing over a temperature gradient of 63.5°C (+/- 10°C). The gel
also shows the PCR reaction for the anchor probe worked generating a product. The optimal annealing
temperatures for the anchor and fluorescent detector probes were determined as 55.6°C and 66.9°C. Marker

(M) used is 1000 bp. PCR products at the optimal annealing temperatures are circled in red.
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3.5.6. DNA Hybridisation dot blots
DNA hybridisation was used as a rapid method to screen all isolates in our collection

against the designed probes.

3.5.6.1. Sensitivity of DIG-labelled probes

The sensitivities of each DIG-labelled DNA probe were assessed to determine the optimal
concentration for use in further dot blot experiments. The higher the concentration of
probe the more vivid the blot once hybridisation has occurred. The probe with the highest
sensitivity and strongest chemiluminescent signal was produced by the tcdA 76 bp Anchor
probe, which gave a signal at a dilution of 10 ng/ ul (Figure 3.8). This is important for
capturing target DNA within a future MAMEF based assay. On the basis of the sensitivity
results (Figure 3.8) the concentration of probe used for subsequent macroarray screening
studies was 60 ng/ ul.

100 80 60 50 40 20 10 5 0

tcdA 50 bp Anchor

tcdA 50 bp Detector

tcdA 76 bp Anchor

tcdA 76 bp Detector

tcdB Anchor

tcdB Detector

Figure 3.8: Sensitivities of DIG-labelled Probes

The probes (Table 3.7) were tested for sensitivity by performing a serial dilution of each probe (0-100
ng/ul). The probe concentration which showed the strongest signal was used for further macroarraying
experiments. On the basis of the sensitivity results (Figure 3.7) the concentration of probe used for

subsequent macroarray screening studies was 60 ng/ pl.
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3.5.6.2. Macro-arraying genomic DNA onto a positively charged nylon membrane of
C. difficile isolates

Genomic DNA from the C. difficile isolates tested were macroarrayed as shown in Table
3.9. As expected each strain containing a copy of the toxin A and B gene sequences gave a
positive signal, the strength of which varied between isolates, likely due to an artefact of
experimental procedure. The results do not reflect the toxin A and B gene copy numbers
within the C. difficile genome. Indeed Wren et al. (1990) postulated that there was a single
copy of toxin A within the C. difficile genome.

To confirm the specificity of the probes variant isolates of C. difficile (tcdAtcdB™) lacking
either the toxin A (ribotypes 017; 047: tcdA'tcdB™) or toxin B (Toxinotype Xla; XIb;
DS1684: tcdAtcdB’) gene sequences were included in the panel. The DNA from these

isolates did not bind to the probes.
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Table 3.9: gDNA from C. difficile isolates macroarrayed onto the nylon membrane.

Bromo- DS1759 DS1747 R8652 DS1750 12727 11204 R12824 R9399 R17752
phenol blue | (001) (001) (001) (001) (001) (001) (001) (001) (001)

+ Lambda

phage DNA

DS1813 DS1801 R20291 DS1807 R26390 R24626 R10459 DS1798 DS1787 DS1771
(027) (027) (027) (027) (027) (027) (106) (106) (106) (106)
R28614 VPI IX DS1752 CD630 DS1723 R19058 R24498 DS2008 R26796
(106) 10463 (012) (012) (078) (078) (056) (056) (056)
R27039 R25577 DS1748 R27038 DS1721 R25028 DS1742 R13400 R30061 R22537
(002) (002) (002) (005) (005) (005) (014) (014) (014) (014)
R15552 DS1665 R30359 DS1724 R19168 R20408 R18091 R10542 R18045 R7771
(023) (023) (333) (020) (046) (045) (017) (047) (047) (110)
R17978 R22680 R2139 R19222 R9557 R13695 Xla Xlb DS1684 -

(110) (017) (017) (017) (017) (017) (010)

gDNA from the collection of C. difficile isolates tested was arrayed onto the positively
charged membrane in the format shown above. Isolates were organised according to PCR
ribotype. Toxin production per ribotype is shown in Table 3.1.

Figure 3.9: gDNA Macroarrays of C. difficile isolates

The macroarrays were performed against C. difficile isolates in our collection (58 isolates) using each probe
as listed in Table 3.7. (A) tcdA50 anchor probe vs. C. difficile isolates, (B) tcdA50 detector probe vs. C.
difficile isolates, (C) tcdA76 anchor probe vs. C. difficile isolates, (D) tcdA76 detector probe vs. C. difficile

isolates, (E) tcdB anchor probe vs. C. difficile isolates, (F) tcdB detector probe vs. C. difficile isolates.
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3.5.6.3. Dot blot of species unrelated to and closely related to C. difficile

To further confirm the specificity of the probes genomic DNA from other bacterial
species, both close and distant relatives were subject to hybridisation analysis (Figure
3.10). Dots were spotted by hand in the order listed in Table 3.2. The probes did not bind
to the bacterial species unrelated to C. difficile further indicating that the probes were
highly specific to toxins A and B of C. difficile. Species of the Clostridium genus,
including species of the LCT family closely related to C. difficile (which possess toxins
closely related to tcdB) did not shown any probe hybridisation which further validates the

specificity of the probes.

Figure 3.10: Dot blot of related and unrelated bacterial species by DNA hybridisation

Species which were related and unrelated to C. difficile were tested against the probes for specificity. There
was no hybridisation of the probes to the gDNA on the membrane. Positive control for all reactions is
CD630 and a variant strain control R22680 (tcdAtcdB™) was also included (highlighted by white square).
(A) tcdA50 anchor probe, (B) tcdA50 detector probe, (C) tcdA76 anchor probe, (D) tcdA76 detector
probe, (E) tcdB anchor probe, (F) tcdB detector probe. See p98 for list of all species used.

3.5.6.4. Dot blot of human metagenomic gut DNA

To further confirm the specificity of the designed probes, metagenomic DNA from human
gut flora, from ten human volunteers were examined for hybridisation against the designed
DNA probes (Table 3.3). Dots were spotted by hand in the order listed in Table 3.2. The
probes did not bind any human metagenomic DNA samples giving a clear blot. Thus as a
result of these experiments the tcdA 76bp anchor and detector probes, and the tcdB anchor

and detector probes were used in the MAMEF- based detection assay.
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3.6. DISCUSSION

The underlying hypothesis for this study is that gene sequences encoding biologically
essential protein structures are under considerable selective pressure, and are thus forced
to conserve their primary sequences (Adhya & Patra, 2012). Indeed this is likely to be the
case for toxins A and B, the organisms’ principle virulence factors. We also hypothesised
that these conserved regions are unlikely to contain any of the DNA restriction sites

specified and examined by Rupnik’s restriction enzyme toxin typing system (1998).

To determine the conserved nature of the regions which were not digested by the
restriction enzymes used by Rupnik (1998), bioinformatic analyses were performed using
C. difficile toxin A and B sequences deposited in the Genbank database. We found
homology, of varying degrees, between regions in toxin A and toxin B with each other.
Indeed the homology between both toxins has been suggested to be the result of a gene
duplication event (Von Eichel-Streiber et al., 1992) as they share ~66% sequence and
functional homology (Voth & Ballard, 2005). This was reflected in our bioinformatic
analyses and gives credence to the gene duplication theory postulated by Von Eichel-
Streiber et al. (1992); however it appears that toxin B is more stable than toxin A in C.
difficile. This suggests that toxin B may have evolved in C. difficile first, and toxin A was
duplicated later. Toxin A is absent, or truncated, within variant strains of C. difficile; thus
arguably the detection of toxin B within the C. difficile genome is of the most import when
considering assay design as all toxigenic C. difficile isolates possess this toxin. The role of
the two toxins of C. difficile in disease however has been widely debated (Lyras et al.,
2009; Kuehne et al., 2010)

Bioinformatic analysis of these conserved regions also revealed homology of toxin B to C.
sordellii lethal toxin (TcsL), and to the TpeL toxin of C. perfringens, which are part of the
LCT family. Toxin B and TcsL share a sequence homology of 85% (Voth & Ballard) and
thus presented a challenge in defining a toxin B specific DNA probe (Von Eichel-Streiber
et al., 1992; Green et al., 1995). In the context of evolution it is likely to be indicative of a
common toxin ancestor within the Clostridium family and may have arisen as a result of
divergent evolution. Toxin A did share homology to the TcsL sequences from the LCT

family; however this homology was not as high as with toxin B (85%).

117



CHAPTER 3

From bioinformatical analyses the individual structural domains of toxins A and B also
shared homology with toxins associated with bacterial pathogens of insects, including
Photorhabdus luminescens, and P. asymbiotica mcf (makes caterpillars floppy) toxins.
This association of C. difficile’s primary toxins with mcf toxins are potentially indicative
of an insect associated past, and this finding may shed light on the evolutionary path of C.
difficile itself. Indeed the presence of other insect virulence factors and gene homologs in
the C. difficile genome may reflect the possibility that C. difficile may have originally

been an insect pathogen.

Alternatively the toxin genes themselves may have been acquired as a result of HGT from
insects. This hypothesis can be supported by the fact that the PaLoc of C. difficile, where
the toxin genes are located (Section 1.4.5), is positioned between two insertion sequences,
and as such its presence is suggestive of horizontal acquisition. However importantly the
PalLoc is currently not mobile and appears to have lost its mobility over its evolution,
hence it is still designated as a “pathogenicity locus” (Braun et al., 1996). Indeed the
insect associated genes also suggest that C. difficile may have originated as a scavenging
organism able to degrade organic matter and insects in a potential environmental niche

habitat. This is explored further in Chapter 4.

While published nucleotide sequences are a useful source of information, they only
represent a fraction of the diversity found in nature. Thus we adopted a rigorous screening
process to ensure the specificity of our probes; using C. difficile isolates, related
Clostridium species and metagenomic DNA extracts of human gut flora. Indeed the probes
designed were specific for conserved regions within the areas defined by Rupnik (1998)
for future use in a MAMEF based toxin detection assay. In the context of the MAMEF
assay it would be beneficial to employ anchor probes which are highly sensitive to target
DNA to facilitate efficient capture of target DNA. The inclusion of a second specific
probe carrying the fluorescent detection tag at the 5° end further enhanced the specificity

of the assay (Section 1.7.1).

Probes were firstly tested for specificity against a comprehensive panel of 58 C. difficile
clinical isolates, representing a range of differing toxinotypes. We observed differences in
the binding efficiency of our probes to target DNA, with the most sensitive probe being

the tcdA (76 bp) anchor probe. Probes were further screened for specificity against isolates
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from near neighbours within the Clostridium family, including those which possessed
LCT genes. Finally they were subjected to a more stringent analysis by running them
against 10 metagenomic DNA extracts from human gut flora which represents
approximately 10 per gram wet weight bacteria (Shoemaker et al., 2001).

In conclusion, the ability of the resulting designed probes to bind specifically to toxins A
and B confirms their suitability for inclusion in an assay able to detect the presence of
pathogens in human faeces (as described in Chapter 5). Probes were designed using the
above method were unique to toxigenic C. difficile and conserved within toxigenic
isolates. Moreover the potential association of C. difficile toxins to insect associated
pathogenic toxins is a link which will be explored further in Chapter 4. Indeed if the
evolution of C. difficile and its toxins can be traced we can better understand the organism

and explore methods to prevent the severe disease caused by its toxins.
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CHAPTER 4
EVOLUTION OF CLOSTRIDIUM
DIFFICILE AND INVERTEBRATE
ASSOCIATION

120



CHAPTER 4

4.1. ABSTRACT

Bioinformatic analysis of the genome of C. difficile revealed the presence of genes
encoding proteins homologous to known insect virulence factors. These genes included a
binary toxin, a putative chitinase gene and a set of genes from Photorhabdus luminescens
and P. asymbiotica linked to virulence. Further analysis of the genes encoding C. difficile
tcdA and tcdB revealed the presence of mcf 1 & 2 proteins which is known play a role in

insect pathogenicity.

The presence of these homologs suggests that at some stage in its evolution C. difficile
may have been an insect pathogen. To determine if the bacterium has the ability to infect
insects, we employed an insect model in collaboration with the University of Bath. We
attempted to infect the tobacco hawk moth caterpillar Manduca sexta with the spore and
vegetative forms of C. difficile. At 25°C there appeared to be no adverse effects upon the
insects after injection and feeding. However at 37°C an effect was observed on the
injected insects at pupation. The injection of spores and vegetative cells appeared to assist
more insects to pupate, whereas injection of the controls (water and sodium taurocholate)
resulted in insect mortality. The insects fed spores and vegetative cells did not show any
signs of infection. Furthermore when the vegetative and spore forms of C. difficile were
tested with haemolymph obtained from M. sexta there was evidence of antimicrobial
activity. To understand whether temperature affected the ability of C. difficile spores to
germinate, we assessed the germination of C. difficile spores at 25°C, 30°C and 37°C.

Results suggest 37°C is optimal for germination.

In addition to screening for insect pathology we also determined the ability of C. difficile
to degrade chitinase. A commercially available chitinase assay kit was used to ascertain
the ability of C. difficile to produce chitinase, revealing that chitinase appears to be
released from spore preparations when spore germination is initiated. The bioinformatic
and in vivo experimental analysis of C. difficile has revealed that while there are genes
within the C. difficile genome that appear to encode proteins associated with insect
pathogenicity, they may not be biologically active. Moreover this inactivity may in fact
suggest that although these genes may have originated from invertebrate associated

ancestors, they may have lost biological function throughout C. difficile’s evolution.
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4.2. INTRODUCTION

Biological evolution has created millions of diverse species on this planet due primarily to
repeated differentiation of existing species (Bourtzis & Miller, 2003). At its fundamental
level an organism evolves by altering its genetic make up. This can be achieved through
the loss, modification or acquisition of genes (horizontal gene transfer) which in turn is
driven by natural selection. Genetic adaptations such as the acquisition of virulence factors
allow bacteria to access and survive in new environments (Shames et al., 2009). To do so
they must overcome physical, cellular and molecular barriers presented by the host, they
must grow and replicate and avoid the defence mechanisms of the host. This interaction

can be harmful, benign or even beneficial to the host (Ochman & Moran, 2001).

Bacteria which have adapted to infect humans are often opportunistic pathogens that have
“host-jumped” from another species. There are numerous examples of human pathogens
which have evolved from diseases of insects and domestic animals including B. anthracis
and Y. pestis (Waterfield et al., 2004; Scully & Bidochka, 2006). As a result of evolution,

mammals and insects have developed similar immune response mechanisms to pathogens.

The mammalian and insect innate immune systems have comparable structural and
functional homology; however their adaptive immune systems are different. The innate
immune system includes cellular and humoral defences. As part of the cellular immune
system insects display phagocytosis, nodulisation and encapsulation. This response
comprises haemocytes which phagocytose invading bacteria (similar to mammalian
macrophages) and produce antibacterial reactive oxygen species (ROS) which Kkill the
invaders in a similar manner to human neutrophils. Thus it is not surprising that insects
and humans possess homologous proteins involved in superoxide production (Bergin et
al., 2005).

Processes of the humoral system include melanisation, haemolymph (insect blood
system) clotting and antimicrobial peptide production such as cecropins, defensins,
attacins, lysozymes and heat shock proteins (Salzet, 2001; Seed & Dennis, 2008).
Similarities between the insect and human immune systems supports the argument that
pathogenicity mechanisms developed to enable bacteria to infect insects may also
contribute to virulence in humans. An example of an insect pathogen which evolved to

infect humans is B. anthracis. This pathogen, similar to C. difficile, is a Gram positive
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spore forming bacillus which, unlike C. difficile, is able to grow aerobically. Examination
of the genome of B. anthracis reveals evidence of loss of gene function which is thought
to have occurred during its evolution from an entomopathogenic ancestor of the B. cereus
group into a mammalian pathogen (lvanova et al., 2003).

The B. cereus group share a high degree of genetically similar genes (80-100% sequence
identity) and comprise B. cereus (primarily a soil commensal), B. anthracis (a mammalian
pathogen) and B. thuringiensis (an insect pathogen). Some scientists have proposed that
these should be classified as a single species; however due to the distinct pathogenic
behaviour between species they have all maintained their individual status (Helgason et
al., 2000).

B. anthracis is the causative agent of anthrax. The plasmids of B. anthracis pXO1 and
pX02 confer toxin production. pXOL1 carries the anthrax toxin genes pagA, lef and cya,
and pXO2 carries the cap genes encoding antiphagocytic factors (Read et al., 2003). Both
B. cereus and B. anthracis possess 14 or 15 genes functioning as degraders of chitin,
chitosan, starch and glycogen which are all associated with insects. Common virulence
factors of B. anthracis and B. cereus include homologs of viral enhancin genes and an
immune inhibitor gene (inhA) which selectively cleaves insect antimicrobial peptides
(Read et al., 2003).

The presence of plasmids encoding insecticidal toxins is the principal means of
differentiating B. thuringiensis from other members of the group (Helgason et al., 2000).
B. thuringiensis is mainly an insect pathogen which produces crystal protein toxins (cry)
at the sporulation stage of growth. These insecticidal toxins are used as a method of
biocontrol and cause breakdown of the insect gut (Hofte & Whiteley, 1989). Vegetative
insecticidal toxins (VIP) are produced at the vegetative stage of growth, however not all
strains of B. thuringiensis produce this toxin. The VIP genes of B. cereus- specifically B.
thuringiensis - are of interest as they are directly associated with insects. VIP genes do not
show any homology to the 6- endotoxins of B. thuringiensis, but they do target insects
which are not susceptible to the 5- endotoxins (Bhalla et al., 2005). All these factors
suggest a common insect associated ancestor for the bacillus group through virulence

factor-containing plasmid acquisition.
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Gram negative Photorhabdus species also produce insecticidal toxins. The Photorhabdus
genus includes P. luminescens, P. temperata and P. asymbiotica. The latter is associated
with human wounds and is not opportunistic but has links to soft tissue disease and has
been thought to be transmitted via an invertebrate vector (spiders) (Gerrard et al., 2004).
The two former however are associated with nematodes. Nematodes contain P.
luminescens and P. temperata within their gut. When they encounter an insect host in the
soil, they bite the insect injecting the bacteria into the gut. In order to survive the
Photorhabdus multiplies within the insect blood system (haemolymph) and feeds on the
insect tissue, releasing toxins and proteases into the corpse (Ffrench-Constant et al., 2003;
Waterfield et al., 2004).

Mcf 1 (Makes Caterpillars Floppy) toxin is released by P. luminescens. When expressed in
a recombinant E. coli vector and injected into caterpillars, mcf 1 causes rapid degradation
of the insect gut making the insect “floppy” (Daborn et al., 2002). Mcf1 is an 8.8 kb gene
encoding a predicted protein 2929 aa long and has 20% homology to residues in the
membrane translocation domain of C. difficile toxin B (Daborn et al., 2002). Mcf 1 is also
encoded adjacent to a pheV-tRNA gene located on the same site as the viral enhancin gene
in Y. pestis suggesting conserved mechanisms of HGT (Waterfield et al., 2004). Mcf 2 is
encoded within P. asymbiotica and is 2993 aa in length.

Insecticidal toxin complexes (Tc) are produced by Photorhabdus after host death and are
delivered directly into the insect gut (haemocoel) by nematodes. The toxins are produced
in four forms; Tca, Tch, Tcc and Tcd (Bowen et al., 1998; Heerman and Fuchs, 2008).
Other toxin complexes similar to the insecticidal toxin complexes include Serratia
entomophilia’s sepABC genes that cause “amber disease” in larvae of New Zealand grass
grubs (Hurst et al., 2000). The sep genes are encoded on a 120 kb plasmid pADAP which
also encodes a prophage-like locus for an “anti-feeding effect”. Prophage—like loci are
also present in the genomes of P. luminescens and P. asymbiotica ATCC 43949, each
encoding effector proteins. Some of these proteins display sequence similarity to the Mcf
toxins of Photorhabdus, TcdA of C. difficile and YopT from Yersinia enterocolitica
(Dove et al., 1990; Yang et al., 2006). These acquired virulence factors are classed as

Photorhabdus virulence cassettes.
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P. asymbiotica is an emerging human pathogen which, unlike the other Photorhabdus
species, carries plasmids. Plasmids include pPAU1 of the North American strain and
pPAAL and pPAA2 of other strains which have yet to be fully sequenced. Within the P.
asymbiotica ATCC 43949 genome there is a low copy number of the insecticidal toxin
complexes in the Tca and Tcd encoding gene islands. This gene loss has been suggested as

the reason for the absence of oral toxicity to model insects (Wilkinson et al., 2009).

A rapid virulence annotation (RVA) technique has been utilised to screen the cosmid
library of P. asymbiotica ATCC43949 against a range of vertebrate and invertebrate
targets. The P. asymbiotica cosmid library (40000 bp insert size) was cloned into E. coli
and screened against a murine macrophage cell line, the nematode Caenorhabditis
elegans, the protozoan Acanthamoeba polyphaga and the caterpillars of the tobacco horn
worm (M. sexta) and the greater wax moth (Galleria mellonella). From the screen 21 P.
asymbiotica gene regions displayed toxicity factors common to one or more of the test
models (Waterfield et al., 2008). Any regions associated with human pathogenesis were
determined by comparison with the insect pathogen P. luminescens. Interestingly the
cellular immune response of insects is also inhibited by P. asymbiotica, all of which
indicates that P. asymbiotica may have very recently evolved from a Photorhabdus

ancestor to be capable of infecting both insects and humans (Waterfield et al., 2008).

Insects also possess physical barriers as a defence from pathogenic bacteria. Their hard
exoskeleton and gut lining is made from chitin (Kramer & Muthukrishnan, 1998). Chitin
is a polymer of N-acetylglucosamine with similarities to cellulose (Bowen et al., 1991).
Indeed some pathogenic bacteria possess an enzymatic gene called a chitinase which
“melts” the exoskeleton of insects through degradation of chitin to a lower molecular
weight. Insects periodically shed their chitin layers using such chitinase enzymes, and
some bacteria have acquired such enzymes through evolution to be able to combat insect
defences. It is highly probable that these bacteria have co-evolved within an insect vector.
Interestingly C. difficile possesses a putative chitinase gene which is biologically
functional in its spore form, but not in its vegetative form. This chitinase is thought to be
associated with the spore coat protein CotE (Lawley et al., 2009; Permpoonpattna et al.,
2011).
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To determine if C. difficile contains homologs to genes known to play a role in insect
virulence we probed the NCBI database of published C. difficile genomes for homologs of
the enhancin genes, VIP genes, mcf 1, TC toxins, RVA genes and the chitinase genes
described above. We also determined the ability of clinical isolates of C. difficile to infect

a live insect model.

4.2.1. Model Insects

Model systems are often used to study human infectious diseases. Most mammalian
research uses primates, rodents and felines as hosts for microbial diseases; however there
are many ethical concerns over the suffering endured by these animals (Scully &
Bidochka, 2006). This has led some researchers to evaluate insects as an alternative model
for the study of human pathogenic bacteria. There are many benefits to using insects as
model hosts. They can be easily maintained, used in large numbers and do not require
legal permission for experimental use which leads to reduced costs and labour time
(Scully & Bidochka, 2006).

An example of a successful infection model is the fruit fly Drosophila melanogaster
which has been used extensively to characterise the pathogenicity of a range of bacterial
species including Penicillium, P. aeruginosa, P. entomophila, Wolbachia species, Erwinia
carotovora and Serratia marcescens (Vallet-Gely et al., 2008). The wax moth G.
mellonella is also increasingly being used as a bacterial infection model (Seed & Dennis,
2008). The moth is a pest of bee hives, feeding upon pollen and destroying combs.
Bacteria studied using this model include B. cereus, P. aeruginosa, Proteus mirabilis and
fungal pathogens such as Aspergillus (Kavanagh and Reeves, 2004).

A further bacterial infection model, and the one used in this study, is the tobacco horn
worm M. sexta the life cycle of which is shown in Figure 4.1 (Manduca project, 2001).
The large size of the Manduca allows for easy dissection, bacterial recovery and general
handling (Silva et al., 2002; Daborn et al., 2002). It is possible to infect these insects via
direct injection into the hemocoel and by feeding which has led to it being employed as
the primary model with which to study Photorhabdus species (Silva et al., 2002). For
these reasons we utilized this model to test our clinical isolates of C. difficile, supplied

courtesy of Dr. N. Waterfield at the University of Bath.
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Figure 4.1: Lifecycle of Manduca sexta caterpillar
The larvae of the Manduca undergo several stages in their lifecycle.

Image taken from [insected.arizona.edu/manduca/PDFs/Posters.pdf @2001 Manduca Project]

4.2.2. M. Sexta Biology

Insects have three body parts: the head, the thorax and the abdomen. The insect M. sexta
has a lifecycle as shown in Figure 4.2. The eggs of the insect are spherical and are
approximately 1.5 mm in diameter for 3-5 days (Villenueva, 2007). The hatched
larvae/caterpillars are cylindrical and have five pairs of legs (Figure 4.2). The main feature

of the larvae is the red horn at the dorsal end segment from which the M. sexta derives its
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name as the “tobacco hornworm”. Each stage of growth is known as an instar and there
are five instars in total. In the environment Manduca larvae live 9-15 inches deep
underground in loose soil or leaf litter. After fifth instar stage the larvae pupate for 3-5
days and then hatch to form adult tobacco horn moths (Manduca Project, 2001).

ThO{ax Horn
Head
Chewing
mouthparts Legs Prolegs Spiracle

Figure 4.2: Larvae of Manduca sexta
The sections and major parts of the M. sexta larvae are shown here. The red horn and the characteristic
lateral white stripes can be seen. The larvae have six legs, and prolegs which allow it to stay on the tobacco

leaf.

4.2.3. M. sexta gut biology

The midgut of M. sexta is a simple tube running through the body of the insect allowing
rapid passage and processing of large quantities of plant material (Brinkman et al., 2008).
The midgut itself is highly alkaline (pH 9) which enables the insect to extract nutrients
from its food; however this environment may only allow for certain bacterial communities
to survive. The bacterial composition of the M. sexta gut has been characterised.
Commensal bacteria of the M. sexta include Staphylococcus, Micrococcus,
Corynebacterium, Bacillus and Paenibacillus species (Van der Hoeven et al., 2008).
Often, breeding colonies of M. sexta are susceptible to epidemic infections thus antibiotics
are added to suppress infection (Hoffman et al., 1966).

4.2.4. M. sexta haemolymph

The haemolymph of M. sexta contains hemolin, peptidoglycan recognition proteins and C-
type lectins (Jiang, 2008). Challenge of Manduca with bacteria induces synthesis of
effector proteins and antimicrobial peptides which are secreted into the insect plasma. The
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hemolin is a 48 kDa protein containing four immunoglobulin domains, and is unregulated
in response to bacterial challenge. The C- type (calcium dependent) lectins are involved in
binding bacteria and haemocyte aggregation (Rolf & Reynolds, 2009). The haemolymph
also comprises a blue biliprotein known as insecticyanin (Holden et al., 1987). The
insecticyanin holoprotein is produced during the larval stage of growth and confers

camouflage of the Manduca.

4.3. RESEARCH AIMS

The aims of this chapter are to:

Analyse the genome of C. difficile for the presence of homologs to genes known to
express insect virulence factors

Determine the feasibility of infecting an insect model with C. difficile with a view to use
the model to test the ability of our probes to detect C. difficile.

Determine the ability of C. difficile to produce biologically active chitinase
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4.4. MATERIALS & METHODS

4.4.1. Bioinformatic analysis of C. difficile virulence gene sequences using BLASTp
The amino acid (protein) sequences of Toxin A and B individual structural domains
(glucosyltransferase domain, cysteine protease domain, transmembrane domain, receptor
binding domain) were analysed to determine if they shared any sequence identity with
amino acid sequences from other organisms stored within the GenBank sequence database
[www. ncbi.nlm.nih.gov/Protein]. Amino acid sequence identity was determined using the
Basic Local Alignment Search Tool protein homology search facility: BLASTp
[http://blast.ncbi.nlm.nih.gov/Blast.cgi]. Sequences showing over 80% query coverage,
and in >50% sequence identity, were considered to have significant homology (Altschul et
al., 1997). The query coverage shows how long the query sequence inputted into BLAST
is covered by the one found (subject) by BLAST. The maximum identity refers to the
percentage alignment of the Blast input (query) sequence to its matched (subject)
sequence and indicates the maximum percentage of identical nucleotides or amino acids

within the noted alignment length (http://blast.ncbi.nlm.nih.gov).

4.4.2. Bioinformatic analysis of the C. difficile genome for homologs to genes known
to play a role in insect virulence
A total of 5 independent C. difficile genomes were analysed for the presence of homologs
to the following virulence factors:
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Table 4.1: Table of genes examined in this study

Genes were accessed and obtained from the NCBI Genbank database. The protein sequences were subjected
to protein BLAST analysis and nucleotide sequences were examined via BLASTN against the non
redundant NCBI database.

C. difficile tcdA: PROTEIN
glucosyltransferase domain, cysteine
protease domain, transmembrane domain
and receptor binding domain
C. difficile tcdB: PROTEIN
glucosyltransferase domain, cysteine
protease domain, transmembrane domain
and receptor binding domain

C. difficile cdtA PROTEIN
cdtB
C. difficile Putative chitinase/peroxiredoxin PROTEIN
B. cereus ATCC 14579 Enhancin PROTEIN

C. botulinum B1 str. Okra,
C. perfringens D str. JGS1721

P. asymbiotica ATCC 43949 RVA 1- 21 PROTEIN
(Waterfield et al., 2008)
P. luminescens mcf 1 NUCLEOTIDE
mcf 2

Insecticidal Toxin genes

4.4.3. Multiple sequence Alignments

To identify regions common to mcf, TC toxins, toxin A and toxin B individual nucleotide
sequences were analysed using ClustalW Multiple Sequence Alignment (MSA) program
provided by European Bioinformatics Institute (Larkin et al., 2007). The results of this
analysis were displayed using Bioedit v7.1.3 (Hall, 2001) MSA viewer in which bases are
colour coded to highlight conserved regions.

4.4.4. Insect infection studies

To determine if C. difficile is capable of infecting an insect host we exposed the tobacco
hornworm M. sexta to a series of bacterial challenges using either spores or vegetative
organisms.

4.4.4.1. Manduca sexta

The tobacco hornworms (M. sexta) used in this study were supplied by Dr. N. Waterfield
of the University of Bath (Figure 4.3). The M. sexta larvae were at fifth instar growth
stage fed on an artificial wheat-germ diet (Reynolds & Nottingham, 1985) and one feeding
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block (1cm?) was used per insect. Unless otherwise stated the media was supplemented
with the antibiotic chloramphenicol and formaldehyde to prevent decomposition. The
insects were kept individually in a transparent plastic sealed container punctured with air
holes to allow ventilation and maintained at 25°C, in a DEFRA approved facility at the

University of Bath.

Figure 4.3: Live Manduca sexta used in this study
The Manduca at fifth instar growth stage. Before experiments were performed they were wiped with 70%

ethanol and handled using gloves.

4.4.4.2. Bacterial Strains & Growth conditions
The two isolates of C. difficile selected for the insect infection studies were DS1813, a
hypervirulent 027 ribotype and DS1748 a non epidemic 002 ribotype. Spores and

vegetative forms of each isolate were produced as previously described (Chapter 2).

4.4.4.3. Preliminary Oral Infection of M. sexta with C. difficile spores

A total of 90 Manduca at 2" instar were used in this preliminary study. 45 M. sexta
previously fed on antibiotic-containing wheat germ were divided into three groups of 15.
Each individual Manduca was fed a 1 cm? food block inoculated with 100 ul C. difficile
spores of strain DS1813 at a concentration of 1 x 10’ cfu/ml. For the second group each
insect was fed a 1 cm? food block inoculated with 100 ul C. difficile spores of strain
DS1748 at a concentration of 1 x 10" cfu/ml. As a control 15 Manduca were also fed food
with sterile deionised water. Manduca were allowed to feed on the spore-containing
antibiotic food for the next 3 days. This experiment was repeated using antibiotic free food
disks. To determine if the presence of Sodium taurocholate enhanced the pathogenicity of
C. difficile spores for Manduca, 100 pl of the bile salt sodium taurocholate (0.1%) was
added to the 1 cm? antibiotic free food blocks. As a control M. sexta were fed food with

132



CHAPTER 4

sdw. Following feeding the insects were examined for signs of infection/morbidity after 3

days.

4.4.4.4. Direct Injection of Manduca sexta with C. difficile at 25 °C

4.4.4.4.1 Spore challenge

Fifth-instar M. sexta larvae were injected with 50 ul of a stock spore concentration of 1.33
x 10°/ ml spores of DS1813 and DS1748. This is a total of 6.65 x 10’ spores. Replicates of
10 were used in this study. Injections were performed directly into the insect midgut using
a 100 pl disposable syringe needle (Fisher Scientific, UK). Post injection, larvae were fed
with wheat-germ and were monitored for symptoms of toxicity over time. This approach

was repeated using DS1748 spores, and with sdw as a control.

4.4.4.4.2. Vegetative challenge

Experiment conducted as per above. Vegetative cultures of C. difficile strains DS1813,
and DS1748 were grown anaerobically for 18 h, and larvae were injected with a total of 50
ul of a vegetative cell concentration of 2 x 10° cfu/ml cells. This is a total of 1 x 10’ cfu

injected into each insect.

4.4.4.5. Direct Injection of M. sexta with C. difficile at 37°C

Experiments were performed as above however, insects were incubated at 37°C.

4.4.4.6. Oral Infection of M. sexta with C. difficile spores

A total of 100 M. sexta 2" instar larvae were divided into five groups of 20 fed on wheat-
germ with no antibiotics. This experiment was repeated using antibiotic containing food
discs. Each individual Manduca was fed a 1 cm? food block inoculated with 100 pl C.
difficile spores of strain DS1813 at a concentration of 1 x 10° cfu/ml. For the second group
each insect was fed a 1 cm? food block inoculated with 100 pl C. difficile spores of strain
DS1748 at a concentration of 1 x 10° cfu/ml (Figure 5.4). The final group of 20 insects

served as control and were fed a 1 cm? food block inoculated with 100 pl sdw.

The insects were monitored each morning for 5 days for symptoms of toxicity and faecal
matter was collected from each insect and retained for analysis. Signs of infection
included abnormal colouring of the larvae from blue-green to brown, unusual faecal

matter production and death. At the end of the experiment all insects were killed by
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freezing at -20°C, subsequently dissected and the midgut was homogenized in sdw using a
VortexGenie (Fisher Scientific, UK). To determine the number of recoverable bacteria a
dilution series of faecal samples from each day was prepared with sdw and serial dilutions
were then plated in duplicate onto CDMN agar. Plates were incubated for 48 h at 37°C

anaerobically and individual colonies counted.

Figure 4.4: Manduca sexta feeding on wheat-germ based food block
Manduca were placed into individual containers with the wheat germ food block as the food source. Lids

were applied to the containers to secure the insects, and each lid had ventilation holes.

4.4.4.7. The effect of temperature on the ability of C. difficile spores to germinate

All of the infection studies undertaken above with M. sexta were performed at 25°C. To
determine the ability of the C. difficile isolates used in our infection studies to germinate
and replicate at this and other temperatures we incubated individual strains at 25°C, 30°C
and 37°C degrees. Spore germination was assessed by adding a 1 ml spore suspension (1 x
107 spores/ ml) to 9 ml BHI broth in a 15 ml heat resistant falcon tube (Fisher Scientific,
UK) and incubated at the relevant temperature. At 1 h intervals 1 ml of spores were
removed from broth culture and the optical density (ODg4so) was determined (Ultrospec
1100 pro UV/Visible spectrophotometer). The number of viable vegetative organisms and
spores in each sample was determined by plating serial dilutions of heat shocked (80°C for
10 min) and unheated samples onto BHI agar containing 0.1% sodium taurocholate. The

plates were then incubated at the relevant germination temperature.

Experiments conducted at 37°C were performed using a Bug Box Plus anaerobic cabinet
(Ruskinn Technology Ltd, Bridgend, Wales). For experiments undertaken at 25°C and
30°C we employed a 3.4L anaerobic jar (Oxoid, Basingstoke, Hampshire, UK) with an
anaerobic gas generating kit (Oxoid, Basingstoke, Hampshire, UK). The anaerobic jar was

then placed into the incubator at the relevant temperature.
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4.4.4.8. Effect of Manduca haemolymph on C. difficile spores and vegetative cells

Fifth instar M. sexta were killed by chilling on ice for 20 min, the head subsequently
removed and haemolymph extracted. Each experiment was performed in triplicate. C.
difficile spores of strains DS1813 (7 x 10° cfu/ml) and DS1748 (8.33 x 10° cfu/ml) were
inoculated into individual Eppendorfs containing 200 ul of M. sexta haemolymph. A
single colony C. difficile (strains DS1813 and DS1748) was inoculated into an Eppendorf
containing 200 ul haemolymph. The inoculated haemolymph was incubated anaerobically
for 48 h. Viable counts of vegetative cells and spores were conducted after incubation as

described in Chapter 2 using CDMN selective agar.

4.4.4.9. Detection of Chitinase activity in spores and vegetative cells of C. difficile
Chitinase activity was determined as per Permpoonpattna et al. (2011). A pre-supplied
Chitinase assay kit (Sigma CS0980) was used and the reactions performed (n =6) in a
microtitre plate (Fisher Scientific, UK). The concentration of C. difficile vegetative cells
used was 1.33 x 10° cfu/ml, and for the spore suspensions 2.67 x 10° cfu/ml were used in
the reactions and C. difficile strains DS1813 and DS1748 were tested for chitinase activity.
Spores of C. difficile were tested for chitinase activity following germination with sodium
taurocholate (ST) at a range of concentrations- 0%, 3% and 5%. Spores were added to ST
mixed with PBS and incubated anaerobically for 30 min. The chitinase activity was
assessed following this.

The Substrate solution comprised 4-Nitrophenyl N-acetyl-B-D-glucosaminide (1 mg/ml)
which was dissolved in 1 ml Assay buffer (A4855). Subsequently the Substrate and
Standard solutions were calibrated to 37°C. The positive control used was the chitinase
control enzyme (chitinase from Trichoderma viride), which was mixed with Substrate
solution. For each subsequent test 90 pl of substrate solution was mixed in with 10 ul C.
difficile sample. Reaction time was 30 min at 37°C. After the reaction was stopped (200ul
of 0.04g/ml sodium carbonate) and then the OD4o5 Of supernatants was measured using a

plate reader (Dynex, Worthing, West Sussex, UK).

4.4.4.10. Statistical Analysis

Statistical analysis was performed using GraphPad Prism version 5.04 for Windows,
(GraphPad Software, La Jolla California USA, www.graphpad.com). Statistical significant
differences were tested for using one way analysis of variance (ANOVA) at the 95%
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confidence interval in conjunction with Dunnett’s post test. A P value of <0.05 was

considered significant (Bowker & Randerson, 2006).
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4.5. RESULTS

4.5.1. Bioinformatic analysis of known C. difficile virulence genes using BLAST
4.5.1.1. Toxin A Analysis

BLAST comparisons of the four individual structural protein domains of toxin A revealed
significant query coverage (99-100%) and maximum sequence identity of >41% to
domains within bacteria of the LCT family. These included C. difficile tcdB, C. sordellii
tesL, C. novyi tcnA and C. perfringens toxins tpeL and tcpA (Table 4.2). Hits with species
other than those in the LCT family include Vibrio parahaemolyticus and P. fluorescens
putative toxin A within the glucosyltransferase domain. In the cysteine protease domain,
maximum sequence identity to Vibrio cholerae RTX toxin was found to be 24%. The
receptor binding domain of tcdA has homology to Streptococcus sobrinus, S. oralis and C.
perfringens cell wall binding proteins. Interestingly only the membrane translocation
domain of tcdA had identity (98%) to an insect associated bacterium- P. luminescens

subsp. laumondii.

Table 4.2: Table depicting homology hits to structural domains of toxin A

The homology hits against each individual structural domain of C. difficile toxin A were deduced by protein
BLAST. The percentage of sequence query coverage, and the percentage of maximum identity of each
bacterial gene is displayed in correlation to each structural domain (*query coverage/maximum identity).

Hits of > 50% sequence identity were considered significant. The full alignments from the protein BLAST

[http://blast.ncbi.nIm.nih.gov/Blast.cgi] are detailed in the Appendix (p227).

Glucosyl- Cysteine Membrane Receptor

transferase protease Translocation Binding

(GT) domain  domain domain Domain
C. difficile tcdB *100/49 99/59 100/60 99/42
C. sordellii tcsL 100/52 99/57 100/60 99/41
C. perfringens tpel 100/45 99/52 99/46 -
C. novyi a toxin 99/33 98/34 96/38 99/50
C. perfringens tcpA 99/45 99/52 99/46 -
Citrobacter rodentium lymphocyte inhibitory factor 81/24 - - -
Pseudomonas fluorescens Putative toxin A 81/25 - - -
P. luminescens subsp. laumondii Hypothetical protein - - 98/22 -
Yersinia mollaretii Chemotaxis protein - 99/25 98/25 -
Yersinia mollaretii RTX toxin - 83/27 88/27 -
Vibrio cholerae RTX toxin - 83/24 - -
Streptococcus salivarius Hypothetical protein - - - 99/24
S. oralis cell wall binding repeat domain protein - - - 99/31
C. perfringens cell wall binding repeat domain protein - - - 99/29
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4.5.1.2. Toxin B Analysis

BLAST comparisons of the four individual structural protein domains of toxin B revealed
significant query coverage (99-100%) and maximum sequence identity of >40% to
domains within bacteria of the LCT family. These included C. difficile tcdA, C. sordellii
tesL, and C. perfringens toxins tpeL and tcpA (Table 4.3). The GT domain of tcdB had
sequence identity of 21% to P. fluorescens toxin A and mcf toxins, while the cysteine
protease domain had sequence identity of 25% to the insect pathogen P. luminescens
subsp. laumondii hypothetical protein. There was 27% homology of the cysteine protease
domain to Y. mollaretii RTX toxin, P. asymbiotica RTX toxin and Vibrio cholerae RTX
toxin. Interestingly the membrane translocation domain of tcdB had sequence identity (24-
33%) to the mcf toxins of P. luminescens subsp. laumondii, P. asymbiotica, P.
luminescens, and Xenorhabdus bovienii. The receptor binding domain, however, was
dramatically different showing 31% and 29% sequence identity to Ruminococcus albus
and S. oralis.

Table 4.3: Table depicting homology hits to structural domains of toxin B

The homology hits against each individual structural domain of C. difficile toxin B were deduced by protein
BLAST. The percentage of sequence query coverage, and the percentage of maximum identity of each
bacterial gene is displayed in correlation to each structural domain (*query coverage/maximum identity).

Hits of > 50% sequence identity were considered significant. The full alignments from the protein BLAST

[http://blast.ncbi.nlm.nih.gov/Blast.cgi] are detailed in the Appendix (p227).

Glucosyl- Cysteine Membrane Receptor
transferase  protease Translocation Binding
(GT) domain  domain domain Domain
C. difficile tcdA *100/51 100/57 100/60 99/42
C. sordellii tcsL 100/75 100/74 100/92 100/74
C. perfringens tpel 100/44 100/51 100/44 -
C. novyi a toxin 99/34 98/36 96/37 99/34
C. perfringens tcpA 96/44 100/51 100/44 -
Pseudomonas fluorescens Putative toxin A 82/21 - - -
P. luminescens subsp. laumondii (hyp. Protein)/ mcf toxin - 92/25 100/24 -
P. asymbiotica mcf toxin - - 100/24
Yersinia mollaretii RTX toxin - 93/27 88/33 -
P. asymbiotica subsp. asymbiotica RTX toxin - 83/27 - -
Xenorhabdus bovienii Putative mcf toxin - - 98/24 -
P. luminescens mcf2 toxin - - 98/23 -
Vibrio cholerae RTX toxin - 84/27 - -
Pseudomonas fluorescens mcf toxin 82/21 - - -
Pseudomonas fluorescens fitD - - 98/26 -
Ruminococcus albus cell wall binding repeat domain protein - - - 99/31
S. oralis cell wall binding repeat domain protein - - - 100/29
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4.5.2. Bioinformatic analysis of the C. difficile genome for homologs to genes known
to play a role in insect virulence

The genome of C. difficile has potential links to genes associated with insect virulence.
Genes in C. difficile were screened for insect associated gene homologs using protein
BLAST (Altschul et al., 1997). These genes included the binary toxin and the putative
chitinase/peroxiredoxin gene. The genome of C. difficile was also screened for homologs
to the enhancin genes from B. anthracis, B. cereus, C. botulinum and C. perfringens,
which would further potentiate an evolutionary link with insects.

4.5.3. Bioinformatic analysis of binary toxin

The binary toxin of C. difficile is related to other ADP-ribosylating binary toxins of
species that are directly linked to insect pathogenicity. These bacteria include the VIP2
toxin of Bacillus thuringiensis and, to a lesser extent, C. perfringens lota toxin and C.
spiroforme. BLAST (protein) analysis of the C. difficile binary toxins revealed links to the
ADP-ribosylating toxins from other species, as expected (Figure 4.5). Links to the ISP2a
protein of bacteria Brevibacillus laterosporus were found, which is known to cause
toxicity to nematodes and beetles (Oliveiera et al., 2004). There were no links to species

associated with insects other than to the VIP genes of B. thuringiensis.
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Accession Description | Maxscore | Totalscore | . Query coverage | Evalue
ZP_05401993.1 2 toxin,companent I [Clostridium difficile QCD-23m63] 215 215 100% le-54
ZP 05272668.1 C2 toxin,component I [Clostridium difficile QCD-66c26] =ref|ZP_05323063.1] 215 215 100% le-54
ZP 01802067.1 hypothetical protein CdifQ_04003036 [Clostridium difficile QCD-32g58] 213 215 100% le-54
2WNE A Chain A, Structural Basis For Substrate Recoanition In The Enzymatic Compal 215 215 100% le-54
AABG7304.2 ADP-ribosvltransferase enzymatic compenent [Clostridium difficile CD196] 214 214 100% de-54
AAZ16242.1 binary toxin [Clostridium difficile] =gh|AAZ16243.1] binary toxin [Clostridium 211 211 100% 3e-33
CAB58425.1 Clostridium difficile binary toxin A; actin-specific ADP-ribosyltransferase 211 211 100% 3e-33
CAB58426.1 Clostridium difficile binary toxin A; actin-specific ADP-ribosyltransferase 207 207 100% 4e-52
ZP 02632017.1 iota toxin component Ia [Clostridium perfringens E str. 1G51987] =emb|CAAS 191 191 100% 2e-47
1GI0 A Chain A, Crystal Structure Of The Enzymatic Companet Of Iota-Toxin From C 191 191 100% 2e-47
CAAGRG11.1 Sa component [Clostridium spiroforme] 186 186 100% Se-46
CAI40768.1 Isp2a protein [Bravibacillus laterosparus] 63.2 63.2 99% 1e-08
CAI43278.1 Ispab protein [Bravibacillus laterosparus] 84.7 120 98% Je-15
ZP 04105842.1 hypothetical protein bthur0008_59670 [Bacillus thuringiensiz serovar berliner 81.6 117 98% 2e-14
ABR£8052.1 Vip2A(BR) [Bacillus thuringiensis] 56.6 56.6 98% 8e-07
ZP_04075450.1 hypothetical protein bthur0013_57960 [Bacillus thuringiensis IBL 200] =gb|A# 53.5 53.5 98% 7e-06
1051 A Chain A, Crystal Structure Of Vegetative Insecticidal Protein2 (Vip2) =pdb|1Q 53.5 53.5 98% 7e-06
1052 A Chain A, Crystal Structure Of Vip2 With Nad 53.5 53.5 98% 7e-06
YP 002650774.1 | C2 towin,component I [Clostridium botulinum] =ref|YP_003034265.1| C2 toxil 62.8 62.8 95% le-08
BAA09942.1 2 toxin (component-1) [Clostridium botulinum] =dbj|BAA32536.1| C2 toxin | 62.8 62.8 95% le-08
ACH42758.1 vegetative insecticidal protein [Bacillus thuringiensis] 69.3 103 86% le-10
ACH42759.1 vegetative insecticidal protein [Bacillus thuringiensis] 57.4 91.3 86% 5e-07

Figure 4.5: Protein BLAST homology hits to C. difficile Binary Toxin

The bacterial genes with high homology to C. difficile binary toxin are displayed as per BLAST format. The
accession number directly links to the Genbank Accession for the bacterial gene, and the gene description is
displayed. The maximum score is defined by the score of the highest scoring pair homology and is similar to
the E- value. The E- value is defined as the Expect value and the lower the E value the more significant the
homology hit. The total score corresponds to the total scores of the high scoring pair from the database
sequence. Query coverage directly relates to the percentage length coverage of the query. The higher the
percentage coverage, the higher the homology (Altschul et al., 1997). Hits of > 80% query coverage were

considered significant.

4.5.4. Bioinformatic analysis of putative C. difficile chitinase gene

The putative chitinase gene of C. difficile belongs to a family of chitinases known as the
GH18 glycosylhydrolases, which hydrolyse chitin and have been identified in bacteria,
fungi and insects. BLASTp analysis of the chitinase gene revealed high (100%) query
coverage homology hits to peroxiredoxin/chitinase genes within other C. difficile strains,
suggesting that this gene may be conserved (Figure 4.6). This gene however has links to
Clostridium bartletti, an organism which can be isolated from human faeces (sequence

query coverage 83%).
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Accession Description | Max score Total score |_ Query coverage E value
¥P 0010879341  putative bifunctional protein: peroxiredoxin/chitinase [Clostridium difficile 630 14758 1479 100% 0.0
ZP 01804150.1 hypothetical protein CdifQ_04001599 [Clostridium difficile QCD-32g58] »ref|z 1473 1473 99% 0.0
ZP 05350571.1  putative bifunctional protein: peroxiredaxin/chitinase [Clostridium difficile ATC 1471 1471 99% 0.0
ZP 053294361 putative hifunctional protein: peroxiredoxin/chitinase [Clostridium difficile QCI 1471 1471 99% 0.0
ZP 05400833.1  putative bifunctional protein: peroxiredoxin/chitinase [Clostridium difficile QCI 1434 1434 55% 0.0
ZP 02212445.1  hypothetical protein CLOBAR_02062 [Clostridium bartletti DSM 16795] =gb|E 539 887 83% dg-151

Figure 4.6: Protein BLAST homology hits to C. difficile putative peroxiredoxin/chitinase

The bacterial genes with high homology to C. difficile the putative peroxiredoxin/ chitinase are displayed as
per BLAST format. The accession number directly links to the Genbank Accession for the bacterial gene,
and the gene description is displayed. The maximum score is defined by the score of the highest scoring pair
homology and is similar to the E- value. The E- value is defined as the Expect value and the lower the E
value the more significant the homology hit. The total score corresponds to the total scores of the high
scoring pair from the database sequence. Query coverage directly relates to the percentage length coverage
of the query. The higher the percentage coverage, the higher the homology (Altschul et al., 1997). Hits of >
80% query coverage were considered significant.

4.5.5. Bioinformatic analysis of enhancin genes

To establish if genes within the C. difficile genome are homologous to the enhancin genes
commonly associated with insects, the enhancin gene sequences from B. cereus, C.
botulinum subsp. Okra, C. perfringens, and B. anthracis were inputted into BLASTp. The
enhancin gene from B. cereus had no homology to C. difficile, but had 100% query
coverage to the enhancin proteins within B. thuringiensis (Figure 4.7). The enhancin
protein from C. botulinum, however, had 100% homology to other C. botulinum
subspecies, and 90% to Y. pestis enhancing factors. C. perfringens D str. JGS1721 has
100% homology to enhancin from C. botulinum species, B. cereus species and the

enhancin from B. anthracis strain Ames.
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(a Accession Description | Max score Total score | Query coverage |_‘ E value
NP 833119.1 enhancin [Bacillus cereus ATCC 14579] =gh|AAP10320.1| Enhancin [Bi 1487 1487 100% 0.0
ZP 04257640.1 Metallprotease, enhancin [Bacillus cereus BDRD-Cerd] =gb|EEL10715. 1434 1484 100% 0.0
ZP 04240369.1 Metallprotease, enhancin [Bacillus cereus Rock1-15] =gb|EEL27966.1| 1472 100% 0.0
ZP 04121263.1 Metallprotease, enhancin [Bacillus thuringiensis serovar pakistani str. T 1470 100% 0.0
ZP 04192671.1 Metallprotease, enhancin [Bacillus cereus AHE76] >gb|EEL75621.1| Me 1463 100% 0.0
ACN22338.1 enhancin-like protein [Bacillus thuringiensis serovar kurstaki] 1461 100% 0.0
ZP 03102903.1 metallprotease, enhancin family [Bacillus cereus W] =ref|ZP_04109312 1446 100% 0.0
ZP 0407 1.1 Metallprotease, enhancin [Bacillus thuringiensis serovar pulsiensis BGS 1444 100% 0.0
YP 002452359.1 metallprotease, enhancin family [Bacillus cereus AHB20] =gb|ACKAE771 1444 100% 0.0
ZP 04091477.1 Metallprotease, enhancin [Bacillus thuringiensis serovar pondicheriensi: 1443 100% 0.0
ZP 04223521.1 Metallprotease, enhancin [Bacillus cereus Rock3-42] =gb|EEL44818.1| 1435 100% 0.0
NP _845726.1 enhancin family protein [Bacillus anthracis str. Ames] »ref|YP_020076. 1431 1431 100% 0.0
ZP_02350091.1 metallprotease, enhancin family [Bacillus anthracis str, A0442] =ref|ZF 1430 1430 100% 0.0

(b Accession Description | Max score Total score Query coverage |_. Evalue
YP 001781652.1 enhancing factor [Clostridium botulinum B1 str. Okra] »gb|ACA45274. 1872 1872 100% 0.0
YP 001351397.1 enhancing factor [Clostridium botulinum F str. Langeland] =gb|ABS427 1738 1738 100% 0.0
YP _002863079.1 enhancing factor [Clostridium botulinum Ba4 str. 657] »gb|ACQ53568. 1728 1728 100% 0.0
ZP 02618432.1 enhancing factor [Clostridium botulinum Bf] =gb|EDT85005.1| enhancil 1726 1726 100% 0.0

viral enhancin protein [Clostridium botulinum A2 str. Kyoto] =gb|ACO8 1689 1689 100% 0.0

hypothetical protein [Aspergillus oryzae RIB40] =dbj|BAESS343.1| unn 587 587 90% 2e-165
viral-enhancing factor, putative [Aspergillus flavus NRRL3357] =gb|EEL 585 585 90% 9e-165
hypothetical protein UREG_04003 [Uncinocarpus reesii 1704] =gb|EEF7 556 556 90% Se-156
enhancing factor [Yersinia pseudotuberculosis IP 32953] =emb|CAH19! 511 511 91% 2e-142

(C\ Accession | Description ‘ Max score Total score Query c _. Ewvalue

’ putative enhancin family protein [Clostridium perfringens D str. 1G317! 1059 1059 100% 0.0
ZP _02954276.1 LRR adjacent family [Clostridium perfringens D str. JG51721] =gb|EDT 300 300 99% 0.0
YP 245638.1 enhancin family protein [Bacillus cereus E33L] =gh|AAYS0300.1| enhar 237 237 86% 2e-60
ZP 04234601.1 Metallprotease, enhancin [Bacillus cereus Rock3-28] =gb|EEL33690.1| 230 230 59% 4e-58

viral enhancin protein [Clostridium botulinum A2 str. Kyoto] =gb|ACO& 229 229 90% Se-58
Metallprotease, enhancin [Bacillus cereus Rock1-15] =gb|EEL27966.1| 228 229 85% fe-58
metallprotease, enhancin family [Bacillus cereus AH820] =gb|ACKS8771 229 229 89% le-57
ZF 04223521.1 Metallprotease, enhancin [Bacillus cereus Rock3-42] >gb|EEL44818.1| 228 228 89% 1e-57
ZP 04115705.1 Metallprotease, enhancin [Bacillus thuringiensis serovar kurstaki str. TC 228 228 89% 1e-57
ZP 02350051.1 metallprotease, enhancin family [Bacillus anthracis str. A0442] =ref|ZF 228 228 89% 2e-57
ARZ91445.1 metalloprotease enhancin [Bacillus thuringiensis] 228 228 85% 2e-57
ZP 04103016.1 Metallprotease, enhancin [Bacillus thuringiensis serovar berliner ATCC 227 227 89% 2e-57
ZP _03102903.1 metallprotease, enhancin family [Bacillus cereus W] =ref|ZP_0410931Z 227 227 59% 3e-57

d Accession | Description | Maxscore | Totalscore | OQuerve |_ Evalue
NP B845726.1 enhancin family protein [Bacillus anthracis str. Ames] =ref|YP_0200 : 1524 100% 0.0
ZP 02390091.1 metallprotease, enhancin family [Bacillus anthracis str. A0442] >ref 1523 100% 0.0
ZP 00393637.1 hypothetical protein Bant_01004104 [Bacillus anthracis str. A2012] 1523 100% 0.0
ZP 05185152.1 metallprotease, enhancin family protein [Bacillus anthracis str. A10% 1508 98% 0.0
ZP 03102903.1 metallprotease, enhancin family [Bacillus cereus W] =ref|ZP_04109: 1498 100% 0.0

Metallprotease, enhancin [Bacillus thuringiensis serovar pulsiensis B 1496 100% 0.0
Metallprotease, enhancin [Bacillus thuringiensis serovar pondicherie 1495 100% 0.0
metallprotease, enhancin family [Bacillus cereus AH820] =gb|ACKS7 1495 100% 0.0
enhancin family protein [Bacillus thuringiensis serowvar konkukian str 1437 100% 0.0
Metallprotease, enhancin [Bacillus cereus Rockl-15] >gb|EEL27966 1483 100% 0.0
Metallprotease, enhancin [Bacillus cereus AH676] >»gb|EEL75621.1| 1476 100% 0.0
ZP 04223521.1 Metallprotease, enhancin [Bacillus cereus Rock3-42] =gb|EEL44818 1472 100% 0.0
¥P 003565601.1 enhancin [Bacillus thuringiensis BMB171] >=gb|ADHO7881.1| enhanci 1489 100% 0.0
ZP 04234601.1 Metallprotease, enhancin [Bacillus cereus Rock3-28] >gb|EEL33690 1464 99% 0.0
YP 084579.1 enhancin family protein [Bacillus cereus E33L] >gb|AAU17170.1] en 1464 100% 0.0
ZP 04228801.1 Metallprotease, enhancin [Bacillus cereus Rock3-29] =ref|ZP_0424¢ 1461 100% 0.0

Figure 4.7: Protein BLAST homology hits to enhancin genes

(a) B. cereus ATCC 14579 (b) C. botulinum B1 str. Okra (c) C. perfringens D str. JGS1721 (d) B.
anthracis Ames. A range of bacteria known to possess expressed enhancin genes were analysed for
homologs to C. difficile. Results are displayed as per BLAST format. The accession number directly links to
the Genbank Accession for the bacterial gene, and the gene description is displayed. The maximum score is
defined by the score of the highest scoring pair homology and is similar to the E- value. The E- value is
defined as the Expect value and the lower the E value the more significant the homology hit. The total score
corresponds to the total scores of the high scoring pair from the database sequence. Query coverage directly
relates to the percentage length coverage of the query. The higher the percentage coverage, the higher the

homology hit (Altschul et al., 1997). Hits of > 80% query coverage were considered significant.
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4.5.6. Bioinformatical analysis of invertebrate associated virulence factors

4.5.6.1. Screening for homology with Mcf toxin genes against C. difficile toxin genes

From Table 4.2 and 4.3 it was revealed that the membrane translocation domains of TcdA

and TcdB had high (99-100%) homology to P. luminescens and P. asymbiotica Mcf

genes. Hence the amino acid sequences of these toxins were inputted into Bioedit v7.1.3

(Hall, 2001) and analysed using an MSA viewer using colour codes equivalent to those
used in ClustalwW (Thompson et al., 1997; Figure 4.8). Mcf 1 from P. luminescens had 18-

19% sequence identity to TcdA and TcdB respectively. BLAST analysis revealed 17-18%

sequence identity of TcdB to the mcf from P. asymbiotica. This was expected as 20%

sequence identity of the mcf toxins to TcdB has been described previously (Dove et al.,

1990).
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Figure 4.8: MSA of mcf toxin of P. luminescens and P. asymbiotica against toxins A and B of C.

difficile

The nucleotide sequences of tcdA and tcdB of C. difficile, and the mcf toxin of P. luminescens and P.

asymbiotica, were imported into EBI ClustalW for alignments. The Bioedit v7.1.3 (Hall, 2001) method of

viewing MSA allows conserved residues to be colour coded according to those used in the EBI program

ClustalW. The guanine reside (G) is shown as black, cytosine (C) as blue, adenosine (A) as green and

thymine (T) as red.

143



CHAPTER 4

4.5.6.2. Screening for homology with Insecticidal toxin genes against C. difficile toxin
genes

As the mcf toxins from P. luminescens shared 20% homology with tcdB of C. difficile, it
was of interest to screen the insecticidal toxins from P. luminescens for homology to TcdA
or TcdB. Hence the nucleotide sequences of the insecticidal toxins TccA, TccB, TccC,
TcaC, and TcdA of P. luminescens and P. asymbiotica TccC were inputted into ClustalW
and analysed using an MSA viewer (Figure 4.9). Bioinformatic analysis of the insecticidal
toxins revealed no significant homology to any C. difficile toxins. Significant homology at

the genome level is considered to be 20% or above.
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Figure 4.9: MSA of Insecticidal Toxin Complexes of P. luminescens and P. asymbiotica against toxins
A and B of C. difficile The nucleotide sequences of tcdA and tcdB of C. difficile, tccA, tccB1, tcecC, tcaC,
and tcdAl of P. luminescens and P. asymbiotica tccC were imported into EBI ClustalW for alignments. The
Bioedit v7.1.3 (Hall, 2001) method of viewing MSA allows conserved residues to be colour coded according
to those used in the EBI program ClustalW. The guanine reside (G) is shown as black, cytosine (C) as blue,

adenosine (A) as green and thymine (T) as red.
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4.5.6.3. Screening for homology with RVA genes from P. asymbiotica

To determine of there were genes within C. difficile that were linked to the Photorhabdus
virulence gene set, the 21 RVA genes from the cosmid library of P. asymbiotica
ATCC43949 (associated with cross-species virulence) were inputted into BLAST for
potential homology hits to genes in the C. difficile genome. BLAST analysis revealed no

homology to any known C. difficile toxins.

4.5.7. Insect infection studies
To determine if C. difficile is capable of infecting an insect host, we exposed the tobacco
hornworm M. sexta to a series of bacterial challenges using either spores or vegetative

organisms.

4.5.7.1. Direct injection of Manduca sexta with C. difficile at 25°C

Attempts to infect M. sexta with C. difficile spores were unsuccessful. Injected spores
administered in combination with the germinant sodium taurocholate had no obvious
effect on the health of the M. sexta. Indeed the M. sexta also survived challenge with

vegetative cells showing no symptoms of toxicity or morbidity.

4.5.7.2. Direct Injection of M. sexta with C. difficile at 37°C

Further attempts to infect M. sexta with C. difficile spores were unsuccessful at a higher
temperature of 37°C. There was no rapid acute infection and thus the Manduca followed
their normal life cycle (Figure 4.1) and as expected started to pupate after 5 d at 5" instar.
Furthermore we employed sodium taurocholate as a germinant in conjunction with spores;
however no infection manifested. Interestingly Manduca which only received sodium
taurocholate or water were unable to pupate correctly at 37°C (Figure 4.10). Indeed the M.
sexta also survived challenge using vegetative cells and showed no symptoms of toxicity

or morbidity.
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Figure 4.10: Results of direct injection of C. difficile in M. sexta

Insects were directly injected with C. difficile vegetative cells and spores of strains DS1813 and DS1748.
Spores were injected in combination with ST to attempt to elicit an infective response. Controls used were
ST and sterile water. In total 20 Manduca were tested in each sample group. The number of Manduca which
died after injection with ST is shown in blue, the number of Manduca which survived and showed a
subsequent delay in pupation; and thus their normal lifecycle are show in purple and finally those which
were able to pupate normally after 5 days are shown in red. As these values are percentages of Manduca

statistical analysis of the values was not conducted.

4.5.7.3. Effect of Manduca haemolymph on C. difficile spores and vegetative cells

C. difficile was tested against M. sexta haemolymph to determine if the response to direct
injection with C. difficile was influenced by compounds within the insect haemolymph.
Spores of strains DS1813 (7 x 10° cfu/ml) and DS1748 (8.33 x 10° cfu/ml) were
inoculated into haemolymph and recovered on CDMN selective agar. In response to
haemolymph 2.17 x 10% cfu/ml of strain DS1813 and 3.58 x 10* cfu/ml of strain DS1748
were recovered. Indeed this is indicative of potential antimicrobial compounds present
with the haemolymph of M. sexta. Furthermore, there was no recovery of vegetative C.

difficile from the inoculated haemolymph after incubation.
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4.5.7.4. Oral Infection of M. sexta with C. difficile spores

To determine the feasibility of infecting Manduca via feeding, insects were fed spores
with and without sodium taurocholate upon antibiotic containing and antibiotic-free wheat
germ. After 3 d we saw no evidence of morbidity in any of our feeding studies suggesting

that oral uptake does not initiate infection.

4.5.7.5. Potential for gastrointestinal colonisation of M. sexta

We tested M. sexta as a possible model to study the ability of C. difficile to colonise the
gut. To determine if these differences in hydrophobicity affected the ability of the spores
to adhere to the insect midgut and subsequently cause infection, Manduca were fed spores
and the numbers recovered over a 5 d period. Two strains with different hydrophobic
characteristics were used; DS1813 spores which are highly hydrophobic (77% RH) and
DS1748 spores which are hydrophilic (14%).

In a subsequent series of experiments spores of each strain of C. difficile were fed to
Manduca on antibiotic containing or antibiotic-free wheat germ with and without
taurocholate. Faecal matter was cultured to ascertain the number of spores that passed
through the insect, or remained within the insect. The expectation was that successful
infection would result in an increase in the number of cells recovered. Upon the fifth day
of the study the Manduca were killed and dissected to remove the mid gut. This was then
cultured to ascertain the number of bacteria remaining within the gut. Infection of the
Manduca was unsuccessful as the number of bacteria recovered decreased over time and
there was no evidence of an increase in the total number of C. difficile, suggesting that the
organism had simply passed through the gut. Culture of the gut contents at 5 days revealed
no difference in the numbers of bacteria recovered from each test group as shown in
Figure 4.11. This was confirmed by use of one way ANOVA revealed no significant
difference between the mean results from each test group (P = 0.0769) (Figure 4.11). The
mean results for each test group were further compared to each other using Dunnett’s

multiple comparison post-hoc test, also revealing no significant difference in recovery.
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Figure 4.11: Average final recovery of C. difficile per Manduca sexta test group

The average recovery was determined by adding up the number of spores recovered and divided per insect
(20). The final number of spores recovered appears to be equivalent to the number of spores initially fed (1 x
10°) to the insects. The final recovered DS1748 spores on antibiotic containing wheat germ is shown in blue,
final recovered DS1748 spores on antibiotic-free wheat germ is shown in red, final recovered DS1813
spores on antibiotic containing wheat germ is shown in green, and final recovered DS1748 spores on
antibiotic free wheat germ is shown in purple. There is no statistical significance between the mean values,
determined by use of one way ANOVA (P = 0.0769).

4.5.8. The effect of temperature on the ability of C. difficile spores to germinate

To determine if the temperature at which the insects were stored (25°C) had an effect on
the ability of C. difficile spores to germinate; we looked at the ability of spores to
germinate at 25°C, 30°C and 37°C. Results suggest C. difficile spore of strains DS1813
and DS1748 germinate better at 37°C (Figure 4.12). At 25°C there was a significant
reduction in germination for DS1813, which appears to only germinate well at 37°C.

DS1748 appears to be able to germinate with varying ability across 25°C, 30°C and 37°C.
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Figure 4.12: Germination graphs of DS1813 spores and DS1748 spores

Spores were subjected to three different temperatures and germination monitored. The optical density (450
nm) of the spores was measured each hour over a period of 8 hours. An increase in optical density indicates
germination has occurred. The optical density of DS1813 was determined at 25°C blue, 30°C red and 37°C
green. The optical density of DS1748 was determined at 25°C blue, 30°C red and 37°C green. One way
ANOVA revealed highly significant differences in DS1813 germination at 37°C. Analysis of DS1748

revealed a significant differences in the germination abilities of spores at different temperatures (P = 0.002).
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Statistical analysis via one way ANOVA revealed that there were highly significant
differences in the germination ability of DS1813 spores between temperatures (P < 0.001).
The most significant was at 37°C as deduced via Dunnett’s multiple comparison post hoc
test. Analysis of DS1748 germination revealed significant differences between the test
temperatures (P = 0.002).

4.5.9. Detection of Chitinase activity in spores of DS1813 & DS1748

To determine if the peroxiredoxin/chitinase gene in C. difficile was biologically
functional, the chitinase activity of germinating and ungerminated spores of C. difficile
strains DS1813 and DS1748 and their vegetative cells were assessed using the Chitinase
Assay kit (Sigma Aldrich, Dorset, UK). Vegetative cells of both strains failed to
demonstrate chitinase activity. The same was true for ungerminated spores (Figure 4.13).
However germinating spores (treated with the germinant sodium taurocholate) showed
evidence of chitinase activity similar to that recently reported by (Permpoonpattna et al.,
2011). Statistical analysis using one way ANOVA (P <0.0001) revealed a significant
difference when comparing the mean results between each strain with and without
addition of taurocholate. When comparing the effect of sodium taurocholate on the strains,
the most significant results were from spores of strains DS1813 and DS1748 when
germinating with 3% ST, and spores of strain DS1813 germinating with 5% ST when

compared to the blank in a Dunnetts multiple comparison post-hoc test.
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Figure 4.13: Chitinase activity of C. difficile

Vegetative cells and spores of C. difficile strains DS1813 and DS1748 were tested for chitinase activity
using a chitinase assay kit (Sigma Aldrich). A blank solution was used to calibrate the assay, and a Standard
marker for significant chitinase activity. The Positive control (Chitinase from Trichoderma viride) was also
used to determine if the reaction was viable. Vegetative cells of both strains did not demonstrate chitinase
activity upon testing. Untreated spores did not exhibit chitinase activity; however spores treated with the

germinant ST appeared to show a marked increase in chitinase activity.
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4.6. DISCUSSION

Bioinformatic analysis of the genome of C. difficile revealed the presence of genes
encoding proteins homologous to known insect virulence factors. Analysis of the genes
encoding C. difficile tcdA and tcdB revealed homology to the mcf proteins which are
known play a role in insect pathogenicity. Furthermore individual structural protein
domains of each toxin revealed significant structural homology to proteins associated with
insect infection. For toxin A this included P. fluorescens putative toxin A and a P.
luminescens subsp. laumondii hypothetical protein. The structure of toxin B also has
significant association with P. fluorescens putative toxin A and the mcf toxins of P.

luminescens and P. asymbiotica.

The putative chitinase/peroxiredoxin gene within the C. difficile genome has been
suggested to be associated with the spore coat proteins and the ability of the spore to
germinate (Permpoonpattna et al., 2011). Thus the ability of selected C. difficile
vegetative cells and germinating and ungerminating spores to produce a biologically
functional chitinase was assessed. As expected we found that chitinase was released from
germinating spores of both strains. This suggests that the spores may be releasing
chitinase during germination to potentially enable macromolecular degradation of soil
elements, such as fungi and dead insects, and thus allow nutrient uptake. Spores from
other members of the clostridial family are usually saprophytic, residing in soil so it may
be the case that the chitinase release from germinating spores is a relic of C. difficile’s
evolutionary history. Hence it could also be assumed that C. difficile may have divergently

evolved alongside a saprophytic Clostridium into a human pathogen (Figure 1.11).

To establish whether C. difficile is able to infect insects we employed the M. sexta
infection model host system. We found that C. difficile spores and vegetative cells were
unable to elicit symptoms of infection upon either injected or oral delivery at 25°C and
37°C. While challenge at 37°C with C. difficile had no obvious effects on the health of the
insect, we did observe that the majority of insects followed their normal life cycle at this
temperature in that they pupated after 5 days in contrast to unchallenged controls which
were unable to pupate correctly. The presence of the bile salt germinant sodium

taurocholate had no affect on infectivity.
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This suggests that immune specific priming leading to developmental changes may have
occurred following exposure to spores (Alberea & Schaub, 2008). In order to defend
against infection, insects possess an innate immune system capable of pathogen
recognition and elimination, releasing small effector molecules and antimicrobial peptides
(Waterfield et al., 2004). This may have occurred upon direct injection of C. difficile into
the Manduca haemocoel, inducing an adaptive immune response. It would be of interest to
examine which immune defence molecules are expressed in Manduca upon challenge with
C. difficile.

Interestingly experiments using the haemolymph of the Manduca revealed that
compounds within the haemolymph reduced the viability of C. difficile vegetative cells
and spores after inoculation. Thus as there was a reduction in spore viability, and no
vegetative C. difficile survived, credence can be given to the theory that potential
antimicrobial peptides within the haemolymph are active. There was no neutralisation step
involved in the experiment as the potential antimicrobial compounds have not been
pinpointed. Indeed a further explanation of the lack of pathology is that C. difficile toxin A

and B receptors are not present within the insect.

To determine if the incubation temperatures at which the experiments were performed
influenced the ability of the spores to germinate, we assessed spore germination at the
following range of temperatures: 25°C, 30°C and 37°C. There appeared to be a significant
increase in germination ability for both DS1813 (P < 0.001) and DS1748 strains (P
=0.002) at 37°C. Thus incubation of the Manduca at 37°C should have elicited an
infection; however as infection did not occur we can conclude that temperature had no

effect on the ability of C. difficile to infect the Manduca.

We also attempted utilise M. sexta as a potential model for the colonisation of C. difficile.
Two strains with differing hydrophobic characteristics were tested; the highly
hydrophobic DS1813 and hydrophilic DS1748. We established that there was no
difference in the passage or adherence ability of either strain through the Manduca. Indeed
there was also no difference between antibiotic treated and non-antibiotic treated food
upon the colonisation abilities of C. difficile. There was no replication of C. difficile in the
Manduca, and thus we have concluded that it is a poor model with which to study C.
difficile colonisation.
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Thus we have analysed the genome of C. difficile for insect associated genes and
homologs, and have found genes which are similar to known insect virulence factors. We
have attempted to establish an insect infection model for C. difficile but were
unsuccessful. The origins of C. difficile and its evolution have yet to be established. While
we cannot comment upon the evolutionary origins of the bacterium itself, we have found

that toxin B of C. difficile is structurally similar to the insect associated mcf toxins.

Toxin A does not share this homology. This may suggest that toxin B may have originated
as the first infective toxin from an insect associated ancestor, and thus the variant toxin A
may have arisen as a duplication event. In contrast to toxin B which is structurally stable,
toxin A has variations within its gene coding sequences and thus this structural instability
is also indicative of gene duplication (Rupnik et al, 1999).
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CHAPTER 5
RAPID METHODS OF DETECTING
TOXIN A AND TOXIN B
USING MAMEF
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5.1. ABSTRACT

To enable the development of a rapid sensor, DNA probes specific for conserved regions
within toxins A and B were identified as described in Chapter 3. The probes with the
highest sensitivity were incorporated into a rapid MAMEF based assay and were
subsequently assessed for their ability to detect C. difficile (vegetative and spores) in a
range of organic matrices which included milk and faecal matter. Using this platform we
were able to detect as few as 100 spores in a 500 pl suspension of faecal matter within 40
seconds. This prototype biosensor had the potential to be developed into a real time beside

diagnostic assay.

5.2. INTRODUCTION

Microwave accelerated metal enhanced fluorescence (MAMEF) is a technique which
utilises low power microwave heating and a phenomenon known as metal enhanced
fluorescence (MEF). The underlying principal of the technology is based on the selective
heating of water, whereby the aqueous medium used in the assay is heated via microwave
power to a higher temperature than plasmonic particles (electrons) within the metal
surface. In this case silver is used as plasmons can be easily excited using this metal
(plasmon resonance effect). Therefore a temperature gradient between the cold metal
surface and the warm aqueous solution is formed, which allows DNA or other biomarkers
to be recognised, bound and subsequently for fluorescence to occur (Geddes, 2010). Non
radiative energy transfer occurs between fluorophores and plasmon electrons in a non
continuous film. The metal surface becomes a mirror which intensifies the fluorophore
signal (Geddes & Lakowicz, 2002; Das et al., 2002). The assay does not require prior
purification of organic material and so it highly rapid and is able to detect targets with
organic material without quenching of the signal. This means a signal can be detected

easily in raw organic material.

Conventional methods currently used to detect C. difficile infection as described in Section
1.6. Although these methods require long turnover times and are laborious they are used
because of their sensitivity and specificity. It is important to develop a rapid detection
method for C. difficile to prevent transfer of micro-organisms between patients and to
enable healthcare professionals to provide an efficient treatment regimen for the patient.
The prevention of cross infection between patients would reduce treatment times and costs
to the NHS.
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Currently it costs approximately £400 per day for each infected patient, with the estimated
length of stay for patients with C. difficile being between 14-27 days. Thus the estimated
cost of treating a patient with C. difficile in Wales would be £8 613, and given that over
800 patients with C. difficile-related infections are seen per year by the University
Hospital Wales, Cardiff, this represents a considerable avoidable cost burden (Cardiff &
Vale NHS Trust, 2010).

The laboratory tests currently used to detect C. difficile include toxinogenic assays, PCR
methods, antigen detection (GDH) and ELISA based assays as described in Section 1.6.
The challenges when using these methods include the time taken to conduct the tests, and
their lack of sensitivity. Symptoms of C. difficile infection normally manifest within 24-
48 hours of infection (as described Section 1.2), and thus there is a pressing need to
diagnose C. difficile during the early, subclinical phase of infection to enable treatment

and to minimise cross transmission within the hospital environment.

A Dbiosensor capable of detecting the presence of C. difficile in clinical samples in <60
seconds without the need for complex pre-processing would dramatically reduce the time
required to obtain confirmation of the presence of the organism compared to current
laboratory assays. Ideally such an assay would be able to detect C. difficile with high

sensitivity and specificity, whilst being inexpensive to run and low maintenance.

A technology approach which offers the potential to develop such a rapid sensor is
MAMEF. The approach has previously been employed to detect a range of pathogens
including B. anthracis, Salmonella typhimurium and C. trachomatis (Aslan et al., 2008;
Zhang et al., 2011, Tennant et al., 2011). The technology breaks open vegetative bacteria
and spores releasing target DNA which is rapidly detected by pathogen specific probes. In
the case of B. anthracis, a Gram positive spore former similar to C. difficile, pathogen
specific DNA targets were detected within 60 seconds of the start of the assay.
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5.3. RESEARCH AIMS

The aims of this chapter are to:

To determine the ability of conserved probes identified from C. difficile Toxin A and
Toxin B (as per Chapter 3) to detect target DNA using a MAMEF detector platform

To determine microwave conditions which optimise the release of target DNA from C.
difficile spores and vegetative bacteria

Determine the ability of the sensor platform to identify C. difficile target DNA within a
range of organic matrices

Determine the sensitivity of the assay using known concentrations of C. difficile spores

and vegetative cells spiked into organic matrices
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5.4. MATERIALS & METHODS

5.4.1. Bacterial Strains, biological fluids and genomic DNA

Genomic DNA was isolated from C. difficile strain CD630 (supplied by NTCC, HPA,
UK) using Chelex 100 resin (BioRad Laboratories, UK) as detailed in Chapter 3. Whole
milk (3.5¢g fat content) was purchased from Whole Foods (Harbour East, Baltimore, MD,
USA). PBS (0.01 M phosphate buffer, 0.0027 M potassium chloride and 0.137 M sodium
chloride) was made by dissolving 1 tablet in 200 ml diH,O (Sigma Aldrich, USA). Human

faecal matter was provided by a healthy volunteer.

5.4.2. Anchor and Fluorescent Probes and target DNA

Probes specific for conserved regions of toxin A and toxin B of C. difficile were designed
and validated as described in Chapter 3. Probes were modified as follows to enable
incorporation into the MAMEF detection platform (Figure 5.1); a thiol group was added to
the 5° region of the anchor probe to enable binding of the DNA to the surface of the silver
island film (SiF) while the capture probe was labelled with an Alexa® (Invitrogen, USA)
fluorophore (Aslan et al., 2008; Zhang et al., 2011). The Alexa fluorophore 488 (green)
was used to label toxin A and the Alexa fluorophore 594 (red) was used to label toxin B.
These fluorophores were chosen as their emissions were at wider ends of the fluorescent

spectrum and thus would yield two different colours upon excitation.

Toxin A Toxin B
Anchor Probe Thiol-TTTTT- Thiol-TTTTTT-
TTTAATACTAACACTGC CAAGACTCTATTATAG
Capture Probe Alexa-488 — Alexa-594-
TGTTGCAGTTACTGGATGGCAA TAAGTGCAAATCAATATGAAG
Synthetic AAATTATGATTGTGACGTAATCCCA |AGTTCTGAGATAATATCTAATCCC

oligonucleotides ATACAACGTCAATGACCTACCGTT AAT

ATTCACGTTTAGTTATACTTG

Table 5.1: Table of Oligonucleotides

The anchor probes for both toxins have a run of 5 consecutive Ts (thymine bases) included to increase the
flexibility of the probes in detecting target DNA once bound to the silver surface. The capture probes have
an Alexa ® group added to aid fluorescent detection. The target region negative strand was also synthesised

to aid assay development.
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The nucleotide sequences of the anchor and capture probes from each toxin are shown in
Table 5.1. The common regions in anchor probes were preceded by a run of 5 consecutive
Ts (thymine bases) included to increase the flexibility of the probe design once bound to
the silver surface, and enhanced by the inclusion of a C at the terminal of the probe to
which a thiol group was subsequently added (Aslan et al., 2008). The negative strand of
the target region was also synthesised to bind to the capture and anchor probes
(Invitrogen, USA) (Table 5.1).

~

A \Synthetic

Fluorescent Target

Capture
Probe 43 nt
22 nt

5nt

Anchor
Probe
17nt

Figure 5.1: Configuration of 3 piece DNA detection assay

This configuration as used for the design of both toxin A and toxin B probes. The anchor probe is fixed to
the SiF by the addition of the thiol group and is 17 oligonucleotides in length. The fluorescent probe is 22
oligonucleotides in length and has the Alexa® attached to the 3’ end. When a target DNA strand binds to the
anchor DNA, it should also bind to the fluorescent probe causing release of plasmons which under laser light
induce fluorescence. Inadequate binding does not induce fluorescence. The 5 nucleotide spacer region is

included to aid the fluorescent reaction to occur.
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5.4.3. Formation of gold lysing triangles to microwave C. difficile

To focus the microwave power in the microwave, gold lysing triangles were used. Gold
lysing triangles were provided by the Institute of Fluorescence (University of Maryland).
Glass microscope slides (Starfrost®, LightLabs, USA) were covered with a paper mask
(12.5 mm in size and 1 mm gap size) leaving a triangle bow-tie region exposed. Gold was
deposited onto the glass microscope slides using a BOC Edwards 306 Auto vacuum E-
beam evaporation deposition unit, in equilateral gold triangles of 12.5 mm and 100 nm
thick at 3.0 x 10° Torr (Tennant et al., 2011). Two layers of self-adhesive silicon isolators
(Sigma Aldrich, USA) (diameter = 2.5 mm) were placed on top of the bow-tie regions,

creating a lysing chamber (Zhang et al., 2011) as shown in Figure 5.2,

5.4.4. The release of C. difficile DNA from vegetative cells and spores using
microwave irradiation

To optimise DNA release the following approaches were investigated:

(i) Boiling C. difficile (1 x 10° cfu/ml) was suspended into PBS buffer into 15 ml Falcon
tubes (Fisher Scientific, USA) and boiled in a water bath on a hot plate (Fisher Scientific,
USA) for 3 h. After each 30 min, a 100 pl sample was taken from the boiling spores and
cooled on ice. The DNA released from C. difficile was examined using gel

electrophoresis.

(ii) Gold Triangles C. difficile (1 x 10° cfu/ml) was suspended into PBS buffer and
pipetted at a volume of 500 ul into the gold tie lysing chamber and exposed to a 15 s
microwave pulse at 80% power in a GE microwave Model No. JE2160BF01, kW 1.65
(M/W). The microwaved solution was examined for the presence of viable organisms.
Further experiments involved spiking milk and human faecal matter (both diluted with
PBS buffer) with varying concentrations of C. difficile and then performing microwave

radiation. Each experiment was conducted in triplicate.

5.4.5. Bacterial quantification after focussed microwave irradiation

(i) Vegetative cells: The control samples (4 x 10° cfu/ml) were serially diluted using
Miles Misra (1938) drop count method (as described in Chapter 2). Briefly 20 ul of
bacterial sample was serially diluted in 1:10 ratio in 180 pl BHI broth and drop counts
performed on BHI agar and incubated at 37°C in a 3.4L anaerobic jar (Oxoid,
Basingstoke, Hampshire, UK) with an anaerobic gas generating kit (Oxoid, Basingstoke,
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Hampshire, UK). Post lysis the number of remaining viable bacteria (cfu/ml) was

enumerated using the Miles Misra method as above (1938).

(ii) Spores: The control samples (1.33 x 10’ cfu/ml) were serially diluted using Miles
Misra (1938) drop count method as described in Chapter 2. Briefly 20 ul of the spore
sample was serially diluted in 1:10 ratio in 180 ul BHI broth and drop counts performed
on BHI agar supplemented with the spore germinant sodium taurocholate (0.1% ). Plates
were incubated at 37°C in a 3.4L anaerobic jar (Oxoid, Basingstoke, Hampshire, UK) with
an anaerobic gas generating kit (Oxoid, Basingstoke, Hampshire, UK). Before DNA
release the sample was heated at 80°C for 10 min to ensure removal of any vegetative
cells. After lysis the number of remaining viable spores (cfu/ml) was enumerated using the
Miles- Misra method as above (1938).

5.4.6. Gel electrophoresis of samples

Post microwave irradiation the sample was centrifuged at 3000 g for 15 min (Heraeus
Primo R; Fisher Scientific, Waltham, MA, USA) and the supernatant resuspended in a
ratio of 1:2 ethanol (Sigma Aldrich, USA). The supernatant was removed and resuspended
in 100 pl sdw. The samples separated on 2% (w/v) agarose (Sigma Aldrich, USA) gels
prepared in 1 X TAE buffer (Sigma Aldrich, USA) with 5 pl Ethidium Bromide (Sigma
Aldrich, USA) and were run at 70 V using a BioRad electrophoresis Power Pac (Bio Rad

Laboratories). Pre-lysis samples were included as a control.
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5.4.7. Silver Island Film formation on glass substrate

Silver island Films (SiFs) were prepared on Silane-prep ™ glass slides (Sigma Aldrich,
USA) to enable silver adhesion, as follows. A solution of silver nitrate was made by
adding 0.5 g in 60 ml dH,O to 200 ml of freshly prepared 5% (w/v) sodium hydroxide
solution and 2 ml ammonium hydroxide. The solution was continuously stirred at RT, and
then cooled to 5°C in an ice bath. The slides were soaked in the solution and 15 ml of
fresh D-glucose was added (0.72 g in 15 ml dH,0). The temperature of the solution was
raised to 40 °C and as the colour of the mixture turned from yellow/green to yellow-
brown, the slides were removed from the mixture, washed with dH,O, and sonicated using
an MSE Soniprep 150 sonicator (Sanyo) for 1 min at RT (Tennant et al., 2011). SiFs used
in this study were between an ODys 0f 0.4 - 0.5 (Figure 5.2).

5.4.8. Preparation of MAMEF assay platform for detection of C. difficile DNA

Glass slides with SiFs deposited were coated with self-adhesive silicon isolators
containing oval wells (2.0 mm=diameter, 632 mm=Ilength, 619 mm=width) (Sigma
Aldrich, USA). The thiolated anchor probe was decapped to remove the thiol groups and
enable binding to the SiF. This was achieved by diluting 40 pM anchor probe into 100 pl
of 1 M Tris- EDTA (TE) buffer and adding 9 ul to 250 mM of 20 pl dithiothreitol (DTT)
(38.5 mg DTT into 1 ml TE buffer). The mixture was incubated at RT for 60 min. The
decapped anchor probe (1 uM) was diluted into 4 ml TE buffer and 100 pl of anchor probe
was added to and incubated in each oval well of the SiF for 75 min. After incubation the
anchor was removed and 50 pl of 1 uM Alexa-Fluor® probe was added to 50 ul of DNA
from the target organism. The SiFs containing the bound probes and DNA was then
incubated using MAMEF for 25 s in a microwave cavity at 20% microwave power, GE
microwave Model No. JE2160BF01, 1.65 kiloWatts. In the presence of target DNA the
three piece assay is complete and enhanced fluorescence can be observed. The sample was
then removed from the well after MAMEF and the well washed with 100 ul TE buffer 3

times. Each experiment was conducted in triplicate.
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Figure 5.2: Gold lysing triangle on Starfrost ® slide and Silver island Film

(A) Gold triangle with silicone isolators added to create lysing chamber. In this lysing chamber 500 pl
volume can be added and irradiated. (B) The SiF here is at an ODysq of 0.43 and has multi-well silicone
isolators added. Each well can hold an individual DNA assay reaction; hence multiple repeats can be

conducted. The SiF must be kept moist to prevent the silver from being oxidised.

5.4.9. Detection and fluorescence spectroscopy

The presence of target DNA was confirmed by the generation of a fluorescent signal
following excitation with laser light. The following fluorophores were employed (details
in Table 5.2). Fluorescence was emitted by the DNA MAMEF capture assay and
measured using a diode laser (Figure 5.3) and a Fibre Optic Spectrometer (HD2000)

(Ocean Optics, Inc) by collecting the emission intensity (1) through a notch filter.

Alexa Absorption Emission Fluorescent | C. difficile Laser
Fluor® Dye (nm) (nm) Colour Toxin Notch Filter
(nm)
Alexa 488 495 519 GREEN Toxin A 473
Alexa 594 590 617 RED Toxin B 610

Table 5.2: Table of fluorescence characteristics
Alexa Fluor dyes used to detect C. difficile toxins A and B. The absorbance and their fluorescence emission

(nm) coupled with the laser filter is used to give the fluorescence intensity measurement.
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Laser Beam
[}

Fibre optic o

spectrometer
)

SiF with isolator

Figure 5.3: Laser platform used to excite the samples
The laser beam is directed into each well using glass prisms, and fluorescence is detected using a notch filter

and a Fibre optic spectrometer.

5.4.10. Statistical Analysis

Statistical analysis was performed using GraphPad Prism version 5.04 for Windows,
(GraphPad Software, La Jolla California USA, www.graphpad.com). Three replicates
(n=3) were performed for each detection experiment. Statistical significant differences
were tested for using one way analysis of variance (ANOVA) at the 95% confidence
interval in conjunction with a Kruskall-Wallis test. Dunnett’s post test was employed to
compare sample data to control data. A P value of <0.05 was considered significant
(Bowker & Randerson, 2006).

165



CHAPTER 5

5.5. RESULTS

5.5.1. Detection of synthetic DNA targets by MAMEF

The ability of the toxin A and B probes to detect synthetic target DNA (43 nucleotides in
length) was determined. Target DNA was diluted in TE buffer to give the following range
of concentrations; 1 nM, 10 nM, 100 nM, 500 nM, 1000 nM and 100 uM with TE buffer
serving as a control. The lowest concentration of DNA detected by each probe was 1 nM
(Figure 5.4 A & C). Targets were readily detected by MAMEF as can be seen in Figure
5.4 (B & D). As the concentration of the synthetic target increases the fluorescent intensity
increases. Taking the concentration of 10 nM as an example, the intensity for Toxin A is
20 AU and Toxin B is 45 AU. For toxin A probes the excitation is 495 nm, and emission:

519 nm, and toxin B excitation is 590 nm and emission is 617 nm.

The difference in signal intensity seen between toxin A and toxin B may be due to several
factors; including the optical density of the SiF used, the concentration and specificity of
the anchor and capture probes and the excitation wavelength of the laser used to produce
fluorescent emission. For example the concentration of anchor probe to toxin B in this

experiment was ten-fold higher that for toxin A.
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Figure 5.4: Detection of various concentrations of synthetic oligonucleotides in TE buffer by MAMEF
(A) This graph shows detection of toxin A synthetic oligonucleotide. There is an increase in fluorescent
intensity as the concentration of the oligonucleotide increases. (B) The fluorescent signal produced at each
concentration. Excitation: 495 nm, Emission: 519 nm. (C) The graph shows detection of toxin B synthetic

oligonucleotide. There is an increase in fluorescent intensity as the concentration of the oligonucleotide

increases. (D) The fluorescent signal produced at each concentration. Excitation: 590 nm, Emission: 617 nm.

5.5.2. Detection of synthetic DNA in whole milk by MAMEF

To determine the ability of these probes to detect toxins A and B in the presence of
biological material, target DNA was mixed with whole milk. The whole milk was diluted
by 10% with PBS and the synthetic target DNA was diluted in the milk to final
concentrations of 1 nM, 10 nM, 100 nM, 500 nM and 1000 nM. As can be seen in Figure
5.5 (B & D) the limit of sensitivity was similar to that seen with PBS at 1nM for both
Toxin A and B. Interestingly reducing the concentration of Toxin B anchor probe from 10
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uM to 1 uM did not affect the sensitivity of the assay. As before there was an increase in
fluorescent intensity as the concentration of the target oligonucleotide increased although
the intensity of the signal was less (~5 AU) than that seen in the presence of PBS when
comparing the results from experiments using 1 uM anchor (Figure 5.4 A; Figure 5.5 A &
C). At the concentration of 10 nM the intensity in the presence of milk for Toxin A is ~20
AU and Toxin B is 25 AU.

B 1000nM 100nM
’
, & Control
500
Wavelength (nm)

D 1000nM

10nM

1M
Control
Control
620 640
Wavelength (nm)

Figure 5.5: Detection of various concentrations of synthetic oligonucleotides in whole milk by
MAMEF

(A) This graph shows detection of toxin A synthetic oligonucleotide in whole milk. There is an increase in

fluorescent intensity as the concentration of the oligonucleotide increases. The signal has not been quenched
by the milk. (B) The fluorescent signal produced at each concentration. Excitation: 495 nm, Emission: 519
nm. (C) The graph shows detection of toxin B synthetic oligonucleotide in the presence of whole milk.
There is an increase in fluorescent intensity as the concentration of the oligonucleotide increases. The signal
is strong with no evidence of quenching. (D) The fluorescent signal produced at each concentration.

Excitation: 590 nm, Emission: 617 nm.
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5.5.3. Detection of synthetic DNA in human faecal matter by MAMEF

The aim of this study is to detect C. difficile directly from human faecal samples.
Therefore experiments were performed where target DNA was mixed with human faecal
matter. Faecal matter was diluted by 50% with PBS and the synthetic target DNA was
then added to give the following range of concentrations; 1 nM, 10 nM, 100 nM, 500 nM
and 1000 nM. The limit of sensitivity was 1 nM for toxin A and 1 nM for toxin B. As
expected an increase in fluorescent intensity was observed as the concentration of target
oligonucleotide increased (Figure 5.6 A & B). The signal intensity however was less than
observed in the presence of PBS and whole milk for both toxins A and B (Figure 5.4 A;
Figure 5.5 A & C; Figure 5.6 A & B). At the concentration of 10 nM the intensity in the
presence of milk for Toxin A is ~10 AU and Toxin B is 12 AU which are similar.
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Figure 5.6: Detection of various concentrations of synthetic oligonucleotides in faecal matter by
MAMEF

(A) This graph shows detection of toxin A synthetic oligonucleotide in the presence of human faecal matter.
It can be seen that there is still a strong signal. There is an increase in fluorescent intensity as the
concentration of the oligonucleotide increases. (B) The first graph shows detection of toxin B synthetic
oligonucleotide. There is an increase in fluorescent intensity as the concentration of the oligonucleotide

increases.
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5.5.4. Statistical analysis of synthetic DNA detection within organic matrices
Statistical analysis of differences in synthetic target DNA detection of toxin A was
performed using one way ANOVA, which revealed a P value of 0.0534. Thus as P > 0.05,
this indicates there is no significant difference between the organic matrices used (TE
buffer, Milk and faecal matter). This was further confirmed using the Kruskall-Wallis test
where P = 0.2588.

One way ANOVA results of toxin B synthetic target DNA detection revealed a P value of
0.107. As P > 0.05 there is no significant difference between the organic matrices used
(TE buffer, milk and faecal matter). This was further confirmed using the Kruskall-Wallis
test where P = 0.158. Also there was a significant difference between the control sample
of toxin A and B and the test concentrations as determined by Dunnetts multiple

comparison of variance test (Graphpad Prism 5).
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5.5.5. Detection of genomic DNA from C. difficile Strain 630

To establish if the toxin A and B probes could detect targets within gDNA, we employed
DNA from C. difficile strain CD630. Genomic DNA from CD630 was microwaved in
PBS buffer for a shorter time of 8 seconds at 70% power to determine if target DNA could
be detected. A control of unmicrowaved gDNA in PBS was employed. The toxin probes
were able to detect gDNA at concentrations of 0.010 ug before microwave treatment, and
0.010 pg and 0.005 pg after microwave treatment (Figure 5.7 A & B). The limit of
sensitivity was 0.005 pg gDNA for both toxin A and toxin B. There is an increase in
fluorescent intensity as the concentration of the oligonucleotide increases (Figure 5.7 A &
B). The signal intensity however was similar to synthetic target intensity observed in the
presence of PBS, and greater than that observed when the synthetic targets were tested in
the presence of whole milk and faecal matter (Figure 5.4 A; Figure 5.5 A & C; Figure 5.6
A & B; Figure 5.6).
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Figure 5.7: Detection of target DNA within various concentrations of genomic DNA by MAMEF

(A) This graph shows detection of toxin A synthetic oligonucleotide in the presence of human faecal matter.
It can be seen that there is still a strong signal. There is an increase in fluorescent intensity as the
concentration of the oligonucleotide increases. (B) The first graph shows detection of toxin B synthetic
oligonucleotide. There is an increase in fluorescent intensity as the concentration of the oligonucleotide

increases.
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5.5.6. Release of target DNA from a C. difficile spore preparation via boiling

A boiling based method was developed to release DNA from C. difficile. The release of
DNA from spores was assessed by mixing spores from a ~80% preparation with either
PBS or diH;0, followed by boiling for 3 hours with samples removed every 30 min to
determine if DNA has been released using gel electrophoresis. As can be seen in Figure
5.8, there appeared to be no DNA release from water-treated spores. However in contrast,
spores suspended in PBS produced a smear upon gel electrophoresis which was thought to
represent fragmented DNA. Therefore PBS was used as the diluent for samples used in

further experiments.

M 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Figure 5.8: Gel electrophoresis of boiled C. difficile spores and vegetative cell mixed spore preparation
C. difficile spores and vegetative cells at a concentration of 1 x 10° cfu/ml were boiled in water and PBS
buffer to ascertain DNA release. A sample was taken every half an hour for 3 h. Lanes 1-7: Boiling in PBS:
Lane 1: shows the control sample of spores without boiling or centrifugation, Lane 2: Spore DNA release
after 30 min boiling, Lane 3: Spore DNA release after 60 min boiling, Lane 4: Spore DNA release after 90
min boiling, Lane 5: Spore DNA release after 120 min boiling, Lane 6: Spore DNA release after 1500 min
boiling, Lane 7: S Spore DNA release after 180 min boiling. Lanes 5-14: Boiling in Water: Lane 8: shows
the control sample of spores without boiling or centrifugation, Lane 9: Spore DNA release after 30 min
boiling, Lane 10: Spore DNA release after 60 min boiling, Lane 11: Spore DNA release after 90 min
boiling; Lane 12: Spore DNA release after 120 min boiling; Lane 13: Spore DNA release after 150 min
boiling, Lane 14: Spore DNA release after 180 min boiling.

172



CHAPTER 5

5.5.7. Release of DNA from a C. difficile spore preparation using focussed microwave
irradiation

We sought to develop a method which would rapidly release target DNA using microwave
radiation. Gold triangles were used to assist in breaking open bacteria when exposed to
microwave irradiation. This method has previously been used with B. anthracis to release
DNA from spores (Aslan et al., 2008). Rapid heating occurs at the 1 mm gap between two
adjacent triangles where the microwaves are focussed thus reducing the need for complex
DNA extraction methods. A total of 500 ul of vegetative bacteria and spores were tested at
a range of microwave powers and times until an optimal period of irradiation was
identified (15 s in the microwave cavity at 80% power). Each sample was run under gel

electrophoresis to establish DNA release (Figure 5.9).

Figure 5.9: Gel electrophoresis of C. difficile spores and vegetative cell mixed preparations

C. difficile spores and vegetative cells at a concentration of 1 x 10° cfu/ml were lysed using the gold lysing
triangles. The power used was 80% microwave power. The 1 kb marker (M) was used. Lane 1 represents the
control which was not lysed. Lane 2: lysis at 8 s, Lane 3: 9 s, Lane 4: 10 s, Lane 5: 11 s, Lane 6: 12 s, Lane
7:13s, Lane 8: 14 s, Lane 9: 15 s and Lane 10: 16 s. The lane which showed the best lysis with the strongest
banding (between 50 -200 bp) was Lane 9 (15 seconds). This means that the DNA had not been broken
down to a level where it could not be detected via MAMEF, unlike in Lane 10.
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5.5.8. Bacterial quantification following focussed microwave irradiation

The number of viable vegetative bacteria and spores in our spore preparations pre- and
post- microwave treatment were determined (Figure 5.10). We observed a 4 x 10° cfu/ml
log reduction in vegetative counts following microwave treatment. The corresponding

reduction in viable spores was 1.33 x 10* cfu/ml.

Figure 5.10: Viable counts of C. difficile spores and vegetative cells before and after lysis in PBS.

(A) C. difficile vegetative cells were lysed by microwave irradiation at a concentration of 4 x 10° cfu/ml (B)
After lysis the concentration of vegetative cells was 6.67 x 10° cfu/ml. (C) Spores were lysed at a
concentration of 1.33 x 107 cfu/ml. (D) After lysis 3.67 x 10° were left.
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5.5.9. Detection of C. difficile target DNA in PBS

Using the conditions described above (80% microwave power) spores and vegetative cells
of C. difficile CD630 were suspended in PBS and microwaved for 15 s. Following
treatment, vegetative bacteria were diluted to give the following range of final
concentrations in each assay well; 1000 cfu, 100 cfu and 10 cfu of vegetative bacteria.
Following treatment, spores were diluted to give the following range of final
concentrations in each assay well; 10000 cfu, 1000 cfu, 100 cfu and 10 cfu. PBS buffer
was used as a control (Figure 5.11 A & B).

The probes readily detected DNA released from vegetative cells in PBS, yielding a signal
of approximately 20 Intensity units at 1000 cfu. The limit of sensitivity was 10 cfu for
both toxin A and toxin B. There is an increase in fluorescent intensity as the concentration
of vegetative cells increases (Figure 5.11 A). However the signal intensity was higher for
the toxin B probe at 60 Intensity Units at 1000 cfu (Figure 5.11 B). As mentioned
previously this may be due to a range of factors including anchor concentration, optical
density of the SiF and efficiency of the fluorophore emission upon binding to target DNA.
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Figure 5.11: Detection of DNA from microwaved vegetative C. difficile in PBS using MAMEF
(A) Detection of toxin A from vegetative C. difficile lysed in PBS. (B) Detection of toxin B from vegetative

C. difficile lysed in PBS. As the concentration of cfu increases the fluorescent intensity also increases.
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The probes readily detected DNA released from the spore preparation in PBS, yielding a
strong signal of approximately 15 Intensity units at 1000 cfu. The limit of sensitivity was
10 cfu for both toxin A and toxin B. There is an increase in fluorescent intensity as the
concentration of spore preparation increases (Figure 5.12 A). The signal intensity is
similar for the toxin B probe at 18 Intensity Units at 1000 cfu (Figure 5.12 B).
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Figure 5.12: Detection of DNA from microwaved C. difficile spore preparation in PBS using MAMEF
(A) Detection of toxin A from spores of C. difficile lysed in PBS. A concentration of 10000 cfu of spores
were used for toxin and B studies. (B) Detection of toxin B from spores of C. difficile lysed in PBS. As the

concentration of cfu increases the fluorescent intensity also increases.
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5.5.10: Detection of C. difficile target DNA in whole milk

Spores of C. difficile CD630 were suspended in milk and microwaved for 15s using 80%
microwave power. Following treatment, spores were diluted to give the following range of
final concentrations in each assay well; 1000 cfu, 100 cfu and 10 cfu (Figure 5.13). The
probes readily detected DNA released from spores in milk and the intensities appear to be
similar as can be seen in Figure 5.13 A & B. The limit of sensitivity was 10 cfu for both
toxin A and toxin B. For the concentration of 1000 cfu the signal intensity was ~ 5AU less
than in the presence of PBS for both toxins A and B (Figure 5.13 A & B). However the
signal is higher for the toxin B probe when detecting the spores (25 Intensity Units at 1000

cfu) in Figure 5.13 B compared to the same concentration in toxin A.
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Figure 5.13: Detection of DNA from microwaved C. difficile in whole milk using MAMEF
(A) Detection of toxin A from spores of C. difficile lysed in whole milk. (B) Detection of toxin B from
spores of C. difficile lysed in whole milk. As the concentration of cfu increases the fluorescent intensity also

increases

5.5.11. Detection of C. difficile target DNA in Human faecal matter

Spores of C. difficile CD630 were suspended in human faecal matter and microwaved for
15s using 80% microwave power. Following treatment, spores were diluted to give the
following range of final concentrations in each assay well; 1000 cfu, 100 cfu and 10 cfu
(Figure 5.14). The probes readily detected DNA released from spores in faeces as can be
seen in Figure 5.14 A & B. The limit of sensitivity was 10 cfu for both toxin A and toxin
B. The signal intensity was slightly higher than observed in the presence of PBS and milk
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at 25 AU for toxin A and 20 AU for toxin B (Figure 5.13 A & B; Figure 5.14 A & B). In
this experiment toxin A emitted a higher fluorescent signal than toxin B in response to the

target.
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Figure 5.14: Detection of DNA from lysed C. difficile in varying biological media using MAMEF
(A) Detection of toxin A from spores of C. difficile microwaved in human faecal matter. (B) Detection of
toxin B from spores of C. difficile microwaved in human faecal matter. For each assay it is clear that as the

cfu increases the fluorescent intensity increases.

5.5.12. Statistical analysis of C. difficile DNA detection within organic matrices

Statistical analysis of toxin A target DNA detection was performed using one way
ANOVA, in conjunction with a Kruskall-Wallis test revealing a P value of 0.069. Thus as
P >0.05, this indicates there is no significant difference between the organic matrices used
(TE buffer, Milk and faecal matter). One way ANOVA of toxin B target DNA detection
revealed a P value of 0.008. As P < 0.05 there is a significant difference in detection
between the organic matrices used (TE buffer, Milk and faecal matter). This was further
confirmed using the Kruskall-Wallis test where P = 0.018. There is no significant
difference in detection between spore concentrations used; however there was a significant
difference between the control samples of tcdA and B and the test concentrations as

determined by Dunnetts multiple comparison of variance test (Graphpad Prism 5).
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5.6. DISCUSSION

We have developed a MAMEF-based assay capable of detecting conserved regions of the
genes encoding toxins A and B of C. difficile. We were able to detect as few as 10 cfu of
C. difficile in a faecal suspension within 40 seconds. To put this into context, this
represents a high level of sensitivity as in human infection approximately 10°- 108 spores
are released. This level of sensitivity and speed compares favourably with all of the
currently available C. difficile detection methods as described in Section 1.6. Indeed, there
is presently no assay capable of directly detecting the presence of C. difficile within faecal
samples. As far as we are aware, our assay is also the only system capable of detecting
both toxins A and B.

At present C. difficile assays which employ a DNA based detection system utilise PCR to
amplify specific DNA targets within 2- 8 hours (Zheng et al., 2004; Sloan et al., 2008;
Goldenberg et al., 2009). This reaction is enzyme-based, and thus requires prior
purification to remove enzyme inhibitors which prevent the amplification of target DNA.
This can result in false negative reactions as described in Section 1.6.2 (Bickley &
Hopkins, 1999). Other factors leading to false negative results include poor DNA
extraction methods and the presence of exogenous DNases and RNases within a reaction
(Ballagi-Pordany & Belak, 1996; Woodford & Johnson, 2004). False positive reactions
can occur due to carry over contamination from previously amplified targets and
exogenous target DNA present in reagents and sterile culture material (Kwok & Higuchi,
1989). Thus it would not be possible to directly detect target DNA from a faecal sample

without prior purification when using PCR.

In contrast the MAMEF DNA detection system does not require purification and is
sensitive enough to detect DNA without the need for an amplification step, further
reducing the time required to achieve a result. An advantage of this assay is the
construction of the hybridisation platform which allows efficient binding of target DNA
through the incorporation of a flexible region within the anchor DNA. This comprises of a
region of 5 thymidines which do not bind to target DNA, but instead facilitate the
flexibility of the anchor enhancing its ability to capture target DNA in the solution (Aslan
et al., 2010). DNA targets can be detected rapidly and efficiently within biological
matrices such as blood (Aslan et al., 2010; Tennant et al., 2011). This study however is
the first report of MAMEF based DNA target detection directly from milk and faeces.
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A further advantage of the prototype assays we have developed is its ability to detect the
genes encoding both toxins A and B. Current methods for diagnosis of CDAD are
described in Section 1.6. Strains of C. difficile with an intact toxin B encoding gene but
variations in the genes encoding toxin A also exist. Hence PCR and RT-PCR DNA based
assays such as BD Gene Ohm and Xpert Cepheid are configured to detect only toxin B
(Deshpande et al., 2011). However the role of toxins A and B in disease has been widely
debated, with some suggesting only toxin B is essential for virulence and other suggesting
both toxins are capable of causing fulminant disease (Lyras et al., 2009; Kuehne et al.,
2010). This highlights the importance of a diagnostic system able to detect both toxins A

and B in an infected patient.

The principle component of any nucleic acid based detection system is DNA. Thus it is
essential that any DNA based approach includes a method to liberate DNA from the target
microorganism. We developed a microwave based method which released DNA from a
mixture of C. difficile vegetative bacteria and spores. The mechanism by which DNA is
released is currently unclear; it has been proposed that spores of bacteria release DNA and
biological components upon exposure to the electric fields generated by focussed
microwaves (Kim et al., 2009). A further possibility is that internal pressure generated by
the microwave irradiation of water in the spore core results in the disruption of the spore
the release of biological components (Vaid & Bishop, 1998).

We found that microorganisms suspended in PBS yielded DNA while those suspended in
water did not. This may be attributed to the presence of salts within the PBS aiding the
potential disruption of vegetative bacteria and spores by elevating the boiling point of the
solution (Joffe, 1945). Indeed the release of ionic components such as Ca?*DPA may also
contribute to this phenomenon. Previous analysis of DPA release from microwaved spores
has indicated that stable complexes are formed between DPA and other ionic components
which may affect the boiling point of the solution (Celandroni et al., 2004). The exact
mechanism of microwave heating has yet to be determined; it is thought that microwaves
can cause ions to accelerate and collide with other molecules causing dipoles and thus an
electric field by which disruption of protein structure of microorganisms can occur (Banik
et al., 2003).
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Our assay is able to detect DNA targets within genomic DNA derived from C. difficile. In
these preliminary experiments we used preparations containing both vegetative cells and
spores as a model of human infection (Section 1.2). It is thus likely that the probes are
detecting DNA derived from vegetative cells, rather than DNA liberated from broken
spores. Given that the MAMEF technology has the ability to detect a single copy number
of the target DNA, future studies will focus on the production of ultra pure spore
preparations to determine whether spore DNA or vegetative cell DNA is being detected
(Aslan et al., 2008; Lawley et al., 2009).

With regards the sensitivity and specificity of our assay we determined the ability of our
probes to detect synthetic and genomic DNA in a variety of organic matrices. Each probe
detected 1 nM target DNA (the lowest concentration tested) in PBS, milk, and human
faecal matter. We also examined the ability of our probes to detect DNA from
microwaved spore and vegetative cell preparations in PBS, milk and faecal matter. Our
preliminary findings indicate a limit of sensitivity of 10 cfu, the lowest concentration of
cfu tested. To further improve this assay the lower limit of detection below a concentration
of 10 cfu should be ascertained using pure spore preparations. Target DNA from
unmicrowaved spore preparations was also detected. This suggests DNA from vegetative
cells in the preparation, or genomic DNA on the surface of the spores, is being detected by
the probes.

To realise the potential of our promising preliminary data, future studies must focus on
optimisation of the MAMEF platform. Thus the microwaves and laser platform would
need to be incorporated into a hand held device capable of being used at the bedside. Also
the SiFs used in the majority of experiments varied in their optical densities (between 0.4-
0.5) due to the silver adhering unevenly to the silicone glass surface (Aslan et al., 2010).
Thus an improvement of the system would be to use SiFs with the exact same optical
densities across the silicone glass slide surface. This would allow an even fluorescence
intensity to be emitted when a target is detected. Furthermore, optimisation of the amount
of anchor DNA bound to the SiF upon the fluorescent intensity would increase the

sensitivity of the assay.
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We anticipate that a future assay will be multiplexed and thus able to detect the presence
of both toxins A and B in a sample. Further studies would involve examining a wide range

infected C. difficile patient samples and carrying out clinical trials.

We believe our prototype C. difficile detection assay has the potential to be developed into
a real-time assay capable of identifying individuals infected with C. difficile within 40
seconds. Such an assay would fulfil the pressing need for a rapid and sensitive detection
system able to detect both toxin A and B encoding genes of C. difficile. In the future we
believe this assay would be used as a means of screening patients upon admission to
hospital to enable appropriate treatment regimens and clinical management decisions to be

made.
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6.1. GENERAL DISCUSSION

The aim of this research was to examine the virulence factors which contributed to the
prevalence of the hospital bacterium C. difficile. It was also important to better understand
the organism for which this assay was designed by not only exploring its genetic
characteristics, but by further exploring its physical characteristics to enable a future assay
to be designed optimally. We also designed probes specifically able to detect C. difficile
toxins A and B within human faecal matter using a MAMEF based technological assay.

The resistant spore form of C. difficile facilitates its persistence in the hospital
environment, and enables it to initiate infection by mechanisms which have yet to be
elucidated. As part of our research we sought to determine which characteristics of the C.
difficile spore contributed to the organisms’ virulence. To determine if spore structure
contributed to surface binding we characterised the abilities of spores representing a range
of clinical isolates of differing ribotypes to adhere to organic and inorganic surfaces.
Using the MATH hydrophobicity assay of Rosenberg et al. (1980) we identified an
association between ribotype and spore hydrophobicity in that spores which demonstrated
the highest percentage hydrophobicity were predominantly of hypervirulent and epidemic

ribotypes.

We then demonstrated that spores of different clinical ribotypes were better able to adhere
to stainless steel, a material common to the hospital environment. This provided potential
clues as to how hypervirulent isolates are transmitted, survive and spread within the
hospital environment. Spores which exhibited high hydrophilic and hydrophobic
properties were further investigated for adherence to organic material in the form of
human adenocarcinoma cells (Caco 2 and HT 29). It was observed that spores with high
hydrophobicity were better able to adhere to the adenocarcinoma cells in contrast to spores
with hydrophilic characteristics. Thus we found that the surface hydrophobicity of spores
influenced their ability to adhere to organic and inorganic surfaces.

To determine if variations in spore adherence were associated with spore structure we
characterised the architecture of selected spores by electron microscopy. Spores of the
isolate DS1813, with the greatest hydrophobicity, were found to possess a distinct
exosporium similar to that shown surrounding spores of strain CD630 (Lawley et al.,
2009). The presence, or absence, of this layer is thought to contribute to the degree with
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which spores of Bacillus spp adhere to surfaces (Koshikawa et al., 1989). The exosporium
of C. difficile appears to plays an essential role in the attachment of the spore to the gut
lining and thus is an important step in the process of bacterial colonisation (Panessa-
Warren et al., 1997). We also observed that the exosporial layer did not surround spores of
every isolate examined, suggesting that there is no direct correlation between spore
hydrophobicity and the presence of an exosporium. Another reason for examining spore
adherence was to establish whether C. difficile spores could adhere to materials used
within the context of a MAMEF based technological detection assay.

Following attachment to the cells lining the gut, the spore form of C. difficile must
germinate to initiate infection. In the context of this study we observed that certain strains,
such as R20291 (BI/NAP1/027), exhibited varying germination ability when grown in
different laboratory culture media which suggests that strains differ with regards to the
factors which trigger their germination. Indeed we isolated a variant of 027 capable of
significant germination in the absence of the co-germinant sodium taurocholate. While the
basis of these differences in relative germination in synthetic laboratory media are
intriguing, their relevance to in vivo conditions has yet to be determined. Overall our data
supports the current hypotheses that spores of C. difficile regulate their germination by
sensing ideal locations to attach and germinate within the gut. This may be a result of bile
salts, such as sodium taurocholate which has a positive effect on germination, and
chenodeoxycholate which has an inhibitory effect on germination (Sorg & Sonenshein,
2008; Giel et al., 2010).

The key virulence factors of C. difficile which are expressed following attachment and
germination are its two toxins. Toxin A and toxin B gene sequences of C. difficile were
examined using bioinformatic analysis for conserved areas to understand the organism’s
evolution as well as to determine regions suitable for probe design. Bioinformatic analysis
of both toxins revealed significant homology to each others’ structural domains, which
supports the theory that the toxins may have originally evolved as a duplication of the
other (Von Eichel-Streiber, 1992). The original toxin ancestor has yet to be elucidated,
and there is some debate as to which toxin was duplicated. Even so from our studies we
hypothesise that the tcdA gene, which is more susceptible to HGT and had less areas of

conservation, may have been a duplication of the more stable tcdB.
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We also identified homology with virulence genes associated with insect pathogenicity.
The majority of the structural domains of toxin B shared significant homology with the
mcf toxin from P. luminescens and a number of other proteins associated with insect
infection. Indeed this homology suggests that toxin B may have originated as a toxin from

an insect associated ancestor.

To better understand if C. difficile has an association with insects, we employed the insect
Manduca sexta as a model infection system. C. difficile spores and vegetative cells were
unable to elicit symptoms of infection upon either injected or oral delivery at 25°C and
37°C. An interesting observation was that while injection with spores at 37°C had no
obvious effects on the health of the insects they did pupate in contrast to the unchallenged
controls, suggesting that exposure to spores had an effect on insect development (Alberea
& Schaub, 2008).

The failure of spores to initiate infection could be due to the fact that the insect lacks the
necessary germination triggers. In an attempt to trigger germination we exposed insects to
a mixture of spores supplemented with the bile salt sodium taurocholate; however no
germination or subsequent infection manifested. This result may be an artefact of the
insect system whereby the anaerobic environments (haemolymph/haemocoel; Wyatt &
Meyer, 1956) were not able to sustain C. difficile. Further to this it may be likely that the
insects do not possess the toxin receptors needed for pathology. Indeed the insect
haemocoel may also contain antimicrobial factors which could account for the failure to

initiate infection in the M. sexta.

To determine if this indeed the case the vegetative and spore forms of C. difficile were
suspended in M. sexta haemolymph. A reduction in the number of viable spores was
observed supporting the hypothesis that the haemolymph is antimicrobial, possibly as a
consequence of the production of antimicrobial peptides (Waterfield et al., 2004).
Attempts to develop a gut colonisation model were also unsuccessful due to the fact that
there was no difference in the passage or adherence ability of either strain tested. On the
basis of these results, we have concluded that M. sexta is a poor model with which to

study C. difficile pathogenicity and colonisation.
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C. difficile has also been found to possess chitinase/ peroxiredoxin genes within its spore
coat proteins which are associated spore germination (Permpoonpattna et al., 2011). To
determine if this chitinase was indeed a relic of an insect infective past, we analysed
spores of the widest differing hydrophobicity and found that chitinase was indeed released
from germinating spores of both strains. This suggests that spores may be releasing
chitinase during germination to potentially enable macromolecular degradation of soil
elements, such as fungi and dead insects, and thus allow nutrient uptake, but also indicates
that the presence of insect associated genes within the C. difficile genome may be
associated with the evolution of the whole genome of C. difficile. Hence the common

ancestor to C. difficile may indeed be an insect associated pathogen.

Conserved sequences within the gene encoding regions of C. difficile toxins A and B were
identified to design probes for use in the MAMEF assay. Candidate probes specific to
conserved regions within toxins A and toxin B were synthesised and examined for
specificity using a rigorous screening process against 58 clinical isolates of C. difficile,
unrelated species, species from the LCT family and 10 human metagenomic gut DNA
extracts. The probes used in this study were highly specific, gave no false positives or
negatives and were incorporated into a prototype MAMEF based detection system. Using
this system we were able to detect 10 cfu of C. difficile in a faecal suspension within 40
seconds. Indeed as described previously (Section 1.6) there are currently no assays
available which are able to rapidly detect tcdA and tcdB within human faecal suspensions
near to this time frame. We have also proven that C. difficile can be directly detected in
other complex organic matrices such as milk. This prototype biosensor has the potential to
be developed into a real time beside diagnostic assay.
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6.2. CONCLUSIONS

The aim of this thesis was to determine the contribution of C. difficile’s virulence factors
to its pathogenicity, while simultaneously designing an assay capable of detecting C.
difficile toxins A and B using the MAMEF technological platform. The ability of C.
difficile spores to germinate in the presence of different laboratory culture media was
examined and we suggested that strains differed with regards to their germination triggers.
Furthermore we observed that spores produced from a range of clinical isolates varied in
their ability to adhere to organic and inorganic surfaces. This adherence ability was
associated with spore surface hydrophobicity, with the most hydrophobic spores being
amongst the most virulent ribotypes. These results suggest that spore adherence is closely

associated with the spread and virulence of certain strains.

From bioinformatic analysis it appears that the toxin genes of C. difficile appear to have
evolved as a duplication of each other, with toxin A being a duplicate of toxin B. There
was also homology of the C. difficile toxin genes to genes linked to insect pathogenicity,
suggesting that C. difficile may have associated with insects throughout its evolution.
Whether the genome acquired the toxins through HGT or evolved from an insect toxin

ancestor is still the subject of debate.

Finally conserved DNA signatures within toxins A and B of C. difficile were identified
and analysed for specificity and sensitivity to C. difficile. Probes were engineered into the
MAMEF platform and the assay was able to detect C. difficile at a lower detection limit of

10 cfu in human faecal suspensions within 40 seconds.
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6.3. FUTURE WORK

To build on the research described above we propose that the following studies be

considered:

1. Examine the abilities of a larger collection of C. difficile clinical isolates to germinate in
different laboratory culture media to establish if there is an association between ribotype

and germination ability.

2. Characterise the ability of spores of a representative collection of C. difficile clinical
isolates to adhere to human adenocarcinoma cells to determine if there is a definitive
association between virulence and adherence.

3. Determine the role of the exosporium in the pathogenicity of C. difficile.

4. Determine the basis of the antimicrobial activity of M. sexta haemolymph.

5. Determine if direct injection of C. difficile into the haemolymph of other insects, such
as cockroaches or Galleria, elicits a similar response. Indeed this would add support to our
hypothesis that C. difficile evolved from an insect associated ancestor.

6. Determine if the toxins of C. difficile had an effect upon the insect gut. This study can
be conducted by adding the toxins to insect gut tissue culture. Any resulting pathology

would indicate the presence of C. difficile toxin receptors on the surface of these cells.

7. Currently the MAMEF assay detects two individual toxins in separate reactions; thus

the assay would be benefit to be made into a single assay.

8. Develop the prototype MAMEF based C. difficile detection assay.

9. File a patent for the toxin A and B probe sequences and explore the commercialisation

of this assay.
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6.4. FUTURE BENEFITS AND APPLICATIONS

The potential benefits of an assay capable of detecting both toxins of C. difficile in faecal
suspensions are numerous. Indeed current assays are designed to detect only one of the
two C. difficile toxins, have low sensitivities and often take hours to yield a result (Section
1.6). In the context of hospital diagnosis, a variety of tests are used for CDI diagnosis, and
there is currently no universal standard assay capable of rapidly (<60 mins) and accurately
detecting the presence of both toxins. Thus an assay capable of specifically detecting both
toxins A and B, without the need for prior purification or amplification, within raw human

faecal samples in 40 seconds would be of tremendous benefit to the healthcare industry.

Indeed such an assay would negate the need for the use of multiple non-specific, non-rapid
assays, and has the potential to provide results at the patient bedside. This rapid diagnosis
would allow the treatment regimen for patients to be tailored accordingly, preventing cross
infection and further disease transmission. Currently within the NHS (UK) it takes
approximately three days to diagnose a person with suspected toxigenic C. difficile, and it
costs ~ £600 to keep a person in hospital; hence it would cost £1800 per patient. Patients
with infection can expect to spend up to 27 days in hospital and in Wales it currently costs
£8 000 to treat each individual case of C. difficile (Cardiff & Vale NHS Trusts, 2011).
Thus any measure which would reduce the costs incurred by the NHS with regards to
diagnosing C. difficile infection, and save lives in the process, would be of use.

Another benefit of the C. difficile detection assay is its use of conserved sequences which
are unlikely to change as a result of selective pressure. Indeed these conserved sequences
are likely to remain conserved within toxigenic C. difficile and thus these probe sequences
could potentially be applied to any platform technology- not only the MAMEF

technological platform.
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8.1. Bacterial Staining

8.1.1. Gram Staining

Colonies of C. difficile were spread onto a microscope slide using a sterile loop and
emulsified using water. Slides were fixed under Bunsen flame and subsequently stained
with crystal violet (Oxoid Ltd, Basingstoke, UK) for sixty seconds, washed with water and
then flooded with Gram’s iodine (Oxoid Ltd, Basingstoke, UK) for sixty seconds. These
were then washed with water and flooded with 95% ethanol (Fisher Scientific, UK) for ten
seconds, washed with water and counterstained with safranin (Oxoid Ltd, Basingstoke,
UK) for thirty seconds, rinsed, blotted and allowed to air dry. The samples were viewed

under light microscope under oil immersion at 1000x TM

8.1.2. Spore Staining

Spores from C. difficile were spread onto a glass microscope slide using a sterile cool
loop. Once this was air dried the slide was fixed by passing it briefly through a Bunsen
flame two or three times without exposing the dried film directly to the flame. The slides
were placed over a screened boiling water bath and flooded with Malachite Green (Oxoid
Ltd, Basingstoke, UK). Slides were then washed with water and counterstained with
Safranin (Sigma Aldrich, UK) for 30 seconds and washed with water (Oxoid Ltd,
Basingstoke, UK). The samples were viewed under light microscope under oil immersion
at 1000x TM. Spores strained green and vegetative cells red.
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8.2. Statistics
To enable interpretation of data statistical analyses were conducted. Statistical tests used

in this thesis are described.

8.2.1. One way ANOVA:

One way analysis of variance (ANOVA) tests are performed on groups of variables and
each group should represent separate responses to, or effects of, one factor. Thus the null
hypothesis should be that the groups have the same mean (Bowker & Randerson, 2006).

8.2.2. Kruskall-Wallis test

This is a non- parametric test equivalent to one way ANOVA. The tests each group to
determine if there is a different median. This is used as a final test post one way ANOVA
if the assumptions of ANOVA are violated (Bowker & Randerson, 2006)

8.2.3. T- Test

A two sample t-test is used to compare the mean value of two independent random
samples of normalised data (Bowker & Randerson, 2006). The non-parametric equivalent
of a t test is the Wilcoxon’s rank test to discern if the difference between two median

values is not significantly different from zero (Bowker & Randerson, 2006).

8.2.4. P- values

The P value is a measure of probability of the likeliness of a hypothesis being true or the
significance of certain data. The P value statistic ranges between 0 - 1. Thus if P = 0 then
the biological event is impossible and if P = 1 then it is certain (Bowker & Randerson,
2006).

8.2.5. Multiple comparison tests
The Dunnett’s multiple comparison test is used to compare samples with the control group

(GraphPad Software, La Jolla California USA, www.graphpad.com). A Tukey-Kramer

test is also used test if significant differences between means of pairs of data are

unexpected after ANOVA is performed.
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8.3. Solutions for Southern Hybridisation

8.3.1. Dig Easy Hyb Buffer

For the hybridisation of the DIG probe to the membrane, DIG Easy Hyb buffer (Roche
Diagnostics, Charles Avenue, West Sussex, UK) was obtained from (Roche Diagnostics,
Charles Avenue, West Sussex, UK). It is specially designed for use with DIG detection

methods.

8.3.2. Maleic Acid Buffer

Maleic acid buffer is used as the basic buffer for mixing further solutions needed for dot
blots. Maleic acid buffer was prepared by adding 0.1 M maleic acid (Sigma Aldrich, UK)
to 0.15 M sodium chloride - NaCl (Sigma Aldrich, UK) with polished H,O in a 1000 ml
Duran bottle. The pH of the solution was calibrated to pH= 7.5 by adding Sodium
hydroxide pellets (Sigma Aldrich, UK) (NaOH). The solution was mixed thoroughly and

autoclaved at 121 °C, and left to cool before use.

8.3.3. Stock solution of 20x Saline-Sodium citrate buffer (SSC)

To wash the nylon membrane after hybridisation a stock solution of SSC buffer was made.
SSC buffer at 20x concentration was prepared by adding 0.3 M tri-sodium citrate (Sigma
Aldrich, UK) at pH =7 to 3 M NaCl (Sigma Aldrich, UK) with polished H,O in a 1000 ml
Duran bottle. The solution was mixed thoroughly before use.

8.3.4.SSC X 2

This low stringency wash solution was used to remove unspecifically bound probes from
the membrane via washing. This has a high salt content and is washed at a low
temperature (Roche Diagnostics, Charles Avenue, West Sussex, UK). This thus allows for
a more efficient dot to be observed. SSC buffer at 2x concentration was prepared by
adding 50 ml 20x SSC and 5 ml 10% SDS (Sodium Dodecy! sulphate, Sigma Aldrich,
UK) to 500 ml polished H,O. The solution was mixed thoroughly before use.

8.3.5.SSC X 0.5

This high stringency wash solution is used to remove any undesired binding with low
homology. This has a low salt content and is washed at a high temperature (Roche
Diagnostics, Charles Avenue, West Sussex, UK). SSC buffer at 0.5x concentration was
prepared by adding 12.5 ml 20x SSC and 5 ml 10% SDS (Sodium Dodecyl Sulphate,
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Sigma Aldrich, UK) to 500 ml polished H,O. The solution was mixed thoroughly before

use.

8.3.6. SSC X 0.1

This high stringency wash solution is also used to further remove any undesired binding
with low homology in conjunction with 0.5x SSC buffer. This has a low salt content and is
washed at a high temperature (Roche Diagnostics, Charles Avenue, West Sussex, UK).
SSC buffer at 0.1x concentration was prepared by adding 2.5 ml 20x SSC and 5 ml 10%
SDS (Sodium Dodecyl sulphate, Sigma Aldrich, UK) to 500 ml polished H,O. The

solution was mixed thoroughly before use.

8.3.7. Washing buffer

Washing buffer is used to assist in detection of any probe bound to the DNA and was
prepared by adding 0.3% Tween® 20 (Sigma Aldrich, UK) to 1 L pre-prepared maleic
acid buffer in a 1000 ml Duran bottle. The solution was mixed thoroughly before use.

8.3.8. Stock 10% Blocking solution

The blocking solution is used to minimise the background on the membrane during
detection of the bound probe. Blocking solution was obtained from Roche (Roche
Diagnostics, Charles Avenue, West Sussex, UK) and mixed in maleic acid buffer to a
concentration of 10% (w/v) in a 500 ml Duran bottle. The powder was dissolved by
microwaving 5x for 30 seconds each with 10 minutes mixing in between. The final stock
solution was autoclaved at 121 °C, and left to cool. Aliquots of the stock solution were
frozen at -20°C until needed. This solution has to be used immediately after preparation to

avoid spoiling.

8.3.9. 1% Blocking solution
The 1% blocking solution was made from 10% blocking solution by mixing into maleic

acid buffer. The final solution was autoclaved at 121 °C, left to cool and used immediately.

8.3.10. Detection Buffer

To detect the bound probe on the membrane detection buffer was prepared by adding 100
mM Tris-HCI (pH 9.5) (Sigma Aldrich, UK) to 100 mM NaCl (Sigma Aldrich, UK) in a
500 ml Duran bottle. The solution was autoclaved at 121 °C and left to cool.
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8.4. Bioinformatic analysis of known C. difficile virulence genes using BLAST

8.4.1. Toxin A protein BLAST alignments
[http://blast.ncbi.nlm.nih.gov/Blast.cgi]

8.4.1.1. Glucosyltransferase domain:
Analysis of the glucosyltransferase domain of C. difficile toxin A using protein BLAST

revealed the following alignment:

Query length= 546 amino acids.

,;J. BLAST® My HCBI
5

Home = RecentResults |~ Saved Strategies = Help Sign In] [Reaist

Edit and Resubmit  Save Search Strategies b Formatting options & Download
VPI10463_sp|P16154TOXA_CLODI1-2710

Query ID Id|33500 Database Name nr
Description VPI10463_sp|P16154|TOXA_CLODI/1-2710 Description All non-redundant GenBank CDS translations+PDB+5wissProt+PIR+PRF
Molecule type amino acid excuding environmental samples from WGS projects
Query Length 546 Program BLASTP 2.2.26+ b Citation

Other reports: i Search Summary [Taxonomy reports] [Distance tree of results] [Related Structures] [Multiple alignment

©Graphic Summary
{=)Show Consenved Domains

Putative conserved domains have been detected, click on the image below for detailed results.
1 75 150 225 a0 ki 450 525 e

e |- A

Superfanilies cABN super-tanil
ol dnaine T et

Distribution of 100 Blast Hits on the Query Sequence &

‘Mouse over to see the defline, click to show alignments |

Color key for alignment scores

<40 40-50 20-200 »=200
I —

Query
| | | | | |
1 100 200 300 400 500
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Sequences producing significant alignments:

Accession | Description | Max score | Total score | . Query coverage E value Max ident
P16154.2 RecName: Full=Toxin A =emb|CAA36094.1| unnamed protein produ 1097 1087 100% 0.0 100%
¥P 001087137.1  tcdA gene product [Clostridium difficile 630] »emb|CAJ67494.1| Tt 1097 1097 100% 0.0 100%
ZP 05343827.1  toxin A [Clostridium difficile ATCC 43255] »gb|AAAZ3283.1] toxin £ 1097 1097 100% 0.0 100%
ZP 03328747.1  toxin A [Clostridium difficile QCD-63q42] 1096 1096 100% 0.0 100%
EH140401.1 cell wall-binding repeat protein, partial [Clostridium difficile 70-100 1095 1095 100% 0.0 100%
ZP 06502240.1  toxin A [Clostridium difficile NAPO7] >gb|EFH16595.1] toxin A [Clos 1093 1093 100% 0.0 99%
ZP 05400116.1  toxin A [Clostridium difficile QCD-23m63] 1093 1093 100% 0.0 99%
AFN52237.1 Teda [[Clostridium] difficile] 1092 1092 100% 0.0 99%
£P 05270743.1 toxin A [Clostridium difficile QCD-66c26] =ref|ZP_05354979.1| toxi 1092 1052 100% 0.0 99%
ZP 05321146.1 | toxin A [Clostridium difficile CIP 107932] 1091 1091 100% 0.0 99%
ZP 07405637.1  toxin A [Clostridium difficile QCD-32g58] 1091 1091 100% 0.0 99%
AACD8437.1 truncated toxin A [[Clostridium] difficile] 1082 1082 100% 0.0 98%
CAC19893.1 truncated toxin A [[Clostridium] difficile] 1077 1077 100% 0.0 97%
CAC03681.1 toxin & [[Clostridium] difficile] 1073 1073 100% 0.0 98%
CACT75962.1 toxin B [[Clostridium] difficile] 539 539 100% 0.0 49%
CAC41640.1 TcdB-C34 Clusterl-2 [[Clostridium] difficile] 536 536 100% 0.0 49%
ZP 05270740.1 toxin B [Clostridium difficile QCD-66c26] »ref|ZP_05321143.1] toxi 563 563 100% 2e-177 51%
CAA57953.1 cytotoxin L [[Clostridium] sordellii] 561 561 100% 9e-177 52%
YP 001087135.1  tcdB gene product [Clostridium difficile 630] =»ref|ZP_05349824.1]| 560 560 100% 2e-176 51%
ZF U5378748.1 toxin B [Clostndium difficile QCD-63q42] 10 B 1T Ze-178 ST
EH140358.1 cell wall-binding repeat protein [Clostridium difficile 70-100-2010] 560 560 100% 2e-176 51%
ZP 05400113.1  toxin B [Clostridium difficile QCD-23m63] 555 555 100% 9e-175 50%
ZP 06851328.1  toxin B [Clostridium difficile NAPOS] =ref|ZP_06902243.1| toxin B [ 555 555 100% le-174 50%
EHI31817.1 cell wall-binding repeat protein [Clostridium difficile 050-P50-2011] 541 541 100% 9e-170 49%
CAC15891.1 toxin B [[Clostridium] difficile] 541 541 100% le-169 49%
AAG18011.1 cytotoxin B [[Clestridium] difficile] 539 538 100% de-165 49%
CAAS0815.1 toxin B [TClostridium] difficile] 538 533 100% 1e-168 49%
BAF46125.1 TpeL [Clostridium perfringens] 469 468 100% fe-146 45%
ACF49258.1 TpeL [Clostridium perfringens A] 468 463 100% 6e-145 46%
ACF49258.1 Tpel [Clostridium perfringens A] 463 468 100% 6e-145 46%
2VKD A Chain A, Crystal Structure Of The Catalytic Domain Of Lethal Toxir 566 566 99% 0.0 53%
CAA71630.1 TcdA protein [[Clostridium] difficile] 1072 1072 99% 0.0 97%

| 2P 09636804.1  Tpel [Clostridium perfringens B str, ATCC 3626] >gb|EDT23010.1] 465 465 99% Je-144 45%
ZP 02853634.1  TcpA [Clostridium perfringens C str. JGS1495] »gb|EDS79391.1| T 464 464 99% le-143 45%
35RZ A Chain A, Clostridium Difficile Toxin A (Tcda) Glucolsyltransferase D 1083 1093 99% 0.0 100%
2BVL A Chain A, Crystal Structure Of The Catalytic Domain Of Toxin B Frol 555 555 99% 0.0 30%
ADMY A Chain A, Crystal Structure Of The Gt Domain Of Clostridium Difficile 1092 1092 99% 0.0 100%
2BVM A Chain A, Crystal Structure Of The Catalytic Domain Of Toxin B Frol 353 353 99% 0.0 30%
CAABE565.1 alpha- toxin [Clostridium nowyi] 252 252 99% 9e-69 33%
2VK9 A Chain A, Crystal Structure Of The Catalytic Domain Of Alpha-Toxir 253 253 98% 2e-73 33%
ADH54633.1 TcdB [[Clostridium] difficile] 556 556 96% 3e-175 52%
ADH34634.1 TcdB [[Clostridium] difficile] 554 554 96% 3e-174 52%
ADH94636.1 TcdB [[Clostridium] difficile] 553 553 96% 3e-174 52%
ADHO4635.1 TcdB [[Clostridium] difficile] 553 553 96% de-174 52%
ADH54624.1 TcdB [[Clostridium] difficile] 553 553 96% 4e-174 52%
ADH94629.1 TcdB [[Clostridium] difficile] 550 550 96% 6e-173 51%
ADHI4632.1 TcdB [[Clostridium] difficile] 545 545 96% 2e-171 51%
ADH94627.1 TcdB [[Clostridium] difficile] 543 543 96% 2e-170 51%
ADH94631.1 TcdB [[Clostridium] difficile] 543 543 96% 2e-170 51%
ADH94630.1 TcdB [[Clostridium] difficile] 535 535 96% 2e-167 50%
ADHI4626.1 TcdB [[Clostridium] difficile] 534 534 96% 4e-167 50%
ADH54623.1 TcdB [[Clostridium] difficile] 533 533 96% le-166 50%
ADH34628.1 TcdB [[Clostridium] difficile] 532 532 96% le-166 50%
ADH54625.1 TcdB [[Clostridium] difficile] 531 531 96% 2e-166 50%
ZP 051208221 Glycosyltransferase sugar-binding region containing DXD motif fam 58.2 58.2 94% 4e-06 22%
EGY29542.1 Glycosyltransferase [Candidatus Regiella insecticola R5.15] 56.3 96.3 86% 6e-18 24%
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AUMS%020.L

I'CaB [[LIOSTramy) ammcie |

235 23L F0% 1e-100 U
ADHSARDS 1 TedB [[FI I»ridu.m] difficik ] =31 531 aR% £-160 20°
ZP 05120822.1 Glycosyltransferase sugar-binding region containing DXD motif fam 58.2 58.2 94% de-06 22%
EGY29542.1 Glycosyltransferase [Candidatus Regiella insecticola R5.15] 96.3 96.3 86% 6e-18 24%
EGY28465.1 Peptidase C80 protein [Candidatus Regiella insecticola R5.15] 100 100 86% Se-19 25%
YE 340341 1 hrlp thatl Ipr tain [D wdomen. fuor =t DFn_1] ghIADA‘F)' S36 938 o fe-l o
EIK69977.1 putative toxin protein [Pseudomonas fluorescens QBri-96] 117 117 81% le-24 25%
¥P 004351772.1  hypothetical protein PSEBR_a620 [Pseudomonas brassicacearum st 116 116 81% 3e-24 24%
¥P 003366177.1  |ifA gene product [Citrobacter rodentium ICC168] =gb|AAWS2502. 73.6 73.6 81% le-10 24%
¥P 005206075.1  cytotoxin mcf [Pseudomonas fluorescens F113] >gb|AEVE0680.1| 116 116 81% 3e-24 25%
% giyuu:yiuall:lcla:c ICIHI”Y PIULEiII [Dt:llclLid DP. H3T ] It:IiYI"_UU‘I ; ol S + 4 S
EI058881.1 tcdA/TcdB catalytic glycosyltransferase domain protein [Escherich 62.8 62.8 73% 2e-07 23%
EHV09211.1 glycosyltransferase sugar-binding region containing DXD motif fami 52.8 62.8 73% 2e-07 24%
ZP 03263719.1 toxin B [Escherichia coli 0157:H7 str. EC4042] »gb|EDZ84682.1] t 52.0 62.0 73% 4e-07 23%
£ZP 02815165.1 toxin B [Escherichia coli Q157:H7 str. EC869] =ref|ZP_05950388.1 62.0 62.0 73% 4e-07 23%
EFW63331.1 toxin B [Escherichia coli Q157:H7 str. EC1212] >gb|EIP62080.1| tc 52.0 62.0 73% 4e-07 23%
ZP_02802532.1 toxin B [Escherichia coli 0157:H7 str. EC4196] >gb|EDU31090.1] t 52.0 62.0 73% 4e-07 23%
YP _325655.1 putative cytotoxin [Escherichia coli 0157:H7 EDL932] =ref|ZP_027 5£2.0 62.0 73% de-07 23%
NP _052665.1 toxin B [Escherichia coli 0157:H7 str. Sakai] =dbj|BAA31815.1| To 61.6 61.6 73% S5e-07 23%
ZP_03085363.1 toxin B [Escherichia coli 0157:H7 str. EC4024] 51.6 61.6 73% S5e-07 23%
YP_346342.1 hypothetical protein [Pseudomonas fluorescens Pf0-1] =gb|ABA7Z 120 120 71% 2e-25 26%
ZP 04642320.1  RTX toxin and Ca2+-binding protein [Yersinia mollaretii ATCC 4396¢ 871 87.1 70% 4e-18 27%
ZP_04629276.1 hypothetical protein yberc0001_36060 [Yersinia bercovieri ATCC 4 £8.3 69.3 70% le-09 23%
ZP 06195543.1 adherence factor [Chlamydia muridarum Weiss] 72.4 72.4 69% 2e-10 23%
NP 296815.1 adherence factor [Chlamydia muridarum Nigg] >ref|ZP_06194616.1 724 724 69% 2e-10 23%
MNP _296816.1 adherence factor [Chlamydia muridarum Nigg] >gb|AAF39293.1| a 69.7 69.7 62% 2e-09 25%
ZP _06154619.1 adherence factor [Chlamydia muridarum Nigg] >ref|ZP_06195546.1 £8.7 69.7 62% 2e-09 25%
EHW03958.1 glycosyltransferase sugar-binding region containing DXD motif fami 54.3 95.1 55% 6e-05 28%
ZP 06053303.1 toxin B [Grimontia hollisae CIP 101886] =gb|EEY72053.1]| toxin B [I 60.8 60.8 50% 8e-07 24%
EH131823.1 hypothetical protein HMPREF1123_00959 [Clostridium difficile 050-1 523 523 47% 0.0 99%
EGY28551.1 Cytotoxin L/B [Candidatus Regiella insecticola R5.15] 58.9 68.8 39% Ge-10 29%
EHV29058.1 glycosyltransferase sugar-binding region containing DXD motif fami 57.0 57.0 39% 8e-06 27%
EFUS75591.1 glycosyltransferase sugar-binding region containing DXD motif fami 57.0 57.0 39% 9e-06 27%
ZP 04628276.1  hypothetical protein yberc0001_36060 [Yersinia bercovieri ATCC 4 69.3 69.3 70% 1e-09 23%
ZP 06185343.1  adherence factor [Chlamydia muridarum Weiss] 72.4 724 65% 2e-10 23%
NP 296815.1 adherence factor [Chlamydia muridarum Nigg] »ref|ZP_06194616.1 72.4 724 69% 2e-10 23%
NP 296816.1 adherence factor [Chlamydia muridarum Nigg] =»gb|AAF39293.1| a¢ 69.7 69.7 62% 2e-08 25%
ZP 06184619.1  adherence factor [Chlamydia muridarum Nigg] >ref|ZP_06195546.1 69.7 69.7 62% 2e-08 25%
EHW03558.1 glycosyltransferase sugar-binding region containing DXD motif fami 54.3 95.1 55% 6e-05 28%
ZP 06053303.1  toxin B [Grimontia hollisae CIP 101886] »gb|EEY72053.1| toxin B [1 60.3 60.8 50% 8e-07 24%
EHI31823.1 hypothetical protein HMPREF1123_00959 [Clostridium difficile 050-1 523 523 47% 0.0 99%
EGY28351.1 Cytotoxin L/B [Candidatus Regiella insecticola R5.15] 58.9 68.9 39% 6e-10 29%
EHV25059.1 glycosyltransferase sugar-binding region containing DXD motif fami 57.0 57.0 39% 8e-06 27%
EFUS7591.1 glycosyltransferase sugar-binding region containing DXD motif fami 57.0 57.0 39% 9e-06 27%
EHU73375.1 glycosyltransferase sugar-binding region containing DXD motif fami 57.0 57.0 39% 9e-06 27%
EIEB4835.1 toxin B, partial [Escherichia coli 026:H11 str, CVM10021] 56.6 56.6 39% 1le-05 30%
EHWB1443.1 glycosyltransferase sugar-binding region containing DXD motif fami 56.2 56.2 39% 2e-05 27%
EII08357.1 PF11996 family protein [Escherichia coli 5.0959] 55.1 55.1 39% 6e-05 30%
YP 002756600.1  toxin B [Escherichia coli] =gb|ACL51990.1]| toxin B [Escherichia co 55.1 55.1 39% 6e-05 30%
¥P 003377848.1  toxin B [Escherichia coli 026:H-] =gb|ADB20445.1| toxin B [Eschel 55.1 55.1 39% 6e-05 30%
YP 003237860.1  putative adherence factor, Efal homolog [Escherichia coli 026:H1; 55.1 55.1 39% 6e-05 30%
YP 128434.1 hypothetical protein PBPRAD243 [Photobacterium profundum S59] 62.8 62.8 39% le-07 29%
CAAB0815.1 alpha-toxin [Clostridium nowyi] 128 128 39% Se-31 38%
ZP 07385770.1 glycosyltransferase sugar-binding domain-containing hypothetical 65.1 65.1 37% 2e-08 29%
18072954 toxin B 204 204 35% 5e-59 50%
CAA43302.1 toxin A [[Clostridium] difficile] 307 307 28% Se-99 100%
EHI31822.1 hypothetical protein HMPREF1123_00958 [Clostridium difficile 050-1 218 218 19% le-65 98%
1814453C toxin A 177 177 16% 2e-30 100%
EHI31821.1 hypothetical protein HMPREF1123_00957 [Clostridium difficile 050-1 169 168 15% 3e-47 98%
AAGLE375.1 truncated toxin A [[Clostridium] difficile] »emb|CABB0776.1] TcdA 91.3 91.3 8% 2e-19 100%
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Alignment information for genes shown in Table 4.2:
C. difficile tcdB

»[lemb | CACTo962. 1 toxin B [ [Clostridium]
Length=5&a80

Score = 539 bkits (1388) ., Expect = 0.0, Method: Compositiconal matrix adjust.
Identities = 268/549 (49%), Positiwves = 391/549 (71%), Gaps = 4/549 (1%)
fuery 1 MSLISEKEELIKLA— YSIRPRENEYFTILTNLDEYNKLTINNNENFYL“LHHLNESI}'TY 59
M5 +++++L E+A E +E+EY IL L+EY+ ++ N FYL+LF +H D
Skjct 1 FSS?NRHQLEHMAN?RFR?“EDEYﬁﬁlLDALEEYHNFSENT?JEFYLHLFDINSLT}TYI al
Query a0 HNEYETSSENRALSHNLEKDILEEVILIENSHTSEVEENLHFVWIGGEVSDIALEYTHQOWAD 119
+ YK 5 EBN+AL E+ ++ E++ +ENSN +FVERNLHF+WIGG+++D A+ ¥YI QW D
Skijct al DT YEKESGRNEALEEFEEY LVIEILELENSHLTEFVEENLHFIWIGERINDTATNYINOWED 120
Query 120 INAEYNIKLWYDSEAFLVNT LEEATVESSTTEALQDLLEEETQNPOFODNMEF YHERMEEFTY 179
+H++YH+ ++¥D5 AFL+NTLEK I+ES5++ + L+ E + +F+F++ F++EEM+ I
Skijct 121 VHSDYNWHNYVEYDSHAFLINTLEKTITESASNDTLESFRENLNDPEFNHTAFFRERMOTTY 120
Query 10 DR“HRFINYYFS“INFPT?PIIDDIIFSHLvSEYNRDEIvLESYRINSLRFINSNHaIDI 239
D+HQ+ FINYYE+D + IDDI+E++L +EY++D L +% 5L E+ N D+
Skijct 11 DHQHNFINYYHA“HEENPDLIIDDI«PIYLSNEYSFDIDELNAYIEESLNFﬁTENSaND' 240
Query 240 BANSLFTEQELLNIYSOELLNRGNLAL L SDTVELLATLENFEEVY LOVDMLEEIHSDLEFET 299
E E E+ N+Y QEL+ E NL&L ASDI+E+ LEN EVYLDVDMLEGIH DLEFE
Skijct 241 BNFEEFEKTGEVFHLYEQELVERWNLAGASDILEVATILENIGEVYLODVDMLPGIHPDLFED 300
Query 300 ISEPSSI-—GLDREWEMIKLEATMEYERY INNYTSENFDELDODOLEDNFELI TESKSEESE 357
I++F S5+ +0 WE ++LEATMEYE+YIL ¥YIS++FD LD++++ +F+ ++ SES+ESE
Skijct 301 INEPDSVETAVD-WEEMOLELR TMEYKEY IPEYTSEHFDTLDEEVOSSFESVLASKSDESE 3549
Query 358 IFSKELENLNVSDLEIKIAFALGSVINQALT SEQGSY LTNLVIEQVENRYQFLNOHLNEAT 417
IF L + W5 LE+E+AFA GS+I+QALTS + S5Y ++L+I+R+H+HNEY+ LM L P I
Skbjct 36a0 IFLFLGGIE?SFLE?H?}FAHGSIIDQALISAHDSYCSDLLIHQIQNRYKILNDILGFII 415
Query 41 ESDHMNFIDTTEIFHDSLFNSATAENSMFLTEIAFY LOWVEFMPEARSTISLSGPEAYRASAY 477
H+F T F +5L o EMN F+ KT YL+WEF PER +TI+LSGPE TR OLY
Skbjct 420 SOGENDFN I TMMNFGESLEATANEENTISFIAKTESYLEVEFYPEANTTITLSEFTIYRAGAY 479
Query 47TE YDFINLOENT ITEKTLEASDLIEFEF FENNLSQLTEQETNSLWSFDRQASAKYQFEEYVEDY 537
D+ +E +I+ ++ +5+L F+FP+ H+5Q TEQE NSLW F++ AH QFE+Y ++%
Skbjct 480 KD LLTFEEMSIDTSILSSELERNFEFFEVHISQATEQEENSLWQFNEERAKTQFEEYEEITY 539
Query 538 TEESLSEDN 544
G+L ED+
Skbijct 540 FEGALGEDD 548
C. sordellii tcsL
»Temk | cans7as9.1 cytotoxin L [ [Clestridium] sordelliil
Length=2364
Score = 561 kits (l1448), Expect = 92-177, Method: Compositiconal matrix adjust.
Identities = Z86/547 (52%), Positiwves = 3957547 (72%), Gaps = 1/547 {(0%)
Query 1 MSLISKEEELIKLAY-SIRPRENEYET I LTNLDEYNEKLTTNNNENEY LOLEKLNESTDAFM 59
M+L4++E +L E+ ¥ B +E+EY IL L+EY+ ++ ++ EYL+LE +M D ++
Sbict 1 M LVHEA O LMV Y VEFRIQEDEY VAL LNAL.EEYHNMSES SVVEKY LELEDINNLTDIY L a0
Query a0 NEKYKISSRNEALSHNLEFEDILKEVILIKNSN I SEVERNLHFVWIGGEVSDIALEY IFQWLD 119
N ¥YHE 5 BRN+AL E+ + EV+ +EM++ +FVEEMLHF+WIGG+H++D B+ ¥I QW D
Sbijct al HNIYEESGRNEALEKFEEY LTMEVLELENNSLT FVEFNLAFIWIGEQINDITAINY INQWED 1z20
Query 120 INAEYNIKLWYDSEAFL'NILKKAIJESSIIEAL“LLEEEIWNP“FDNHFFYKKRHEFIY 179
+H++¥ +HE++¥YDS AFL+NILEE IVES+T E + +P+FD EKFY+EEME IY
Sbijct 121 JNSDYI?F?FYBSNAFLINILKFIIJESAINNILESERENLNDFEFDYNFFYRERHEIIY 180
Query 180 DROERFINY YHKSOINKEFITVEI IDDI IKSHLVSEYNRDETVLESYRTHNSLEKINSHNHGIDI 239
DH+OE FI+YYESQI + ID+ITIE++L +EY++D L k4 5L KI +M+&5 DI
Sbijct 151 DEQEHF IDY YEKSOIEENFEF I IDN I IK T Y LSHNEY SEDLEALNKY TEESLMEI TANNGHD T 240
Query 240 RANSLFIE“ELLNIYS“ELLNRaNLAAASDI'RLLALHNFanYLD'DHLPaIHSDLFPT 299
F +++L+ +TY+QEL+ E NLABRLSDI+E+ LE GEVYLODVD+LEGT DLFE+
Skict 241 RNLEFFADEDL'RLYN“EL'ERWNLAAASDILRISHLHEDGG$YLDTDILPGIQPDLFKS 300
Query 300 ISREFSSIGLDEWEMIKLEATMEYHEY INNY ITSENFDELDOOLEDNFELITESESEESEIFE 359
I++F S5I WEMIKLEATMEYE+YL YIS+HNFD LD++++ +F+ + SKES+KESEIF
Skict 301 INKFDSITHISWEMIKLEATMEYKEY I PGY ITSENFDMLDEEVRSFESALSSESDESELIF 380
Query 3a0 SELENLNVSDLEIKIAFALGSVINQALI SEOGSYLTNLVIEQVENRYQFLNOHLNEPATES 413
L+++ W5 LE+KIALFL SWINQALIS + 5¥Y ++LWVI Q+ENEY+ LN +LNF+1
Skict 361 LELDDIKVSPFLEVE I AFANMNSVINQALT SLEDSYCSDLVINQIENRYEI LNDN LN ESTNE 420
Query 420 DNNFIDIIKIFHDSLFNSAIAENSKFLIKIAFYLQVGFKFEARSIISLSGFGAYASAYYD 4739
+F T KIF DD . + + +N MF+ EI YL+WEF P+ RSTI+LSGPG ¥ AY D
Skijct 421 GIDFNITMEIFSDELASISHEDNMMFMIKITNY LKVGFAPDVRSTINLSGEPGEVY IGRAYQD 420
Query 430 FINL“ENIIEFILKASDLIEFFFFENNLSﬁLIEﬁEINSLhSFDHASAFYﬁFEFEJRDYIa 539
+ +HM+ L +L F+FE+ +SQLTEQEI SLWSF+3 AK QFE+Y + ¥
Skijct 431 LLYFFDNSINIHLLEPELRNFEFPFTFIS“LIE“EIISLWSFNHARAFS”FEEYKHGYFE 540

Query 540 GSLSEDN 546
G+L ED+
Skijct 541 GALGEDD 547
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C. perfringens tpeL

s |arq|BaF46125.1] Tpel [Clostridium perfringens]
Length=1651

Score = 469 kbits (1207), Expect = Te-14&, Methcod: Compositicnal matrix adjust.
Identities = 249,549 (45%), Positives = 364,549 (66%), Gaps = 6/549 (1%)
Query 1 MSLISKEELIKLAYSIRPRENEYKIILTNLDEYNELTTNNNENK-——-YLOLEKLNESIDWV 57
M L+SEE+LI LA + P+E EYE IL LDEYN L + 4N ¥L+L +L++5ID+
Skjct 1 MELMSEKEQLIILAKNSSPEEGEYRKILELLDEYNLLNNSVEKNSIDLYLELNELSKESIDI &0
Query g FMNEYKT SSENRALSHLEKDILKEVILIENSNI SEVEENLHFVWIG EVSEIALEYIHQW 117
++ EYK 5 BN AL LE D4+ EEVI IE++N P+EEN+HFVWE+EE ++H4+I4++H4+YI QW
Skjct &1 YLKKYKNSKRNNBLYQLKSDLIKE?IEIKDINLKPLEKNIHF?‘?GGMINNISI]YINQW 120
Query 118 ADINAEYNIKLWYDSEAFLVNILEFAIVESSTTEALQLLEEETIQNPQFOHMEFYEERMEF 177
DIN++Y +WYDSER LVN LEEAI++5S E L E + + FD+ EFY++BME
Skject 121 EKDINSDYETIIWYDSEALLVNILEEATIDSSHNEEVLIKYESVLNDMSFDSHNEFYREEMEYW 180
Query 178 IYDRQERFINYYKSQINKFTVETIIDDIIESHLWSEYNREDETVLESYRTNSLEEINSHHGI 237
I+ +QK F NYY + +++D+HIE +L+ +Y + + ¥ +M
Skjct 181 IFPF“KEENNYYNIN——DNYIPSLNDUIVvYLIEFYLFT]EELEFYINESHE?FHANaAF 238
Query 238 DIRANSLFTEQELLNIYSQELLMNEGNLARASDIVELLALENFGEVYLODVDMLPGIHSDLE 237
DIR + + EL +IY QELL E NLA+ASDI+R++ L GG+YLOVD+LPGI +F
Skjct 239 DIREYDILDDVELESIYEQELIMEFNLASARSDI IRVIVLNELGGIYLODVDVLPGIEEHIF 298
Query 298 KIISREFSSIGLDEWEMIKLEATMEYEEYINNYISENFDELDRQOLEDMNFELITESESEESE 357
K I++P++I ++W+MI+LE IMEYE+YI Y¥I +F L L++ + + K+ K5+
Skjct 29% HDINKPTNISENEKWOMIQLETIMEYEQYIKGYTENSFENLEPSDLQEMLOQEKVVEENLESD 358
Query 358 IFSELENLNVSDLEIEIAFALGSVINQALISEQGSYLINLVIEQVENRYQFLNQHLNEAT 417
IF +L ++ +5+L+ KIAF G + N LISKE+ S5Y NL+I Q+ENEY +MN+ L+ AT
Skjct 35% IFQRLGDIFISELDTEIAFMEGHEIANQVLISEENSYSLNLITINQIEMEYNIINECLSSAT 418
Query 418 ESDNNFIDIIKIFHDSLFNSAIAENSYFLIFIAFYL“?GFYFEARSIISLSaPa&Y&SAY 477
E +NF +T IF +K+ YL G+MF+ B+T+++5GFG Y +AY
Skjct 4135 EKGSNENNI??IFI““L NEFYVNEaFF?SF?FaYLaDaYFPﬁHRAILNISaPaIYIAAY 477
Query 478 YDFINLQENTIEKTLEASDLIEFKFPFENNLSQLTEQEINSLWSFDQASAEYQFEEYVRDY 537
YD + E ++ + DL F+ P+ +35Q TEQEINS W+F+Q ++ +++E V ¥
Sbijct 478 YDLLYFHERSLMNPQILQEDLEYFEVEQALISQQTEQEINSSWIFNOVHESQIEYEELVEKY 537
Query 538 TGEESLSEDMN 544
T SL3E++
Sbjct 538 THESLSEND 544
C. novyi a toxin
s lemb | CAREE565.1| alpha-toxin [Clostridium novyi]
Length=2178
Score = 252 bits (843), Expect = 9e2-69, Method: Compositiconal matrix adjust.
Identities = 182/554 (33%), Positives = 299/554 (54%), Gaps = 19/554 (3%)
Query 3 LISEEELIKLA-YSTRPFRENEYKT ILTHLDEYNE-LTTNNNENEYLOLEKILNESTIDVEMN &0
LI++E+L+E+R ++ +E EY IL L+ +MN+ + + + ¥ +L KLME +D +
Skjct 2 LITREQIMKIASIFLERKEPEYNLILDALENFNRDIEGTSWEEIYSELSEKLNELVDNYQT &1
Query &1 EYKTISSENRALSNLEEDILEEVI-LIEKNSNISEFV-EENLHFVWIGGEVSDIALEYTEQWA 1158
EY +5 EN 2L N 4+ + E+ LIENS TS + ENL F+WIGE +5D +LEY W
Skjct a2 EYPSSGRNLALENFRDSLYSELRELIENSETSTIASENLSFIWIGGPISDQSLEYYNMWNE 121
fuery 11% DIMAEYNIKLWYDSEAFLVNILKKAIVESSTTEALQLLEEEIQNPQFDNMEFYEERMEFI 178
N +¥NI+IL+YD + LVHNILE AT++ S5+ ++ + I + + + EFY BEM+ I
Sbjct 122 MFHMEDYNIRLFYDENSLLVNILKTAIIQESSEWVIIEQNQSHNILDGTYGHNKFYSDEMELI 18
Query 179 YDROERFINYYESQINKEFTVETIDDIIKSHLVSEYMEDETVLESYRTNSLEKINSNHGEID 238
¥ ++ ¥+ N ++DDIT + L + + D L + + H+ E+ + o
Skjct 182 YRYKRELEMLYE-—-NMEQNNSVDDIIINFLSHNYFEYDIGELNNQEENNNNEMIATIGATD 238
Query 239 IRANSLEFTEQELLNIYSQELLNRGHNLAAASDIVRELLALENFGGVYLDVDMLPEIHSDLEE 298
I ++ T + L + ¥ QEL+ NLARAASDI+RB+ LK +GGVY D4+D LBPG++ LF
Skjct 239 INTENILTNE-LESYYYQELIQTHNNLARASDITRIATLEEYGGVYCDLDFLPGVNLSLEN 297
Query 299 TITISERPSSIGLDRWEMIKLEATMEYHEYINNYTISENFOELDQQLEDNFELITIESKSEHSEI 358
IS+EF+ + + WE EAT KK +NHNY + +++ ++E+ + + + +++
Skjct 298 DISKEPNGMDSNYWEAATFEATANEKKIMNNYEPYEYMEQWEPSEIKERILSFVENH-DINDL 356
Query 359 FSELENLNVSDLEI-———-— EIAFATLGSVINQALISKQGSYLINLVIEQVENRYQFLNQHL 413
L ++ +5 LETI E R + W +I5 5 N +I Q++NRY+ LM +
Skjct 357 ILPLa:lIE‘".[S"‘LEILLSRLP:%AIa[ﬂ"‘.[‘FSI-TAFIISI-JI-DSLILI-I'I-TLIS"‘LENR‘:.’EILI-ISII 418
fuery 414 I-IPEIE————SZ)I-I'NFI:JII‘E-'IFH:JSLE'I-TSAIAENSHFLIH‘.[AFYLQ?‘GFHFEARSIISLSG 485
D+ +++  ++ + + + 5 F +I ¥L. GF PE 5T+ 5G
Sbkjct 417 "EF‘EP’I"'EIYZ‘ISYINS*\-"SEL VLETTEENLSMDGSSFYQQIIGYLSSEFEFEVNSIVEESE 476
Query 470 PEAYASAYYDFINLQENTIEKTLEASDLIEFKFFEMNLSQLTEQEINSLWSFDRQASAKY(Q 529
P Y+3& D + +NT + L + + F+ N T E S W A+ +
Skjct 477 PHNIYSSATCDIYHFIENTFD-MLSSQNQEIFEASNNLYFSETHDEFESSWLLRSHNIAEKE 535
Query 530 FEEYVRDYTIGESLS 543
F+K ++ ¥ & +L+
Skjct 536 FQELIETYIGRTLN 549
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C. perfringens tcpA

>[]“E*IZE 02865634.1] TcpRk [Clostridium perfringens © str. JG51495]
gb | ED 91 Tepk [Clostridium perfringens C str. J551495]

Length= 1;;6

Score = 464 bits (1195), Expect = le-143, Method: Compositioconal matrix
Identities = 247,/544 (45%), Positives = 362/546 (66%), Gaps = &6/546 (1%)
Query 4 ISKEELIKLAYSIRFREMEYEIILTNLDEYHELTTNNNENE - ——YLOLEKLNES IDWEMN
+SEE+LI L& + F+E EYK IL LDEYMN L + +H YL+L +L++5ID+++
Skjct 1 MSKEEQLIILAKNSSPEEGEYKKILELLDEYNLLNNSVEENSIDLYLELNELSKSIDIYLE
Query 61 EYKISSRNRALSNLEKDILKEVILIKNSNISEVERENLHFVIWIG E?SDIALEYIKQWADI

HKYH S5 RN AL LK D+ EEVI IE++N P+EEN+HEFVIW+GE +++I+++¥1 QW DI
Skijct a8l FYKNSKRNNALY“LFSDLIKE?IEIPDINLFPLEKNIHF?W?GGYINNISIDYINQWKDI

Query 121 NAEYNIKLWYDSEAFL?NILKKEIJESSIIEAL“LLEEEIHNPﬁFDNMFFYKHRMEFIYD
H++Y +WYDSER LWHN LEEAI++355 E E + + FD+ EFY++BRME T+
Sbijct 121 NSDYEIIIWYDSEALL?NILKKAIIDSSNKE?LTFYES?LNDNSFDSNFFYRERKEVIER

Query 181 R“HRFINYYPS“INFPTVPIIDDIIPSHL'SEENRDEIVLESYRINSLRFINSNHaIDIR
+0E F NYY + +++D+IK +L+ +Y + + +I DIR
Sbkijct 181 KQKEFNNYYNIN——DNYIVSLND'IPVYLIEFYLPTDEELE?YINESKEVFKBNaAFDIR

Query 241 ANSLFIE“ELLNIYS“ELLNRaNLAAASDIJRLLALKNF GVYLDVDMLPGIHSDLFETT
EL +IY QELL R NLA+ASDI+R++ L G+YLOVD+LEGI +FE I
Skijct 239 EYDILDD'ELFSIYE“ELLHRFNLASASQIIR ?LNKL GIYLDVDVLPGIEEHIFEDT

Query 301 SRPSSIaLBRWEYIKLEAIKFYKFYINNYISENFDKLD ﬁLFﬁNFKLIIESFSE?SEIFS
++F++T1 ++WH+MI+LE IMEYE+YT ¥T + K+ KS+IF
Sbijct 299 NFFINISENFWQYI“LEIIKFYKQYIF"YIENSFKNLFSDL“EKL“EF?JEKNLFSDIF“

Query 361 HLENLNVSDLEIHIAFALGSVINQALISHQGSYLINLVIEQVHNRYQFLNQHLNPAIESD
+L ++ +5+L+ KILAF G + HNQ LISE+ SY NL+I Q+ENRY +H+ L+ ATE
Sbkijct 359 PRLGDIFISELDIKIAFMFGEIANOGVLISEENSYSLNLIINQIENRYNIINEKCLSSATEEGS

Query 421 NNFIDTTEIFHDSLFNSATRAENSMFLTEKIAPYLOVGFMPEARSTISLSGPGRAYRASAYYDF
+MF +T IF L N F++E+ YL G+MP+ R+T+++5GPGE ¥ +AYYD
Sbijct 419 SHENNIVDIFIQQL-HNEFYVHEGFFVSEVMGEY LGDEYMPDMRAT LN ISGPGIYTAAY YD

Query 481 INL”ENIIEFILKBSQLIEF?FFENNLS”LIE“EINSLESFQHASAFYﬁFEFiJRDYIaa
E ++ + DL F+ P+ +5Q TEQEINS W+F+Q ++ +++K W ¥T
Sbict 478 LYFNERSLNP“IL“EDLPYFEVFHALISQQIE“EINSSWTFN WESQIEYHEELVERY THE

Query 541 SLSEDN 548
SLSE++
Skjct 538 SLSEND 543

adjust.

[a]

&0

1z0
120
1s0
180
240
238
300
298
360
358
420
418
480
477
540

537

Citrobacter rodentium lymphocyte inhibitory factor

Query 24 ILTHNLDEYNELTTHNHNENEY LOLERLNES TN THNFY?;ISSRNRALSNLKFDILKE?IL
I ++ EYN LT N+ H L+E + + W T + H+ + + DI EE
Sbjct 2354 IHFEIAEYNLLIEHNSRNaLKLL“FQADLLFVIKEEIPAIETINHNHEIIIADIKHEY——

Query & IKNSHISEFVERNLHFVWIGGEVSDIALEY IKOWADTHAE YN IKLWYDSEAF————-LVNTL

S5+T +EEN+H +W+ & + +YIE + E+ LW D+ AF + L

Sbjct 292 —— R SHIVDIEKN IHATWVAGSFFESISDY IKTFLETYRKEF I Y Y LWVDNHAFGRAREFTISIL

Query 141 K———————- FAIVESSTTEALOLL-————— EEEIQNPOFDNMEFYEERMEF I YDROER ——
K I +++ +++ + E+ N D E+ +E E +¥D ++

Sbjct 350 KQIAFDLACPTI N IFOESIDFIIEYHEIREKFNNSESDOUEYLEKLRE-LYDSYQKETS

Query 185 —————————— FI-————— NYYKS“INFPIVPIIQDIIFSHL'SEYNRDETVLESY———
F+ H++ D++ ++L + H E +35%
Sbjct 408 SPFLEHMFHNALFLENMIKLODNEFHNYC IMF JTDINDELR'NYLKN?INLSEDDIDSYHFT

Query 224 —————- RINSL BEIMSHHG—————— IDIRANSLEFTEQELLNIYSQOELLNEGHNLALESDT
E+ S G D+++ ++ E + ¥ E+L R N AARSD+
Sbjct 489 ISDNKERfHRLIHKL”SEFaEIRISIRD'FSLHSLSPSENNHNY“IEKLLRWNYPAASDL

Query 271 ?RLLALKNFGG?YLDVDMLPGIHSDLFKTISRFSSIGLDRW—EMIKLEAIY.——YKHYIN
+E+ LK G+¥ D DM+P + I ++ G +B+ E +HEL + +++1
Sbjct 52 LRHYILKEH GIYIDTDMMPAYSEOVIFEKIMMETN-GDNEFLEDLELERAT SDEVLEHVH

Query 328 ——HNY¥TISENFDELDOULEDNFELITE-—-SKSEKSEI FSELENLNWVSD-LEIKIAFALGS ——
N H+D + E+ K I+ SK + IF+E++ D+ I + L +
Sbjct =3=1 KNI DEVHY DG I SDADKN I IKK I LAGTISKIFEDNIFTEKIDTKIFRDTHMPILRRYHLWIDG

Query 38 ————JINHALISF“aSYLINL'IE“'ENRY“FL ———————— N“HLNPAIESDNNFIDTTF
+H ++5 + 5 + ++VI L ++F+ T K
Skjct f48 WHNIRGLNGFMLSHEDSEVVLDWV fIAaHNHAYRELRFIRDN?QN IYFKQTDDLSSFS?TDF

Query 42 IFHDSLFNSAIAENSYFLIFIAFYL“ FGFMFERRSTISLSGE 470
+ + 5+ + + +FER 5T+ +5GF
Sbjct TO0E W--GGE JL'HFYLSaSLF————SNFR“DTIIPEALSIL“ISaP T43

s[Tres1¥r 003366177.11 K& 1i£a gene product [Citrobacter rodentium ICCL&E2]

54

291
140
349

o)
i

[ = T ¥ S ¥ I ¥ B ]
[ R R < 8
L I =R I |

i

=
[=]
-1

b | AAWS2502.1 1lyvmphocyte inhibkitory factor R [Citrckbacter rodentium]
emb | CBEGE9387.1 lymphocyte inhibkitory factor R [Citrcobacter rodentium ICC168]
Length=3208
GEME TD: 8711386 1ifa | lymphocyte inhikbitory factor A
[Citrockacter rodentium ICC168] (10 or fewer PubMed links)

Score = 73.68 bits (179}, Expect = 1le-10, Method: Compositiconal matrix adjust.
Identitiea = 126/522 (24%), Positiwes = 225/522 (43%), Gaps = 89/522 (17%)
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Pseudomonas fluorescens Putative toxin A

>[]quEIHEHHTT.1I putative toxin protein [Pseudcomonas flucrescens Q8rl-396]
Length=2380

Score = 117 bkits (293}, Expect = le-24, Method: Compositicon-based stats.
Identities = 1146/473 (25%), Positives = 206/473 (44%), Gaps = 50,473 (11%)

Query 91 SEVEENLHFVWIGGEVSDIALEY TROWADTNAE ——YNIKLWYDSEAFLVNTLEERATIVESS 148
+ V K LHFVW+3E: + +I +¥+ W ++ & T++ LWYDS+A L + IVE++
Sbjct 12 TEVEETLHFVWLGGG LGN I QR DY LIVWEEVLARDGY SLTNLWYDSDALLAWQTNRLIVERAR 1749

Query 149 TITEA-IQLLEEETIQNPOQFDMNMEFYEREMEFIYDRQEREFINYYESQINKFIVETIIDDIIES 207
T+ L ++E I + + Y 4R I +0+ 0+ o+ + O+ D+
Sbjct 18 KITDVELOGVDERI SEVELGEL——YNERT——IVLEQOMHAHT SAAVVEEESA———DEARMD 232

Query 208 HLVSEYNRDETVLESYRTNSLEKINSHNHGIDIRANSLF-TEQELLNIYSQELLNEGNLAR 264
L ¥ +0 WL ++ R + & +BE + +L ++Y¥ +E+ RGH+AL
Skijct 233 LLSEAYGRDVOVLEELEDNEESVLDMDGFELEDIATGDWSLOLODVYEREMCTRGHNMAR 292

Query 267 ASDIVELLALENFGEVYILDVDMLFGIHSDLFEIISRFSSIGLDEWEMIKLEATMEYEKYI 32

ASDHVER L. G5 ¥ VD LP L +T+ & DR + + ++ +
Sbjct 293 ASDVVRAEVLYAREGESYTIDVDHLP--—-PLSQTLGAVDISGFDEMARLGVIOLL————— L 343
fuery 327 HNN-———— YT SENFDELDOQLEDNFELI IESKSEKSETFSELENLNVSDLEIKTAFRE 377
NN +5 ++ + o+ +  +5+  SE+F++ + ++
Sbkjct 344 HNHNNPEWMPGROASSSHY THIGRAEYFPALOAFAQSREPSLSEVFAQPADRLARFPFALRATAM 403
uery 78 LGESVINQALISKQESYLINLVIEGVENREYQFLNOHILNFATESDNNFTDTTKIFH--DSLE 435
S+ N L++ G + N VIE+++ ¥ ++ L+ D +O0 o+ + +F
Skict 404 QRSLSNAFLMAHPGCAVLNSVIERLRANYALIDASTRLAMAQRDIALSOVAGMLELVEEVE 463
fuery 436 ——-N3ATRAENSM-———-————- FLTEIAFYLOVGFMPEARSTISLIGPGAYASAYYDFINLG 4854
N SM +T IA + & E+ TI L+H5PGA D+

Sbijct 464 EKTINGFLIGLSMEDVFRAIALITAIATHFGDGIRFESEGIIYLIGPGAMEDGMVDYAKRH 523

Query 485 EN-TIEKTLEASDLIEFEKFFENNLSQLTEQEINSLWSFDQASAKYQFEEYVED 536
I ++L I E ++ TE+E + W ++ EE+V +
Skbjct 524 GAARTARSLSKEAATA———PNGTVNGATEEEQDHSWEENETD———-HEEWVSHN 569
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8.4.1.2. Cysteine Protease domain:

Analysis of the cysteine protease domain of C. difficile toxin A revealed the following
alignments:
Query length=221 amino acids.

- BLAST®
)

Home = RecentResulis =~ Saved Strategies = Help Sign In] [Reais

| BI BLAST/ blastp suitel Formatting Results - 0JVHGAEC012
Edit and Resubmit ~ Save Search Strateqies b Formatting options & Download

VPH0463 spP16154TOXA_CLODIA-2710

Query ID Icl[34617 Database Name nr
Description VPI10463_sp|P16154/TOXA_CLODI/1-2710 Description Al non-redundant GenBank COS translations+PDB+SwissProt+PIR+PRF
Molecule type  amino acid excuding environmental samples from WGS projects
Query Length 221 Program BLASTP 2.2.26+ b Citation

Other reports: & Search Summary [Taxonomy reports] [Distance tree of results] [Related Structures] [Multiple alignment

@@ DELTA-BLAST, amore sensitive protein-protein search o)

() Graphic Summary
(=)Shaw Conserved Domains

Putative conserved domains have been detected, click on the image below for detailed results.
1 25 50 ) i 125 150 175 20 221

Query soq, I

Superf anilies ( Peptidase_C80 superfamily )
Sequences producing significant alignments:

Accession | Description | Max score | Total score | _. Duery coverage | E value Max ident
3HOS A Chain A, Structure-Function Analysis Of Inositol Hexakisphosphate 448 443 100% 2e-157 100%
EH140401.1 cell wall-binding repeat protein, partial [Clostridium difficile 70-100 448 443 100% 2e-142 100%
ZP 05328747.1 | toxin A [Clostridium difficile QCD-63q42] 448 448 100% 2e-142 100%
ZP 05349827.1  toxin A [Clostridium difficile ATCC 43255] =gb|AAA23283.1| toxin / 447 447 100% 2e-141 100%
YP 001087137.1  tcdA gene product [Clostridium difficile 630] >emb|CAJ67494.1] Tt 447 447 100% 2e-141 100%
P16154.2 RecName: Full=Toxin A »emb|CAA36094.1| unnamed protein prodc 447 447 100% 2e-141 100%
ZP 05321146.1  toxin A [Clostridium difficile CIP 107932] 446 446 100% Je-141 99%
ZP 07405637.1  toxin A [Clostridium difficile QCD-32g58] 446 445 100% Se-141 99%
ZP 05270743.1  toxin A [Clostridium difficile QCD-66c26] =ref| ZP_05354979.1] toxi 446 446 100% 7e-141 99%
ZP 05400116.1  toxin A [Clostridium difficile QCD-23m63] 444 444 99% Se-141 99%
ZP_06902240.1 toxin A [Clostridium difficile NAPO7] =gb|EFH16595.1] toxin A [Clos 444 444 99% Ge-141 99%
AFNS52237.1 TcdA [[Clostridium] difficile] 443 443 99% Se-140 99%
3PA3 A Chain A, Structure Of The C. Difficile Tcdb Cysteine Protease Dom 265 265 99% 9e-86 57%
CAC19891.1 toxin B [[Clostridium] difficile] 274 274 99% 9e-81 59%
ADHS4630.1 TcdB [[Clostridium] difficile] 274 274 99% le-80 39% ]
ACHSG26E TodE T TCos i difficiieT 273 73 ¥ =i CEE
CAAB0815.1 toxin B [[Clostridium] difficile] 272 272 99% 3e-80 59%
EHI31817.1 cell wall-binding repeat protein [Clostridium difficile 050-P50-2011] 270 270 99% 2e-79 59%
AAG18011.1 cytotoxin B [[Clostridium] difficile] 270 270 99% 2e-79 59%
ADHB4625.1 TcdB [[Clostridium] difficile] 270 270 99% 2e-79 59%
ADHO4636.1 TcdB [[Clostridium] difficile] 268 268 99% 7e-79 58%
ADHO4624.1 TcdB [[Clostridium] difficile] 268 268 99% 9e-79 58%
ADHO4628.1 TcdB [[Clostridium] difficile] 268 268 99% le-78 58%
ZP 05270740.1 toxin B [Clostridium difficile QCD-66c26] =ref|ZP_05321143.1]| toxi 268 263 99% le-78 57%
ADHI4634.1 TcdB [[Clostridium] difficile] 268 268 99% le-78 7%
ADHO4635.1 TcdB [[Clostridium] difficile] 268 268 99% le-78 57%
ADHB4633.1 TcdB [[Clostridium] difficile] 266 266 99% 3e-78 58%
ZP 05328744.1  toxin B [Clostridium difficile QCD-63g42] 265 265 99% le-77 57%
YP 001087135.1  tcdB gene product [Clostridium difficile 630] =ref|ZP_05349824.1| 265 265 99% 1e-77 57%
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ADHO4629.1 TedB [[Clostridium] difficile] 264 264 99% 2e-77 57%
ADHO4623.1 TedB [[Clostridium] difficile] 264 264 99% 2e-77 57%
ZP 06881228.1  toxin B [Clostridium difficile NAPO8] =ref| ZP_06902243.1| toxin B [ 262 262 99% le-76 57%
ADHO4627.1 TedB [[Clostridium] difficile] 262 262 99% le-76 57%
ADHO4632.1 TedB [[Clostridium] difficile] 262 262 99% le-76 57%
ADH94831 1 TcdB [[FI Frlrhum} difficil ] 202 263 899 le-76 LwL!
CAA57959.1 cytotoxin L [[Clostridium] sordelli] 260 260 99% 5e-76 57%
£ZP_05400113.1 toxin B [Clostridium difficile QCD-23m631 260 260 99% 6e-76 57%
m TpelL [Clostridium perfringens] 211 211 95% 6e-59 52%
ZP 02865634.1  TcpA [Clostridium perfringens C str. JGS1495] =gb|EDS79391.1| T 211 211 95% 7e-39 52%
ZP 02636804.1  TpeL [Clostridium perfringens B str. ATCC 3626] =gb|EDT23010.1| 211 211 95% 7e-39 52%
ACF49258.1 TpeL [Clostridium perfringens A] 210 210 99% le-58 52%
ZP_04640347.1 Methyl-accepting chemotaxis protein [Yersinia mollaretii ATCC 439 2.4 g2.4 95% 7e-15 25%
CAABB565.1 alpha- toxin [Clostridium novyil 111 111 98% le-24 34%
ZP _04642320.1 RTX toxin and Ca2+-binding protein [Yersinia mollaretii ATCC 4396¢ 78.2 78.2 83% 2e-13 27%
ZP_00985505.1 Autotransporter adhesin [Vibrio splendidus 12B01] =gh|EAP95439.; 53.5 53.5 83% 1e-05 25%
ZP 04418869.1 RTX (Repeat in toxin) cytotoxin [Vibrio cholerae 12129(1)] =gb|EE 58.2 58.2 83% 4e-07 24%
059461.1 RTX toxin RtxA [Vibrio cholerse HE39] 54.3 54.3 83% 9e-06 24%
ZP 01983361.1 RTX toxin RtxA [Vibrio cholerae 623-39] =gb|EDL72938.1| RTX tox 54.3 54.3 83% Se-06 24%
ZP 09365212.1 RTX repeat-containing cytotoxin [Vibrio ordalii ATCC 33509] 54.3 54.3 83% Se-06 24%
ZP 04961062.1 RTX toxin RtxA [Vibrio cholerae AM-19226] >gb|EDN15712.1| RTX 54.3 54.3 83% le-05 24%
EIH63941.1 RTX toxin RtxA [Vibrio cholerae HE-45] 53.9 53.9 83% le-05 24%
3EER A Chain A, Structure Of The V. Cholerae Rix Cysteine Protease Dom: 52.8 52.8 83% le-05 23%
EIH62273.1 RTX toxin RtxA [Vibrio cholerae HE-25] 53.9 53.8 83% 1e-05 24%
EGS69061.1 PGAP1-like family protein [Vibrio cholerae B1G-01] 53.9 33.9 83% 1e-05 24%
NP 752440.1 autotransporter adhesin [Vibrio vulnificus CMCP6] =gb | AADD7430. 53.5 53.5 83% 2e-05 23%
NP $37086.1 RTX repeat-containing cytotoxin [Vibrio vulnificus ¥1016] =dbj|BAC 53. 53.5 83% 2e-05 23%
EGRO8431.1 RTX toxin RtxA [Vibrio cholerae HE48] 53.5 53.5 83% 2e-05 24%
ABX24512.1 hemolysin [Listonella anguillarum] 53.1 53.1 83% 2e-05 23%
ZP 04410971.1  RTX toxin Rtxa4 [Vibrio cholerae TM 11079-80] »>gb|EEQ06653.1| R 53.1 53.1 83% 2e-05 24%
¥P 004181172.1  gutotransporter adhesin [Vibrio vulnificus MO6-24/0] =gb|ADVEE9 53. 53.1 83% 2e-05 23%
EJH50736.1 RTX toxin RtxA domain protein [Vibrio cholerae HC-43B1] 52.4 52.4 83% 4e-05 24%
SFZY A Chain A, Crystal Structure Of Pre-Cleavage Form Of Cysteine Prote 48.5 48.5 83% 4e-04 22%
ZP 018753438.1 RTX [Vibrio cholerae B33] =gb|EAZ77024.1| RTX [Vibrio cholerae E 48.1 48.1 33% 0.001 23%
ZP 01970588.1  RTX toxin RtxA [Vibrio cholerae NCTC 8457] =gb|EAZ74142.1| RTx 48.1 48.1 83% 0.001 23%
¥YP 002810174.1  RTX toxin RitxA [Vibrio cholerae Mo6-2] »ref| ZP_07008277.1| RTX 48.1 48.1 83% 0.001 23%
ZP 05237921.1 RTX toxin RbxA [Vibrio cholerae MO10] =gb|EET22690.1| RTX toxir 48.1 48.1 83% 0.001 23%
ZP 01681473.1 RTX toxin RtxA [Vibrio cholerae V52] =gb|EAX61706.1| RTX toxin | 48.1 48.1 83% 0.001 23%
NP 231094.1 RTX toxin RixA [Vibrio cholerae 01 biovar El Tor str. N16961] =gb| 48.1 48.1 83% 0.001 23%
ZP 016777858.1  RTX toxin RtxA [Vibrio cholerae 2740-80] >gb|EAX57825.1| RTX t¢ 48.1 48.1 83% 0.001 23%
EJH31540.1 RTX toxin RtxA [Vibrio cholerae CP1041(14)] 48.1 48.1 83% 0.001 23%
ZP 05419777.1 RTX toxins and related Ca2+-binding proteins [Vibrio cholera CIRS 48.1 48.1 33% 0.001 23%
YP 005333215.1  RTX toxin RitxA [Vibrio cholerae IEC224] >gb|AFC58227.1| RTX tox 48.1 48.1 83% 0.001 23%
AAD21057.1 RtxA protein [Vibrio cholerae] 48.1 48.1 83% 0.001 23%
YP 005633%14.1  RTX (Repeat in toxin) cytotoxin [Vibrio cholerae LMA3984-4] =gb|. 48.1 48.1 83% 0.001 23%
ZP_01956295.1 RTX toxin RtxA [Vibrio cholerae MZ0O-3] =gb|EAY41476.1| RTX tox 47.8 47.8 83% 0.001 23%
ZP 01979529.1 RTX toxin RbxA [Vibrio cholerae MZ0-2] »gb|EDM53577.1| RTX toy 47.8 47.8 83% 0.001 23%
ZP_06028843.1 autotransporter adhesin [Vibrio cholerae INDRE 91/1] >gb|EEY491] 47.4 47.4 83% 0.002 23%
¥YP 003712501.1  hypothetical protein [Xenorhabdus nematophila ATCC 19061] =eml 53.1 53.1 81% 2e-05 25%
CBA72128.1 LRR-MCF ORF3 [Arsenophonus nasoniae] 0.8 50.8 81% le-04 23%
YP 003468304.1  Mcf protein (fragment) [Xenorhabdus bovienii S5-2004] »emb|CBJ 47.4 47.4 81% 0.002 22%
CBAT4838.1 N-terminal half of LRR-MCF ORF1. Contains LRR and RTX-like regior 45.7 49.7 78% 3e-04 22%
ZP 01811976.1 calmodulin-sensitive adenylate cyclase [Vibrionales bacterium SW¢ 50.1 50.1 7% 2e-04 28%
AACDB437.1 truncated toxin A [[Clostridium] difficile] 304 304 68% le-95 100%
CAA716590.1 TedA protein [[Clostridium] difficile] 301 301 68% le-94 99%
CAC15893.1 truncated toxin A [[Clostridium] difficile] 301 301 68% le-94 99%
CBA72635.1 RTX-family protein [Arsenophonus nasconiael 0.1 50.1 62% 2e-04 29%
ZP 04649068.1  hypothetical protein ymoll0001_31680 [Yersinia mollaretii ATCC 43¢ 53.9 53.8 60% 1e-05 30%
ADX36376.1 putative RTX-toxin [Vibrio vulnificus] 45.3 49.3 56% 4e-04 26%
EH131823.1 hypothetical protein HMPREF1123_00959 [Clostridium difficile 050-( 157 157 34% 6e-43 99%
EH131824.1 hypothetical protein HMPREF1123_00960 [Clostridium difficile 050-| 135 135 29% 2e-33 98%
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Alignment information for genes shown in Table 4.2:
C. difficile tcdB

s[gb | AaDHS4630.1
Length=—2322

>[Tgk | ADHS
Length=23

4626.1
29

TcdB [[Clostridium] difficile]

Score = 274 bits (700), Expect = le-20, Method: Compositiconal matrix ad
Identities = 129/220 (59%), Positives = 172,220 (78%), Gaps = 3/220 (1%)
Query 2 VDFNENTIALDENYLLNNEIPSHNVEERGSENYVHY I IQLOGDDI SYEATCHLESENEENS
+DF++NT +DE ¥LL KI S+ ++ + YWHYI+QLOGD ISYER CHLF+EMNP +5
Sbijct 530 LDFSQNIVIDKEYLLE-KISS55T ——KSSERGYVHY IVQLOGDEI SYTEARCHNLFAENEFYDS
Query 2 IITQRNMMNESAKSYFLSDDGESILELNEYRI PERLENKEEVEVIFIGHGEKDEFNISEFAR
I+ Q+MN+ +3 +¥+ + I E++EYRIP+E+ ++ E+E+T IGHGE EFNT FR
Sbict 587 ILFQEKNIEDSEVAYY YNEFTDSEIQEIDKYRIFDRISDREFKIKLILIGHGEKAEFNTIDIFAG
Query 122 LSWDSLSHEISSFLDTIKLDISPENVEVNLLGCNMFSYDFNVEETYPGELLLSIMDEITS
L WDSL5+EI + +D K DISFE++E+NLLGCHMFSY NVEETYPGELLL + DE++
Sbijct a47 LOWDSLSSEIETIIDLAKADISPFESIEINLLGCHNMESY SWVHNVEETY FGELLLEVEDEVSE
Query 182 TLEFDVHNENSITIGANQYEVEINSEGREE LLAHSEEWINEE 221
+F ++++5I + BANQYEVEINSEGR+ELL H3IG+WINEE
Skbjct 707 ILMPSISQDSIIVSANQYEVRINSEGRRELLDHSGEWINEE 748

TocdB [[Clostridium] difficile]

Just.

a1

584
121
6448
181

7048

Score = 273 kits (697), Expect = 32-80, Method: Compositiconal matrix adjust.
Identities = 129,/220 (59%), Positives = 171,220 (72%), Gap=s = 3/220 (1%)
Query 2 VDFNENTALDENYLLNNEIEFSHNNVEERGSENYVHY I IQLOQGDDISYEATCHLESENEENS 61
+DF++MT DE YLL KEI S+ ++ + YWHYI+QLQGED ISYERL CHLE+ENE +5
Sbjct 530 LDFSQNIVIDKEYLLE-KISSST-—-KSSERGYVHYIVQLOGDKISYEARCNLFRKNFYDS S86&
Query &2 IIIQRNMNESAKSYFLSDDGESILELNKYRI PERLKNKEEVEVI FIGHGKDEFNTSEFAR 121
I+ Q+H+ +5  +¥+ + I E++KYRIF+E+ ++ E+K+T IGHEK EFNT FL
Sbjct 587 ILFQENIEDSEVAYYYNEIDSEIQEIDKYRIFPDRISDRPEIKLILIGHGEREFNTIDIFAG G644
Query 122 LSVDSLSNEISSFLDTIKLDISEEMNVEVHNLLGCHNMFSYDFNVEETYPGELLLSIMDEITS 181
L WDSLS+EI + +D K DISPEE++E+NLLGCHMESY NVEETYPGELLL + DE++
Sbjct 647 LDVDSLSSEIETIIDLAKADISPKSIEINLLGCNMESYSVNVEETYPGHELLLEVEDEVSE 704
Query 182 TLEODVNENSITIGRNQYEVEINSEGREELLRHSGEWINKE 221
+F ++++5I + BRNQYEVRINSEGR+ELL HSG+WINEE
Sbjct 707 IMPSISQDSIIVSANQYEVEINSEGRRELLDHSGEWINKE 744
C. sordellii tcsL
>[]emb CRR57959.1 cytotoxin L [ [Cleostridium] sordellii]
Length=2364
Score = 280 bits (&65), Expect = 5e-768, Method: Compositional matrix adjustc.
Identities = 12&a/220 (57%), Positives = 1a8/220 (74%), Gaps = 3/220 (1%)
Query 2 VDFNENTALDENYLLNNEIESHNNVEEAGSENYVHYIIQLOGDDISYEATCNLFSENFPENS &1
+DF +NT LDE+Y+ + KI 5+ + +K Y+HYI+QLOQGD ISYER+CHLESE+FE +3
Skjct 549 LDFAONTVLDEDYV-SEKILSS--METENEEYTHYTIVQLOGDEISYERSCNLFSKEDFY3S 605
Query &2 IIIQRNMNESAKSYFLSDDGESILELNKYRI PERLENKEEVEVIFIGHGKDEFNISEFAR 121
I+ Q+H+ 5 +¥+ I E++EYRIFP ++ NE +E+IFIGHGK EFNT F&
Skjct 606 ILYQENIEGSETAYYYYVADAFTKEIDEYRIPYQISNEENIKLTIFIGHGESEFNIDTFAN &&5
Query 122 LSVDSLSNEISSFLDTIKLDISPENVEVNLLGCNMFSYDFNVEETYPGKLLLSIMODEITS 181
L VD5L5+EI + L+ K DISPK +E+NLLGCHMFSY + EETYPGELLL I D+++
Sbjct @66 LOVDSLSSEIETILNLAKADISPEYIEINLLGCHNMESYSISAEETYPGELLLEIKDEVIE 725
Query 182 TLPODVNENSITIGANQYEVRINSEGREELLAHIGEWINEE 221
+F ++++53IT+ ANQYEVEIN EGH+E+L HSGEWINEE
Sbjct 726 IMP3ISQDSITVSANQYEVRINEEGKREILDHSGEWINKEE 7&5

C. perfringens tpeL

s ldn4 [BAF46125.1| Tpel [Clostridium perfringens]
Length=1651
Score = 211 bits (536), Expect = 6e-59, Method: Compositional matrix adjust
Identities = 1147220 (52%), Positives = 1517220 (69%), Gaps = 4/220 (2%)
Query 2 VDFNENTALDENYLLNNKI FSNNVEEAGSENYVHY I IQLOGDDISYEATCNLFSENEENS 61
++FN+N  +DE LIN +I SNN+ K ¥+ YIIQLQRGD +5YER NLF ENP NS
Sbjct 548 LNFNENMEITIDEVELLN-RINSHNLINFODDEEYLRYIIQLOGDEVSYERATINLFIENESNS &06
Query &2 IIIQRNMNESAKSYFLSDDGESILELNKYRIFERLENKEEVEVIFIGHGKDEENTSEFAR 121
I++3 N S¥+ + + +5I + IFE LK K E+E+TFIGHGH+EENT FA
Sbjct 607 ILVQEINN---ISYYFNSEYKSIDSIQFDNIPEILKGENKIKLIFIGHGEEEFNTERFAS &63
Query 122 LIVDSLSHEISSFLDTIKLDISPENVEVNLLGCHWMESYDFNVEETYPGELLLSIMDEKITS 181
L+v 5 +I LD IK + + K ++++LLGCHMFSY+ NVEETYPGELL ++D +
Sbjct 664 LIVEEFSEEIYEVLDMIKSNINVEEIQIDLLGCHWMESYNINVEETYPGELLEVVLDYVDE 723
Query 182 TLPDVHENSITIGANQYEVRINSEGREELLAHSGEWINKE 221
K I I ANQYEVRIN +G+EELL+HSG+W++EE
Sbjct 724 IYNADIKPEIKISANQYEVRINEDGEKELLSHSGEWLSKEE 763
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C. nowyi tche

>[]:efIZP 02865634.1| Tcpk [Clostridium perfringens C str. JG514395]
gb |EDS579391.1 Tcpd [Clostridium perfringens C str. JE514935]
Length=1774

Score = 211 bits (536), Expect = 7e-39, Method: Compositional matrix adjust.
Identities = 114/220 (52%), Positiwes = 151/220 (&9%), Gaps = 4,/220 (2%)

VDFNENTALDENY LLNNEI FSNNVEEAGSEIYVHY I IQLQGDDI SYEATCNLFSENFENS 6l
++FN+H +DK LLN +I 5NN+ K Y+ YIIQLQGD +5YEA NLF ENF NS
Sbjct 545 LNFNENKIIDEVELLN-RINSHNNLINFDDEEYLRYIIQLQGDEVSYEARAINLFIKNESNS 603

k3

Query

Query €2 IIIQRNMNESAKSYFLSDDGESILELNKYRI FERLENKEKVEVIFIGHGKDEFNISEFAR 121
I++) N 5Y+ + + +5I + IFE LK K K+E+IFIGHG++EFNT FA
Sbjct 604 ILVQEINN---ISYYFNSEYKSIDSIQFDNIPEILEGENKIKLIFIGHGEEEFNIERFAS 6§60

Query 122 LSVDSLSWEISSFLDTIKLDISPENVEVNLLGCHMFSYDFNVEETYPGELLLSIMDKITIS 181
L+V 5 +I LD IK + + K ++++LLGCNMFS5Y+ NVEETYPGKLL ++D +
Sbjct 661 LIVEEFSKKIYEVLDMIKSNINVEEIQIDLLGCHMFSYNINVEETYPGELLEVVLDYVDE 720

Query 182 TLPLDVNENSITIGANQYEVRINSEGREELLAHSGEWINKE 221
K I I ANQYEVRIN +G+KELL+HSG+W++KE
Skject 721 IYNADIKFEIKISANQYEVRINKDGEKELLSHSGEWLSEE 760

C. perfringens tcpA

>[]:EEIZP 02865634.1] Tecph [Clostridium perfringens C str. JG51493]
gkt |ED579391.1 Tcphk [Clostridium perfringens C str. JG514835]
Length=177&

Score = 211 bits (538), Expect = Te-53, Method: Compositicnal matrix adjust.
Identities = 114/220 (%2%), Positiwes = 151/220 (69%), Gaps = 4/220 (2%)

fuery 2 VDFHENTALDENYLINNEI PSHNVEERGSENYVHYI IQLOGDDISYEATCNLESENFENS 61
++FN+ +DK LLN +I 5NN+ K Y+ YIIQLQGD +5YEAR NLF KNF N3
Sbjct 545 LNFNENKIIDEVELLN-RINSNNLINFDDEEYLRYIIQLOGDEVSYEARTINLFIKNFSNS 603

fuery &2 IIIQRNMNESAKSYFLSDDGESILELNKYRI PERLENKEKVEVI FIGHGKDEFNTSEFAR 121
I++0 N 5%+ + + +51 + IFE LK K E+E+IFIGHGH++EFNI FA&
Sbjct 604 ILVQEINN---ISYYFNSEYKSIDSIQFDNIPEILKGENKIKLIFIGHGEEEFNTERFAS &40

Query 122 LSVDSLSNEISSFLDTIKLDISEENVEVNLLGCHMFSYDFWVEETYPGHLLLSIMDKITS 181
LtV 5 +I LD IK + + K ++++LLGCNMFSY+ NVEETYPGKLL ++D +
Sbjct 661 LIVEEFSKEIYEVLOMIKSNINVEEIQIDLLGCHMFSYNINVEETYPGEKLLEVVLDYVDE 720

Query 182 TLPDVNENSITIGANQYEVRINSEGREELLAHSGEWINEE 221
K I I ANQYEVRIN +G+KELL+H5G+W++KE
Sbjct 721 IYNADIKFEIKISANQYEVRINKDGKKELLSHSGEWLSKEE 760
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Yersinia mollaretii
Methyl accepting chemotaxis protein & RTX protein

sllrer|ZF 04640347.1]

s[Clrer|zP 04642320.1]

43969
43969

Score

Query
Sbjct
Query
Skict
Query
Sbict
Query
Sbict

Length=

ab |[EEQ09150.1

19498

Identities

37

556
93

807
143
6463
209

72

= TE&.

Methyl-accepting chemotaxis protein [Yersinia mollaretii ATCC

43989
gb |EEQ11141 .1 Methyl-accepting chemotaxis protein [Yersinia mollaretii ATCC
43089]
Length=1797
Score = 22.4 bits {‘02: Expect = T7e-15, Method: Compositional matrix adjust.
Identities = 5&/2 {25%), Positiwes = 1157221 ({52%), Gaps = 105221 (5%)
Query 2 VDFNENIALDENYLLNNKIPSNNVEERGSENYVHYITQLQGDDISYEATCNLEFSENPENS 461
+DF+ + D+ ¥ +P+ +E G+ I QLOGDD +EA+ LF+E+ 5
Skjct 353 IDFSVWESPDHAYF——ISLPNIPLEPEaIHYEFTLIF“L GDDTCFEASEALFNEHRYTS 410
Query &2 IIIQRNMNESAKSYFLSDDGESILELNKYRIPERLENKEKVEVIFIGHGKDEFNISEFAR 121
+ + A+ + + + + Y P +L + HE+++T +GHG+ E +T+ F
Skijct 411 EWLQLGDGHPAEVFIWGETYKHFV----YISPLEKLDKEGHKIRITLVGHGETEGDITTIFGGE 444
Query 122 L3SVDSLSNEISSFLDTI-KLDISEFENVEVNLLGCHMFSYDFNWVEETYPGELLLSIMDKIT 1&0
++ ++L +55 + + K + +NL GC++ + + +T PG+ L+I K
Sbkjct 4487 MHAETLEGHLSSLEARLGSSSVLIKGITLNLIGCSLINFEQPLADTLEGQD--LATWLEQD 524
Query 181 STLPFODVNENSITIGANQYEVRINSEGREELLAHSGEWINEE 221
+ + ++ ++ ++ A + ++ + G+EE+ + WINEE
Skjct 525 REILGLDDSHWSVNARENDLLVLENGEKEIRIND-HWINEE 544

RTY toxin and Caz+-binding protein [Yersinia mocllaretii ATCC

RTX toxin and CaZ+-binding protein [Yersinia mollaretii ATCC

2 kits (191}, Expect = 2e-13, Method: Compositional matrix adjust.

537193 (27%), Positives = 100/193 (52%), Gaps = 247193 (12%)

ITQLOGDDISYEATCNLESENPENSI I IQR———NMNESAKSYFLSDDGESILELNEYRI —
ITIQLOGD+  +++ F+E+PK 5 +( N+HN+ ++ 5D N ¥+
ITQLGDETCFESAQAFFAKHPEQSEWLYLTDGN IND-VEFIWSTSD———————— NHYQYT

——PERLENKEKVEVIFIGHGKDEFNT SEFARLSVDSLSNEISSFLDT IKLDISEFE--NVE
P L+ V++ +GHG ++ +FA +5 + + DI + K N++
DEPLALEKSGAVRIILVGHG——--DSKQFAGMSAVOVEAT LGEKVE DKL SKQGATKENNIK

VHLLEGCHMFSYDFNVEET Y PGKLLLS IMDEITSTLPDVNENSIT IGRNQYEVR INSEGRE
+H+ BCHE +E+T+BG+L + + ++ + + +++ L +Y +R G+E
LHMAGCSLFDT YLELEQT FEGQLATWMNER -—ADFWGLEFEQLSVVAYEY PLRAVENGHEE

ELLAHSGEWINEE 221
E+ G+WINEE
EIFV-EGEWINEE 732

a9z
a08
148

6462

Vibrio cholerae RTX protein

Score

Query
Sbict
Query
Skijct
fuery
Sbject
Query

Skjct

4545

= 54.
Identities

37
34463
93
3505
1439
3563
209

3612

>[]gb EGQDo9461 .1 BTY toxin Rtxl [Vibric cholerae HE39]
Length=

3 kits (129), Expect = 9e-0&8, Method: Composition-kased stats.

= 46/1%2 (24%), Fositives = 23/192 (46%), Gaps = 39/132 (20%)

ITQLOGDDISYEATCNLEFSENPENSI I TORNMMNE SAKSYFLSDDGESILELNEYRI ————
I+Q++ DD+ +RA NL  E+P+H+S5++H+HQ L DG YR+
IJQHENDD??EHEAANLAaHHPESS???“ ——————————— LDSDG——————— NYRVVYGD

PERLENKEKVEVIFIGHGKD-——EFNTSEFARLSVDSLSNEISSFLDTIKL--DISFENVE
F +L E++ +GHG+D E N+ + 5 DL+ +++ F + +I+ K
PSELDG-—-KLEWQLVGHGRDHSESNNTRLSGY SADELAVKLAKFQOSFNOAENTNNEFDH

VNLLGCHMFSYDFNVEETYPGKLLLSIMDKITSTLEDVNENSITIGANQYEVRINSEGRE
+++4+GC+H+ S D 4+ G ++ M DN+ + E+ ++ GRE
ISIVECSLVSDD-——KQHEFGHQFINAM ———————— DANGLEVDVSVRSSELTVDELAGRE

ELLAHSGEWINK 220
+& W+ K
HIEDANGDWVQE 3623

>[]:ef|ZP 01982391.1] RTY toxin Rtxl [Vikbric cholerae 623-39]

Score

Query
Sbjct
Query
Sbict
Query
Sbjct

Query

Sbjct

4555

= 54.
Identities

37
3474
93
3518
1439
35746
209

3625

gb |EDL72938.1 BRTX toxin Rtxl [Vibrioc cholerae 623-39]
Length=

-
2

3504
148
3562
208

3611

3 bkits (129), Expect = 9e-0&8, Method: Composition-kased stats.

= 46,192 (24%), Fositives = 39/192 (46%3), Gaps = 39/132 (20%)

ITQLOGDDISYEATCHNLEFSENPEN ST I TG RNMMNE SAKSYFLSDDGESTILELNEYRI ————
I+0++ DO+ +A NL  E+P++5+++Q L D& YR+
ITVOMENDDVVAKRRANLAGKHPES SVV V- —————————— LDSDE——————— NYRVVYGED

PERLENKERVEVIFIGHGKD-—EFNISEFARLSVDSLSNEISSFLDTIKL-—-DISFENVE
F +L E++ +5HG+D E N+ 4+ 5 DL+ +++ F  + +I+ K
PSELDG--KLERWQLVGHGRDHSESNNTRLSGY SADELAVKLAKFOOSFNOAEN TNNEFPDH

VNLLGCHMFSYDFNVEETYPGKLLLSIMDKITSTLEDVNENSITIGANQYEVRINSEGRE
+++4+EC+H S D 4+ G 4+ M DN o+ 4+ E+ ++ GRE
ISIVECSLVSDD-——KQHEFGHQFINAM———————— DANGLRVDVSVRSSELAVDELGRE

ELLAHSGEWINK 22
+5 W+ K
HTEDANGDWVQE 3636

-
2

3517
143
3575
208

Jez4d
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8.4.1.3. Membrane translocation domain

Analysis of the membrane translocation domain of C. difficile toxin A revealed the
following alignments:
Query length=172 amino acids.

> BLAST® My NCBI
£l

Home  RecentResults = Saved Strategies = Help [Sian In] |

n’blaﬁtp wuite] Formaﬂlng Rt DIKSAUBIITS S S

ICBI BLA!
Edit and Resubmit Save Search Strategies  ® Formatting options & Download
VPH0463_sp|P16154]TOXA_CLODIA-2710
Query ID Icl[476860 Database Name nr
Description VPI10463_sp|P16154|TOXA_CLODI/1-2710 Description All non-redundant GenBank CDS translations+PDB+5wissProt+PIR+PRF
Molecule type amino acid excluding environmental samples from WGS projects
Query Length 172 Program BLASTP 2.2.26+ P Citation
Other reports: »Search Summary [Taxonomy reports] [Distance tree of results] [Multiple alignment]
© Graphic Summary
(5)Show Conserved Domains
Putative conserved domains have been detected, click on the image below for detailed results.
1 25 50 75 100 125 150 172
ey e, e e e e e e e T
Superfanilies [ TcdA_TcdB_pore superfamily
Distribution of 60 Blast Hits on the Query Sequence &
|Mnuse over to see the defline, click to show alignments ‘
Color key for alignment scores
80-200 >=200
Query W
1 30 60 90 120 150
.nebi.nlm.nih.gov/Structure/cdd/wrpsh.cai?RID=0JXSABDMOIN&mode=all
Sequences producing significant alignments:

Accession | Description | Max score Total score | _. Query coverage E value Max ident
EHI31824.1 hypothetical protein HMPREF1123_00960 [Clostridium difficile 050-1 228 329 100% le-105 99%
EH140401.1 cell wall-binding repeat protein, partial [Clostridium difficile 70-100 333 335 100% 3e-103 100%
ZP 05328747.1  toxin A [Clostridium difficile QCD-63g42] 335 335 100% 4e-103 100%
ZP 053211461 toxin A [Clostridium difficile CIP 107932] 333 335 100% 5e-103 100%
ZP 06502240.1  toxin A [Clostridium difficile NAPO7] »gb|EFH16595.1| toxin A [Clos 334 334 100% 8e-103 99%
ZP 05400116.1 toxin A [Clostridium difficile QCD-23m63] 334 334 100% 8e-103 99%
ZP 07405637.1  toxin A [Clostridium difficile QCD-32g58] 335 335 100% Ge-103 100%
ZP 052707431 toxin A [Clostridium difficile QCD-66c26] »ref|ZP_05354979.1]| toxi 335 335 100% 9e-103 100%
YP 0010871371 tcdA gene product [Clostridium difficile 630] =emb|CAJ67494.1] T¢ 334 334 100% le-102 100%
Pi6154.2 Rechame: Full=Toxin A »emb|CAA36094.1| unnamed protein produ 334 334 100% ie-102 100%
ZP 05349827.1  toxin A [Clostridium difficile ATCC 43255] »gb|AAAZ3283.1| toxin 4 334 334 100% le-102 100%
AFNS2237.1 TcdA [[Clostridium] difficile] 333 333 100% Je-102 99%
ADHO4623.1 TcdB [[Clostridium] difficile] 222 222 100% le-63 60%

FUSZTOTETL toxXin B LClostmidiam ditficie QCD-B6C26] STel| ZP_053Z21143.1] toxi 222 oY% Teer L]
ADHO4635.1 TcdB [[Clostridium] difficile] 222 222 100% le-63 60%
ADHO4624.1 TedB [[Clostridium] difficile] 222 222 100% le-63 60%
ADHI4630.1 TedB [[Clostridium] difficile] 222 222 100% le-63 60%
ADHO4631.1 TedB [[Clostridium] difficile] 221 221 100% 2e-63 60%
ADHO4633.1 TedB [[Clostridium] difficile] 221 221 100% Je-63 60%
ADHO4632.1 TedB [[Clostridium] difficile] 221 221 100% Je-63 60%
ADHO4627.1 TedB [[Clostridium] difficile] 221 221 100% Je-63 60%
ZP 08891228.1  toxin B [Clostridium difficile NAPOB] »ref|ZP_06902243.1| toxin B [ 221 221 100% Je-63 60%
ZP 05400113.1  toxin B [Clostridium difficile QCD-23m&3] 221 221 100% Je-63 60%
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Sequences producing significant alignments:

Accession ‘ Description ‘ Max score Total score |_\ Query coverage E value Max ident
EHI31824.1 hypothetical protein HMPREF1123_00960 [Clostridium difficile 050-1 329 329 100% le-105 99%
EH140401.1 cell wall-binding repeat protein, partial [Clostridium difficile 70-100 335 335 100% 3e-103 100%
ZP 05328747.1  toxin A [Clostridium difficile QCD-63q42] 335 335 100% 4e-103 100%
ZP 05321146.1 toxin A [Clostridium difficile CIP 107932] 335 335 100% S5e-103 100%
ZP_06902240.1 toxin A [Clostridium difficile NAPO7] =gb|EFH16595.1] toxin A [Clos 334 334 100% 8e-103 99%
ZP 035400116.1  toxin A [Clostridium difficile QCD-23m63] 334 334 100% 8e-103 99%
ZP 07405637.1  toxin A [Clostridium difficile QCD-32g58] 335 335 100% 8e-103 100%
ZP _05270743.1 toxin A [Clostridium difficile QCD-66c26] =ref|ZP_05354979.1| toxi 335 335 100% 9e-103 100%
YP 001087137.1  tcdA gene product [Clostridium difficile 630] »emb|CAJ67494.1] T¢ 334 334 100% le-102 100%
P16154.2 RecName: Full=Toxin A =emb|CAA36094.1| unnamed protein produ 334 334 100% le-102 100%
ZP 05349827.1 toxin A [Clostridium difficile ATCC 43255] »gb|AAA23283.1]| toxin { 334 334 100% le-102 100%
AFNS52237.1 TedA [[Clostridium] difficile] 333 333 100% 3e-102 99%
ADH94623.1 TedB [[Clostridium] difficile] 222 222 100% le-63 60%
ZP 05270740.1  toxin B [Clostridium difficile QCD-66c26] >ref|ZP_05321143.1] toxi 222 222 100% le-63 60%
ADH94635.1 TedB [[Clostridium] difficile] 222 222 100% le-63 60%
ADH94624.1 TedB [[Clostridium] difficile] 222 222 100% le-63 60%
ADH94630.1 TedB [[Clostridium] difficile] 222 222 100% le-63 60%
ADH94631.1 TedB [[Clostridium] difficile] 221 221 100% 2e-63 60%
ADH94633.1 TedB [[Clostridium] difficile] 221 221 100% 3e-63 60%
ADH94632.1 TedB [[Clostridium] difficile] 221 221 100% 3e-63 60%
ADH94627.1 TedB [[Clostridium] difficile] 221 221 100% 3e-63 60%
ZP 06891228.1 toxin B [Clostridium difficile NAPOS8] =ref|ZP_06902243.1| toxin B [ 221 221 100% 3e-63 60%
ZP 05400113.1  toxin B [Clostridium difficile QCD-23m63] 221 221 100% Je-63 60%
CAAS7955.1 cytotoxin L [[Clostridium] sordellii] 219 219 100% 2e-62 60%

et et walbimding Tepeat proteim [Cios i aifficiie 0S0=PS0= 2011 T 247 t7 s te=ft 50%
AAG18011.1 cytotoxin B [[Clostridium] difficile] 217 217 100% le-61 60%
CAAB0815.1 toxin B [[Clostridium] difficile] 217 217 100% le-61 60%
ADH94623.1 TedB [[Clostridium] difficile] 217 217 100% le-61 60%
¥P 001087135.1  tcdB gene product [Clostridium difficile 630] »ref|ZP_05349824.1| 217 217 100% le-61 60%
ADHS4625.1 TcdB [[Clostridium] difficile] 216 216 100% le-61 60%
ADHG4634.1 TedB [[Clostridium] difficile] 216 216 100% le-61 60%
ADH94636.1 TedB [[Clostridium] difficile] 216 216 100% le-61 60%
ZP 05328744.1 toxin B [Clostridium difficile QCD-63q42] 216 216 100% 2e-61 60%
ADH94628.1 TedB [[Clostridium] difficile] 215 215 100% 6e-61 59%
CAC1098091.1 toxin B [[Clostridium] difficile] 212 212 100% 4e-60 58%
ADH94626.1 TedB [[Clostridium] difficile] 212 212 100% 4e-60 58%
BAF46135.1 TpeL [Clostridium perfringens] 152 152 99% 2e-39 46%
ZP 02865634.1 TepA [Clostridium perfringens C str. JG51495] =gb|EDS79391.1| T 152 152 99% 2e-39 46%
ZP 02636804.1 TpeL [Clostridium perfringens B str. ATCC 3626] =gb|EDT23010.1] 152 152 99% 2e-39 46%
ACF45258.1 TpeL [Clostridium perfringens Al 149 149 99% 3e-38 46%
ZP 046403471 Methyl-accepting chemotaxis protein [Yersinia mollaretii ATCC 439 48.7 49.7 58% le-04 25%
MNP _930360.1 hypothetical protein plu3128 [Photorhabdus luminescens subsp. la 38.1 38.1 58% 0.85 22%
¥P 003712258.1  hypothetical protein [Xenorhabdus nematophila ATCC 19061] »emt 37.0 37.0 S8% 2.0 24%
ZP 01811976.1 calmodulin-sensitive adenylate cyclase [Vibrionales bacterium SW£ 58.6 68.6 S8% le-10 31%
¥P 003712501.1  hypothetical protein [Xenorhabdus nematophila ATCC 19061] =emi 56.2 56.2 S8% Se-07 25%
¥EB 003468304 1 ¥ ] FF L &l ;[ norbabduc b i = “’r\n/!] mhIFD1 J 47 0 3% 0.001 45
CAABB565.1 alpha-toxin [Clostridium nowyil 112 112 96% 2e-25 38%
ADAB2557.1 TpeL [Clostridium perfringens B] 134 134 91% 2e-33 45%
ADAB2953.1 TpeL [Clostridium perfringens B] 134 134 91% 2e-33 45%

P 0331041 ] hypothetical protein PROVALCAL_ 02262 [Providencia alcalifaciens | 40,4 40,4 % 01 25%
ZP_04642320.1 RTX toxin and Ca2+-binding protein [Yersinia mollareti ATCC 4396¢ 50.1 50.1 88% 8e-05 27%
CBA72128.1 LRR-MCF ORF32 [Arsenophonus nasoniae] 40.0 40.0 87% 0.19 25%
4. cytotoxin Mcf [Vibrio corallilyticus ATCC BAA-450] =gb|EEX34533. 42.0 73% 0.039 24%

AP 636034.1 hypothetical protein DDB_G0289839 [Dictyostelium discoideum AX< 35.8 35.8 64% 5.3 29%
NP 726796.2 wings apart-like, isoform B [Drosophila melanogaster] =gh|AAF457. 35.4 35.4 51% 6.9 29%
NP _525042.2 wings apart-like, isoform A [Drosophila melanogaster] =sp|Q9W513 35.4 35.4 51% 7.1 29%
NP 8§75061.1 hypothetical protein [Prochlorococcus marinus subsp. marinus str. 35.4 35.4 45% 2.8 30%
¥P 002504047.1  tpi gene product [Desulfobacterium autotrophicum HRM2] =gb | ACH 34.7 34.7 41% S.8 30%
¥P 001320103.1  hypothetical protein [Alkaliphilus metalliredigens QYMF] =gb | ABR4E 33.9 33.9 33% 4.7 33%
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ZP 08065205.1 choline binding protein E [Streptococcus peroris ATCC 7007801 =g 176 977 99% le-42 30%
ZP 06979366.1 surface protein PspA [Streptococcus pneumoniae str. Canada MDR 168 912 99% Se-42 32%
ZP 08523504.1 metallo-beta-lactamase domain protein [Streptococcus infantis SK 172 916 99% le-41 37%
ZP 05853451.1 putative cell wall binding repeat-ceontaining domain protein [Blautiz 171 1144 99% Se-41 30%
ZP 08090001.1 glucan-binding domain-containing protein [Clostridium symbiosum \ 1011 99% 9e-37 32%
ZP_09046953.1 hypothetical protein HMPREF1020_01032 [Clostridium sp. 7_3_54F4 1025 99% 1e-36 30%
ZP 10038853.1 metallo-beta-lactamase domain protein [Streptococcus sp. SK140] 962 99% 3e-36 29%
ZP 06342308.1 mannosyl-glycoprotein endo-beta-N-acetylglucosaminidase [Bulleic 982 99% le-35 31%
ZP 08295167.1 cell wall-binding repeat protein [Actinomyces sp. oral taxon 170 st 850 99% 1e-35 29%
ZP 06344526.1 hypothetical protein CLOMG621_05219 [Clostridium sp. M62/1] =gb| 152 1358 99% 1e-35 31%
ZP 07458344.1 choline binding protein E [Streptococcus sp. oral taxon 071 str, 73 153 807 99% 2e-35 32%
ZP 08602448.1 hypothetical protein HMPREFO993_01825 [Lachnospiraceae bacteri 154 1088 99% 2e-35 29%
EGL91250.1 metallo-beta-lactamase domain protein [Streptococcus oralis SK2! 152 806 99% 3e-35 32%
EIC78514.1 metallo-beta-lactamase domain protein [Streptococcus oralis SK1( 150 743 99% 2e-34 27%
ZP 08163928.1 NIpC/P&0 family protein [Eggerthella sp. HGA1] =gb |EGCE9895.1| I 148 781 99% Se-34 25%
2015 A Chain A, Crystal Structure Analysis Of A 14 Repeat C-Terminal Fra 542 2248 99% 0.0 100%
ZP 08845318.1 hypothetical protein HMPREF9457_01027 [Dorea formicigenerans 4, 165 893 99% Ge-39 28%
ZP 08108980.1 hypothetical protein HMPREF9475_03844 [Clostridium symbiosum W 152 996 99% le-35 30%
ZP_05331888.1 toxin A [Clostridium difficile QCD-63q42] 1 3032 95% 0.0 99%
£ZP 05399187.1 toxin A [Clostridium difficile QCD-37x79] 547 2916 99% 0.0 94%
YP 6594944.1 cell wall binding repeat-containing protein [Clostridium perfringens 240 1132 99% 8e-63 28%
ZP 09123063.1 hypothetical protein STRCR_1804 [Streptococcus criceti HS-6] >g 162 567 99% 1e-38 30%
ZP 08333659.1 hypothetical protein HMPREFD992_02583 [Lachnospiraceae bacteri 184 1288 99% de-45 31%
ZP_05328747.1 toxin A [Clostridium difficile QCD-63q42] 477 2204 58% 3e-143 99%
ZP 05400116.1 toxin A [Clostridium difficile QCD-23m63] 458 2110 98% le-136 99%
EH140401.1 cell wall-binding repeat protein, partial [Clostridium difficile 70-100 400 1820 98% 2e-116 99%
EH136920.1 cell wall-binding repeat protein, partial [Clostridium difficile 70-100 350 1666 97% Se-112 86%
ZP 03288011.1 hypothetical protein CLONEX_00190 [Clostridium nexile DSM 1787] 227 1068 96% 4e-59 32%
2FGE A Chain A, Clostridium Difficile Toxin A C-Terminal Fragment 1 (Tcda- 247 1063 94% Ge-74 95%
AAZ40113.1 toxin A [[Clostridium] difficile] >gb|AAZ40136.1| toxin A [Clostridic 213 1039 90% ge-62 95%
AAZA0114.1 toxin A [[Clostridium] difficile] =gb|AAZ40116.1| toxin A [[Clostridi 224 1032 86% 7e-66 100%
AAZA0115.1 toxin A [TClostridium] difficile] =agblAaZ40127 .11 toxin A [Clostridiy 213 1030 86% Se-62 95%
Alignment information for genes shown in Table 4.2:
C. difficile tcdB
>[]gb ADHS4623.1 TcdB [[Clostridium] difficile]
Length=2329
Score = 222 bits (548), Expect = le-63, Method: Compositional matrix adjust.
Identities = 104172 (&0%), Positiwves = 151/172 (88%), Gaps = 0/172 (0%)
Query 1 QVNILNARAFFIQSLIDYSSHNEDVLNDLSTSVEVQLYAQLFSTGLNTIYDSIQLVNLISNA &0

+VNTLNAAFFIQSLI+Y+5+K+ L++LS ++EVQ+YAQLFSTGLNTI D+ ++V L+5 A
Sbjct 934 EVHNILNARFFIQSLIEYNSSEESLSNLSVAMEVOVYRAQLFSTGLNIITDARKVVELVSTA 9395

Query &1 VHDTINVLEIITEGIPIVSTILDGINLGAATKELLDEHDFLLEKELEAKVEVLATINMSLS 120
+++TI++LET++EG+P+++TI+DG++LGRAATKEL + DFLLA+E+EAE+GH+A+N++ +
Sbjct 994 LDETIDLLETLSEGLEVIATIIDGVSLGAATKELSETSDPLLEQETEAKTGTMAVNLTAL 1055

Query 121 IRATVASIVGIGREVIIFLLFIAGISAGIFSLVNNELILHDERTSVVHYFNH 172
A4+ 5 +5I + +I L+P+AGISAGIPSLVNNELIL DERAT VW+YF+H
Sbjct 1056 TITAIITSSLGIASGFSILLVELAGISAGIPSLVNNELILEDEATEVVDYFSH 1107

flZP_05270740.1] toxin B [Clostridium 4 cile QCD-66c2f]

|ZP_0532131435.1 | toxin B [Clostridium difficile CIP 107932]
ZF_05354976.1 toxin B [Clostridium difficile QCD-78w35]
& more segquence titles

Length=2386&

Score = 222 kbits (56&8), Expect = le-§3, Method: Compositicnal matrix adjust.
Identities = 104,172 (60%), Positiwes = 1517172 (&&8%), Gaps = 05172 (0%)

Query 1 OVNTLNAAFFIQSLIDYSSNEDVLNDLSTSWEVOLYAQLFSTGLNTIYDSIQLVNLISNA &0
+VHNILNARFFIQSLI+Y+5+E+ L++L5 ++EVQ+YRQLFSTGLNII D+ ++V L+5 A
Sbjct 955 EVHNILNARFFIQSLIEYNSSKESLSHNLSVAMEVOVYAQLFSTGLNTIITDAREWVVELWSTA 1014

Query &l VHDTINVLEFIITEGIFIVSTILDGINLGRAATKELLDEHDFLLEKELEAEVEGVLAINMSLS 120
+++TI++LET++EG+P+++TI+DEG++LGAATKEL + DPLLA+E+EAE+G+H+A+N++ +
Sbjct 1015 LDETIDLLFILSEGLEVIATIIDGVSLGAATKELSETSDFLLEQETEAKTGIMAVNLIALD 1074

Query 121 TAATVASTVEIGRAEVIIFLLFIAGISAGIPSLVNNELILHDERATSVVNYFNH 172
L+ 5 +5I + +I L+F+AGISAGIPSLVNNELIL DEAT VWV+YF+H
Sbjct 1075 TIATITSSLGIASGFSILLVELAGISAGIFSLVNNELILEDEATEVWVDYFSH 1124
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C. sordellii tcsL

>[]emb CARS79559.1 cytotoxin L [[Clostridium] scordellii]
Length=2364

Score = 219 bits (558), Expect = 2e-62, Method: Compositicnal matrix adjust.
Identities = 1037172 (60%), Positiwes = 1507172 (87%), Gaps = 0/172 (0%)

Query 1 QVNILNAAFFIQSLIDYSSNEKDVINDLSTSVEVQLYAQLFSTGLNTIYDSIQLVILISHE &0
+VHTLN+AFFIQSLI+Y++ E+ L++L5 ++EVQ+YAQLFSTGLNTI D+ ++WV L+5 A
Sbjct 955 EVHILNSAFFIQSLIEYNITEESLSNLSVAMEVOVYAQLFSTGLNTITDASKVVELVSTA 1014

Query 61 VHDTINVLETITEGIFIVSTILDGINLGAATKELLDEHDPLLEKELEAKVEVIATNMSLS 120
+++TI++LET+HHEGHPIHTI+DG++LGAATKEL + +DPLLH+E+ELREHGHAN+ +
Sbjct 1015 LDETIDLLETLSEGLEIIATIIDGVSLGAARIKELSETNDFLLEQEIEAKIGIMAVNLIRR 1074

Query 121 IARTVASTVGIGAEVIIFLLPIAGISAGIPSLVNNELILHDEATSVVHYFHH 172
LWV 5 +5I + +I L+P+AGISAGIFSLVNNMELIL DERT W++¥F H
Sbjot 1075 STAIVISALGIASGFSILLVPLAGISAGIPSLVNNELILODEATEVIDYFKH 1124

>[]qb EHJ31817.1 cell wall-binding repeat protein [Clostridium difficile 050-P50-201
gb|EHJ32980.1 cell wall-binding repeat protein [Clostridium difficile 002-P50-2011]
Length=23&7

Score = 217 bits (552), Expect = le-§l1, Method: Compositional matrix adjust.
Identities = 104,172 (&0%), Positives = 1507172 (87%), Gaps = 0/172 (0%)

Query 1 QVNILNAAFFIQSLIDYSSNEDVLNDLST SVEVQLYAQLFSTGLNTIYDSIQLVNLISHE &0
+VNTLNAAFFIQSLI+Y+5+K+ L++L5 ++EVQ+YAQLFSTGLNTI D+ ++V IL+5 R
Sbjct 954 EVNILNAAFFIQSLIEYNSSKESLANLSVAMEVOVYAQLFSTGLNT ITDARKVVELVSTE 1015

Query &l VHDIINVLETITEGIFIVSTILDGINLGARIKELLDEHDPLLEKELEAKVEVLAINMSLS 120
+++TI++LET+H+EGHPI++TI+DG++LGAATHEL + DPFLLH+E+EAK+HG+HHRA+N++ +
Sbjct 1016 LDETIDLLETLSEGLFIIATIIDGVSLGRAIKELSETSDFLLEQEIEAKIGIMAVHNLITA 1075

Query 121 IARTVASIVGIGAEVIIFLLPIAGISAGTPSLVNNELILHDEATSVVNYFNH 172
L+ 5 +5I + +I L+P+AGISAGIPSLVNNEL+L DERT WW+YF H
Sbjct 1076 TIAIITSSLGIASGFSILLVPLAGISAGIFSLVNNELVLEDEATEWVVDYFEH 1127

C. perfringens tpeL

>[]:ef ZP 02636804.1 Tpel [Clostridium perfringens B str. ATCC 3624]
gb|EDT23010.1 Tpel [Clostridium perfringens B str. ATCC 3626]

Length=1776&

Scocre = 152 bits (385), Expect = 2e-39, Methed: Compositicnal matrix adjustc.

Identities = 79/171 (46%), Positiwves = 117/171 (&8%), Gaps = 07171 (0%)

Query 2 VNILNAAFFIQSLIDYSSNKDVLNDLST SVEVQLYAQLFSTGLNTIYDSIQLVNLISHNAY &1
V+ILN +F IQS+IDY + N LSTSVEVQ+Y Q+ + L+ I D+ LV +I+ 2

Sbhjct 5941 VSTLNTSFLIQSMIDYERQNFDFNELST SVEVQIYCQITHNISLSEIQDASHNLVETIIAEAN 1000

Query &2 NDTINVLETITEGIPIVSTILDGINLGAATEELLDEHDPLLEKELEAKVGVLATNMSLST 121
IN++PT+ IP+++TI+DGINL A I EL++ D LL+KEL A++G+++ NM+ +1
Sbject 1001 EIEINLIFTLAWATPLITTIVDGINLIANIDELINTEDELLEEKELARRIGITSSHMTAAI 1060

Query 122 AATVASIVGIGREVIIFLLFIAGISAGIPSLVNNELILHDERTSVVNYENH 172
+ + G L+PIAGIS+EIP+LVNN LIL +E+ + YF+i
Sbjct 1061 SSYILYFITEFGEVFNFLLVPIAGISSGIFTLVNNILILEEKSKEEITEYFSH 1111

)gb |2CF49258.11 Tpel [Clostridium perfringens A]
Length=1779

Score = 149 bits (376), Expect = 3e-38, Method: Compositional matrix adjust.
Identities = 78/171 (46%), Positiwves = 117/171 (&8%), Gaps = 0/171 (0%)

Query 2 VNILNARFFIQSLIDYSSNKDVLNDLST SVEVOLYAQLFSTGINTIYDSIQLVNLISHAY 61
V+IIN +F I 5+IDY ++ N LSTSVEVQ+Y Q0+ + I+ I D+ IV +I+ A
Sbject 944  VSTINTSFLIPSMIDYERHWNFDFWNKLITSVEVQIYCQITHISLSEIQDASHLVEITAERZN 1003

Query &2 NDTINVLEIITEGIPIVSTILDGINLGAATKELLDEHDPLLKKELEAKVEGVLATNMSLSI 121
IN++ET+ IP+++TI+DGINL A I EL++ D L+EKEL RA++GEV+H HM+ +1
Sbjct 1004 EIEINLIPTLANATIFLITTIIVDGINLIAWIDELINTKDELIEKELAARIGVISSHMIAAI 10&3

Query 122 AATVASIVGIGREVIIFLLFIAGISAGIPSLVNNELILHDERTSVVNYENH 172
++ + G L+PIAGIS+GIP+L+NN LIL +E+ + YF+H
Sbjct 1064 SSYILYFIEFGEVFNELLVEIAGISSGIPTLINNILILEEKSKEITEYFSH 1114
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C. nowyi tche
>[] CAREESE5.1]| alpha-toxin [Clostridium nowvyi]

Length=2173
Score = 112 bits (281), Expect = 2e-25, Method: Compositional matrix adjust.
Identities = 65/169 (38%), Positives = 106/169 (43%), Gaps = 3/169 (2%)

fuery 5 LNAAFFIQSLIDYSSNEDVINDLST SVEVQLYAQLFSTGINTIYDSIQLVNLISNAVNDT 64
LN+& +) LIDY +L HHTSHEVY YAQEE  + I ++ +V +I5+&HH
Skjet 965  LNSAMIMOLLIDYKPYTEILTHMNTSLEVOAYAQIFQLSIGATQEATETVIIISDALNAN 1024

Query &5 INVLETITEGIFIVSTILDGINLGAAIKELLDEHDELLEKELEAKVGVLATNMILIIART 124
WL + G + 3 I+DGINL AA+ EL + +K +EREVGH +I L+
Sbjct 1025 FNILSKLEVGSSVASVIIDGINLIAALTELKNVETNFERKLIEAKVGMYSIGFILESSSL 1084

Query 125  VASIVGIGAEVIIF---LLPIAGISAGIPSLVNNELILHDEATSVWNYE 170
H+5 A I +P+AGT  GHESLVHN L+L +K  +++1F
Sbjct 1085 ISGLLGATAVSEILGVISVEVAGILVGLESLVNNILVLGEKYNQILDYF 1133

C. perfringens tcpA

>[]:ef ZP 02865634.1] Tcphk [Clestridium perfringens C str. JG514395]
gb|EDS79391.1] Tepk [Clostridium perfringens C str. JG51495]
Length=1778

Score = 152 bits

(385), Expect = 2e-39, Method: Compcsitional matrix adjust.
Identities = 79/171 (4

6%), Poaitives = 11;11;1 (68%), Gaps = 0/171 (0%)

Query 2 VNILNAAFFIQSLIDYSSNEDVLNDLST SVEVRLYAQLFSTGLNTIYDSIQLVNLISNAV 61
V+ILN +F IQS+IDY + N LSTSVEVQ+Y Q+ + L+ I D+ LV +I+ A
Shjct 94l VSTLNTSFLIQSHIJYH}QNFJFNHLSTSVKVQIY “ITNISLSEI”JASNL VETIRERN 1000

Query 62 NOTINVLETITEGIPIVSTILDGINLGAAIKELLDEHDPLLKKELEAKVGVIAINMSLIT 121
IN++PT+ IP+++TI4+DGINL & I EL++ D LL+KEL A++G+++ MM+ +I
3bjct 1001 EIEINLIPFTLANAIPLITTIVDGINLIAWIDELINTEDELIRKELARRIGIISSNMIAAL 1060

Query 122  ARTVASIVGIGRAEVIIFLLPIAGISAGIPSLVNNELILHDEATSVVNYENH 172
+H + G L+PIAGIS+GIP+LVNN LIL +K+ + ¥FHH
3bjct 1061 SSYILYFTEFGEVENPLLVFIAGISSGIFTLVNNILILEEKSKEITEYFSH 1111

Photorhabdus luminescens subsp. laumondii hypothetical protein

>[]:ef NP _930360.1 [53 hypothetical protein plu3l22 [Photorhabdus luminescens subsp.
laumcndii TTO1]

emb | CAE1S5502.1 IE} unnamed protein product [Photorhabdus luminescens subsp. laumondii
TTO1]

Length=2384

GENE ID: 2203139 plu3l22 | hypothetical protein

[Fhotorhabdus luminescens subkap. laumendii TTO1] (10 or fewer PubMed links)

Score = 38.1 kits (87), Expect = 0.57, Method: Composition-based stats.

Identities = 447199 (22%), Positives = 82,7199 (41%), Gaps = 38/199 (19%)

Query 2 WHNILHAAFFIQSLIDYSSHEDVLN-——————— DLSISVFV“LYA“LFSIaLNIIYDSI“L 53
W+ LHA F IQSLI + ++E+ + DL+T++EV ¥ + ++

Sbjct 10357 JDaLNAaFAI“SLI“hFIDHNRNDAARaIASPDLAIAL?¥HSYLNLJQKAHGGV“DJTF? 1156

Query 54 WHLISHL——————————— VHDTINVLE- IIIEaIPIfSIILDaINLaAAIHELLDEHDPL 101
L+ L + D ++L T+ EG G +G EL + +

Skject 1157 IELVRIALRGE??}AEISLFDFISILaHIvNEa———AaJLFGGAY?aLDAYELAHAEND" 1213

Query 102 LEKELEAKV-————————— aJLAINYSLSIAAT?BSI?GIaAE?TIFLLPIAaISAaIPSL 152
K ++ + L 24T +++G G + + G++ G +L

Sbjct 1214 QERV GIQLAFDSASFVTaIAGVGAaL?GASIBaA?LaSGG?I —————— LGGLAVGFTAL 12&7

Query 153 VHNELILHDEATSVVNYFN 171
++ + B +V  YF+
Sbjct 1268 RQAFGVVAEDAELVGRYFD 1284

8. virulence surface antigen [Pseudomonas sp. GM102]
gb|EJL93853.1 virulence surface antigen [Pseudomonas sp. GM102]
Length=2380

Score = 38.1 bkits (87), Expect = 1.0, Method: Composition-based stats.

Identities = 38/180 (21%), Positivea = 81/180 (45%), Gaps = 10/180 (&%)

Query 2 VNTLHAAFFIQSLIDYSSHNEDVLN- DLSTS?F?“LYA“LFSTJLNTIYDSI“LVNLISNA &0
V+TILNA F IQ+L++ ++ + L+ +V++ ¥ D LV+L+ A

Sbjct 1180 JHILNAaFAIHALKNALRGQEaPDRPLILA?RLHAY?NYA“L?HGNVVDVBGLVSLVRBA 1219

Query &1 JND————IIN?LPIIIEaI PIJSIILDGI————“T133TVF113PH3PIIVVFLEAF?a 111

+ + + o+ G+ N+G I +L + + ++
Sbjct 1220 LvEEKLIAﬂIVAPvJRAA«aPsvaEAIGGLLﬁLANvaFJIIﬁLAIAﬁsDJERARFaIﬁLI 1279

Query 112 WLATHMSLSIAATVASIVGIGAEVIIFLLFIAGISAGIPSLVNNELILHDERATSVVHNYFN 171
+ ++ L5+ & +  GA + + +AG+H G+ +L ++ ++R WV +F+
Skjct 1280 FDSASLVLSVGAYAVGVITAGAFLGGRAVILAGLAVGVALLAQGFAVIAEERKOWGLFFD 1339
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Yersinia mollaretii
Methyl accepting chemotaxis protein & RTX protein

>[]:ef ZP _04642320.1 RTY toxin and CaZ+-binding protein [Yersinia mollaretii ATCC

43969]

gb|EEQ09150.1 BTX toxin and CaZ+-binding protein [Yersinia mollaretii ATCC

43969]
Length=1998

Score = 50.

Identities
Query 2
Sbjct 925
Query &1
Sbjct 985
Query 109

Sbjct 1045

>[]:ef ZP _04640347.1 Methyl-accepting chemotaxis protein [Yersinia mollaretii ATCC

4

43
Length=1797

Score = 435.

Identities
Query 2
Sbjet 758

Query 59
Sbjct 818

Query 115
Sbjct 873
Query 168
Sbjct 933

3969]
gb|EEQ11141.1 Methyl-accepting chemotaxis protein [Yersinia mollaretii ATCC
969]

1 bits (118), Expect = Be-05, Method: Compositicnal matrix adjust.
= 46/169 (27%), Positives = 84/169 (50%), Gaps = 17/169 (10%)

VHNILNARFFIQSLIDYSSHNEDVLND-LSTSVEVQLYRAQLFSTGLNTIYDSIQLVNLISHA &0
V+ILNRRF +Q+L+ + +D L5 +++0 Y L + D++ L L++ A
VHILMARFLLOATMGOREPQOOGSSDALSWEMOLONYVGLIQFTIGLAEDAVHLGGLVIQR 984

VH-——————— DIINVL---FIITEGIP-IVSTILDGINLGARIKELLDEHDPLLEKELER 108
+ T++ T+ +F + +LD HNL I +L +E+
IAGVELKPLAQTLSATHASPTLGSVMPALPGLLLDARNLTGITAQLATTIONPIEIAVAST 1044

EVGVLATNMSLSIARTVASIV-———GIGREVIIFLLFIAGISAGIPSLV 153

+ + + +++RA V 5 + G A+ + +FP+AGI+AGHE+LV
HLIMATLITGVHNVARLVISFIEARAGRASAVLGLVAVELAGIARGLERLY 1093

7 bits (117), Expect = le-04, Method: Compositicnal matrix adjust.

467184 (25%), Positives = 917184 (49%), Gaps = 19/184 (10%)

VNTLNARFFIQSLIDYSSNKDVLNDLSTSVKVQLYAQLFSTGINTI¥DSIQLVNLIS——— 58
+TINARF +{4L++ + + +M LS ++40Q ¥ QL L ++D + NL+

AHTLNARFMLQTIMNINESNGGINALSWELQLQTYTQLAQNTLGLVHDVSAVANLVELAS 817

———-NAVNDTINVLETITEGIFIVSTILDGINLGAATKELLDEHDPLLEFKELEAKVEVLE 114
++  ++L T+ G +V +LD N+ +L DB+ E+ + L
ATELKPLSARTSLLGTVAPG—-VVGLLLDARNTILGMSFQLSASTDEV-—-EINTTIANLT 872

I-————- NMSLSIARTVASIVGIGREVIIFLLPIAGISAGIPSLVNNELILHDKRTSVYV 167
+ N++ ++ B+ + + + +E+RGI+RG+E+LV N L ++ 5 +
LSSIMVGINIAALLTSLSARSARVSGLLGMVAVPLAGIARGLPALVENYTTLAEQNKSAL 932

HNYFN 171

F+
IAFD 938

8.4.1.4. Receptor binding domain
Analysis of the receptor binding domain of C. difficile toxin A revealed the following

alignments:

Query coverage= 859 amino acids.

Edit and Resubmit Save Search Strategies

> Formatting options & Download

Query Length 859

Query ID Icl|37880
Description VPI10463_sp|P16154|TOXA_CLODI/1-2710 Description All non-redundant GenBank CDS translations+PDB+SwissProt+PIR+PRF
Molecule type amino acid

VPI10463_sp|P16154TOXA_CLODI1-2710

Database Name nr

excluding environmental samples from WGS projects
Program BLASTP 2.2.26+ b Citation

Other reports: & Search Summary [Taxonomy reports] [Distance tree of results] [Related Structures] [Multiple alignment]

©Graphic Summary

(=) Show Conserved Domains

Query seq,

| [ DELTA-BLAST, a more sensitive protein-protein search  sa)

Putative conserved domains have been detected, click on the image below for detailed results.
1 125 250 TS 500 825 b1 58

[ e

e

Distribution of 621 Blast Hits on the Query Sequence &

\Mouse—overm show defline and scares, click to show alignments |

Color key for alignment scores
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Sequences producing significant alignments:

—

—

Accession | Description [ Maxscore Total score |_. Query coverage Evalue | Maxident
P16154.2 RecMame: Full=Toxin A »emb|CAA36094.1| unnamed protein produ 1754 1944 100% 0.0 100%
ZP _05349827.1 toxin A [Clostridium difficile ATCC 43255] »>gb|AAA23283.1| toxin 4 1750 1939 100% 0.0 99%
YP 001087137.1  tcdA gene product [Clostridium difficile 630] =emb|CAJ67494.1] T¢ 1743 1929 100% 0.0 99%
AFN52237.1 TedA [[Clostridium] difficile] 1707 1707 100% 0.0 97%
ZP _05270743.1 toxin A [Clostridium difficile QCD-66c26] »ref|ZP_05354979.1]| toxi 1684 1833 100% 0.0 96%
ZP 07405637.1  toxin A [Clostridium difficile QCD-32g58] 970 2493 100% 0.0 76%
ZP 05321147.1  toxin A [Clostridium difficile CIP 107932] L 1643 100% 0.0 98%
ZP_06902240.1 toxin A [Clostridium difficile NAPO7] =gb|EFH16595.1| toxin A [Clos 536 2427 100% Se-164 98%
2G7C A Chain A, Clostridium Difficile Toxin A Fragment Bound To Agal(1,3) 487 1833 100% 2e-163 95%
ZP 05400117.1 toxin A [Clostridium difficile QCD-23m&3] 478 1862 100% 4e-160 95%
ZP_06902239.1 toxin A [Clostridium difficile NAPO7] =gb|EFH16631.1| toxin A [Clos 475 1853 100% 4e-159 94%
ZP 03328748.1  toxin A [Clostridium difficile QCD-63g42] 432 1763 100% 8e-143 100%
AAG18010.1 enterotoxin A [[Clostridium] difficile] 402 2297 100% 2e-128 75%
CAA73178.1 toxin A [[Clostridium] difficile] 397 2301 100% le-126 75%
EHI31825.1 cell wall-binding repeat protein [Clostridium difficile 050-P50-2011] 405 2311 100% 2e-126 75%
BAADS318.1 toxin A [[Clostridium] difficile] 384 2043 100% 7e-124 84%
ZP 04219464.1 hypothetical protein bcere0022_38930 [Bacillus cereus Rock3-44] 170 8456 100% de-41 29%
AADB3644.1 toxin A [[Clostridium] difficile] 1639 1824 99% 0.0 99%
CAA35057.1 enterotoxin A [[Clostridium] difficile] 999 4672 99% 0.0 81%
ZP 05321146.1  toxin A [Clostridium difficile CIP 107932] 854 3303 99% 0.0 96%
AAUEIRES.T toxin B [[Clostndium] difficile] 338 1738 EERD e-101 R %
15144534 toxin B 237 1728 99% Je-101 42%
TARSTOSST Cytotoxin C [[Clostrdium] sordeli] 338 T585 ELEC TEIOT 230
AADB3646.1 toxin B [[Clostridium] difficile] 335 1495 99% 2e-100 41%
ZP_05270740.1 toxin B [Clostridium difficile QCD-66c26] »ref|ZP_05321143.1| toxi 346 1583 99% le-97 41%
CAC10891.1 toxin B [[Clostridium] difficile] 342 1402 99% 4e-96 41%
CAA43200.1 toxin B [[Clostridium] difficile] 335 1729 99% Se-96 42%
EH140398.1 cell wall-binding repeat protein [Clostridium difficile 70-100-2010] 335 1492 99% 9e-94 41%
ZP 05400113.1 | toxin B [Clostridium difficile QCD-23m63] 333 1494 99% 3e-93 1%
ZP 08881228.1  toxin B [Clostridium difficile NAPO8] »ref| ZP_06902243.1] toxin B [ 333 1493 99% 3e-93 41%
¥P 001087135.1  tcdB gene product [Clostridium difficile 630] =ref|ZP_05349824.1] 333 1486 99% 4e-93 41%
ZP 05328744.1  toxin B [Clostridium difficile QCD-63q42] 333 1486 99% 4e-93 41%
AAG18011.1 cytotoxin B [[Clostridium] difficile] 332 1479 99% 5e-93 41%
EH131817.1 cell wall-binding repeat protein [Clostridium difficile 050-P50-2011] 332 1487 99% 8e-93 41%
ADHS94636.1 TcdB [[Clostridium] difficile] 331 1519 99% 2e-92 42%
ADHG4635.1 TedB [[Clostridium] difficile] 330 1517 99% 3e-92 1%
ADHS4624.1 TedB [[Clostridium] difficile] 330 1610 99% 4e-92 41%
CAAB0815.1 toxin B [[Clostridium] difficile] 328 1430 99% 6e-92 41%
ADHS4628.1 TedB [[Clostridium] difficile] 329 14539 99% 8e-92 41%
ADHG4623.1 TedB [[Clostridium] difficile] 327 1452 99% 2e-91 41%
ADHE4626.1 TedB [[Clostridium] difficile] 326 13386 99% 1e-90 41%
ADHS4630.1 TcdB [[Clostridium] difficile] 325 1141 99% 2e-90 41%
ADHG4634.1 TedB [[Clostridium] difficile] 324 1442 99% 3e-90 1%
ADHS4633.1 TedB [[Clostridium] difficile] 322 1444 99% 1e-88 41%
ADHG4627.1 TedB [[Clostridium] difficile] 318 1434 99% 2e-38 41%
ADHS4632.1 TedB [[Clostridium] difficile] a7 1426 99% 6e-88 41%
ADHS4625.1 TedB [[Clostridium] difficile] 318 1418 99% 1e-87 41%
ADHE4631.1 TedB [[Clostridium] difficile] 318 1420 99% 2e-87 41%
ADHS4629.1 TcdB [[Clostridium] difficile] 313 1408 99% le-86 41%
ZP _02642051.1 cell wall binding repeat domain protein [Clostridium perfringens NCT 239 1503 99% le-62 29%
CAAR0818.1 alpha-toxin [Clostridium nowyil 34 1467 39% 7e-6 S0%
CAABS565.1 alpha-toxin [Clostridium nowyi] 233 1460 99% de-60 50%

P 038157411 hyoothetical protein LBLM1 20020 [ actobacillus mucosas LM17 = 154 841 39% Se-45 7%
ZP 08160152.1  cell wall-binding repeat protein [Ruminococcus albus 8] =gb|EGCO: 180 845 99% le-44 28%
EGUB7616.1 metallo-beta-lactamase domain protein [Streptococcus mitis bv. 2 166 943 99% 2e-39 28%
ZP 04563633.1 predicted protein [Mollicutes bacterium D7] =gb|EEO33807.1| prec 151 340 99% 2e-34 29%
EETEIIEER D CET WdII’Ui[IUng TEpEdt pIULEiH [-TEPTOTOTTUS U[d\i::l =] v i v 3y = & - = N
ZP _09374704.1 hypothetical protein HMPREF1021_03468 [Coprobacillus sp. 3_3_5¢ 150 436 99% Se-34 30%
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ZP 093747 hypothetical protein HMPREF1021_03468 [Coprobacillus sp. 3_3_5¢ 150 836 99% Se-34 30%
NP 347713.1 hypothetical protein [Clostridium acetobutylicum ATCC §24] =ref|y 328 2081 99% 2e-91 32%
ZP 03960388.1 conserved hypothetical protein [Lactobacillus vaginalis ATCC 4954 216 1053 99% 3e-56 31%
EIAl8241.1 cell wall binding repeat-containing protein [Clostridium perfringens 194 1177 99% 2e-48 28%
ZP 03779155.1 hypothetical protein CLOHYLEM_06226 [Clostridium hylemonae DSH 130 548 99% Se-d4 28%
EGX289636.1 putative choline-binding protein [Streptococcus salivarius M18] 151 424 99% le-34 24%
ZP 04062387.1 glucosyltransferase-I [Streptococcus salivarius SK126] »gb|EEK0S 151 515 99% 2e-34 27%
EHI37067.1 cell wall-binding repeat protein, partial [Clostridium difficile 70- 100 588 2287 99% 0.0 99%
£ZP 06144336.1 hypothetical protein RflaF_14077 [Ruminococcus flavefaciens FD-1 214 920 99% le-55 29%
¥P 004104834.1  cell wall-binding repeat-containing protein [Ruminococcus albus 7] 191 970 99% 2e-48 28%
ZP 03960368.1 conserved hypothetical protein [Lactobacillus vaginalis ATCC 4954 132 817 99% 3e-45 55%
ZP 08065205.1 choline binding protein E [Streptococcus peroris ATCC 700780] =g 176 977 99% le-42 30%
ZP 06979366.1 surface protein PspA [Streptococcus pneumoniae str. Canada MDR 163 912 99% Se-42 32%
£ZP 08523504.1 metallo-beta-lactamase domain protein [Streptococcus infantis SK 172 916 99% le-41 37%
ZP 05853491.1 putative cell wall binding repeat-containing domain protein [Blautiz 171 1144 99% de-41 30%
ZP 08090001.1 glucan-binding domain-containing protein [Clostridium symbiosum \ 1011 99% 9e-37 32%
ZP_09046953.1 hypothetical protein HMPREF1020_01032 [Clostridium sp. 7_3_54F: 1025 59% 1e-36 30%
ZP 10038893.1 metallo-beta-lactamase domain protein [Streptococcus sp. SK140] 962 99% 3e-36 28%
ZP 06342308.1 mannosyl-ghycoprotein endo-beta-N-acetylglucosaminidase [Bulleic 982 99% le-35 31%
ZP 08295167.1 cell wall-binding repeat protein [Actinomyces sp. oral taxon 170 st 850 99% 1e-35 28%
ZP 06344526.1 hypothetical protein CLOM621_05219 [Clostridium sp. M62/1] =gb| 1358 99% 1e-35 31%
ZP 07458344.1 choline binding protein E [Streptococcus sp. oral taxon 071 str, 73 807 99% 2e-35 32%
ZP 08602448.1 hypothetical protein HMPREFD993_01825 [Lachnospiraceae bacteri 1086 99% 2e-35 29%
EGL91250.1 metallo-beta-lactamase domain protein [Streptococcus oralis SK2E 806 99% 3e-35 32%
EIC78814.1 metallo-beta-lactamase domain protein [Streptococcus oralis SK1( 743 99% 2e-34 27%
ZP 08163928.1 NIpC/Pa0 family protein [Eggerthella sp. HGA1] =gb|EGC89895.1] I 148 781 99% Se-34 25%
2016 A Chain A, Crystal Structure Analysis Of A 14 Repeat C-Terminal Fra 542 2249 99% 0.0 100%
ZP 08849318.1 hypothetical protein HMPREF9457_01027 [Dorea formicigenerans 4, 165 839 99% 6e-39 28%
£ZP 08108930.1 hypothetical protein HMPREF9475_03844 [Clostridium symbiosum W 152 996 99% 1e-35 30%
ZP 05331888.1 toxin A [Clostridium difficile QCD-63q42] 711 3032 99% 0.0 99%
P 0539971 1 towin & [Claetridinm difficile QCD-37%7a] g4 016 9% 0.0 04°%%
L YP _554544.1 cell wall binding repeat-containing protein [Clostridium perfringens 240 1132 99% 8e-63 28%
P U9l Ubo.T OVDotne dlprore SIECE o T ofreptococcs crneefl H5-B 1 =0 10 17 g9 70 1Ee- UTo

Alignment information for genes shown in Table 4.2:
C. difficile tcdB

Score
Identities

Query
Sbict
Query
Sbict
Querwy
Sbict
Querwy
Sbict
Query
Sbict
Query
Sbict
fuery
Sbict
fuery
Skict
Query

Skict

15144538 toxin B

= 337 kit= (2&3), Expect = 3e-101, Method: Compositional matrix adjust.
= 216/520 (42%), Positives = 3047520 (58%), Gaps = 35,520 (7%)

1 IGWQTINGEEYYFD— INIaAALISYFIINaKHFYFNNDaJY“LaJFF"FDaFEYFAEANI 539
IG+ T+ EYYF+ IN GLARL II+ E++YFN G+ GVE DEF+YFALPLMT

a4 IGEFVIVEDDEY Y FNEFINGGAASIGETIIDDEN Y Y FNQSGVLOTGVESTEDGFEY FAFANT 123

a0 HNNNIanAIJY“SFFLILNaKYYYFDNNSKEVTaWRIINNEFYYENFNNAIAA?GL 115
+ N+EG+AT + K L ++ ¥YYFDH+M + W+ ++ E +¥F4+FP I

124 L?ENLEaEAI?FIaF;LII3ENIrrF?jNYRaﬁvEWKEL?aEKHYFSFEIaKﬁFF_LNﬁI 182

120 DMNEY ¥ FNEFDTAI I SEGWO T VHGSRY Y FOIDTATAFNGYKI IDGHEHEFYFDSDOVVEIGVE 173
+ EYYFM D ++ EG+ ++N +++¥YFD D+ + &Y IDGEHFYF + ++IGVE

183 GDYEY ¥ FNSD—GVMOEGEV S INDNEH Y FD-DSGEVMEVEY IETDGEHEFY FAENGEMOIGVE 240

180 SISNaFEYF&FﬁNIYNNNIEaRAIJY”SFFLILNaKFYYFDNNSHE? GLOTI-DSEEYY 238
+T +EF+¥FA M N EG+ I L N K ¥YYFD++ AV G + + D EYY

241 HNIEDGFEYFAHHNEDLGHNEEGEEILISY— SaILNFNNFIYYFDDSFIA?#aWKDLEDGSKYY 23939

233 FNINIAEAAIah“IIDaKFYYFNINIAEAAIaW“IIDaKFYYFNINIAIASIaYIIINaF 298
F+ +TRER I+ +¥¥FN + G+ TI+ K +¥F +++ I +G I+

300 FDEDIAEAYIaLSLINDGQYYFNDDaI MOVGEEVIINDEVEYF-SDSGIIESGVRQNIDDN 357

2393 HFYFNIDaIquafFFhFNaFEYFAPQNIDENNIEawﬁILYHNEFLILNGKFYYFJSDSF 358
+F¥ + +GI+QIGVE +G++YFAPRNT +MI GQMA+ Y

358 YFYIDDNJIJ“IaJFDISDaYFYFAPANTvNDNIYEQA?EYSJ—L? ?aED?YYFaEIYT 414

359 B,TaﬁRII———NNKFYYFNPNNAIAAIHL"IINNDFYYFSYDaI ———————————————— 399

+ EYYFNF + I++ EYYFE GI
417 IETaWIYDHENESDFYYFNPETKHB"KSINLIDDIFYYFDEKGIHRISLISFENNNYYFN 478
400 ————LHNaYITIERNNFYFDANNESKY?TJJFF"PNaFEYFAPANIHNNNIEaHAIJYHN 455
+ GYI IE FYF M GWVE FP+GF+¥FA NI + N EG++I ¥

477 ENaEH“FaYINIEDHHFYF——aEDaJK”IaJFNIPDaFFYFAHWNILDENFEaESINYIa 534

458 FFLTLNaKFYYFDNDSKA'TaW“IIDaHFYYENLNTAEAA 495
+L L+ E+YYF ++ =y IDG++Y¥YF+ +TA+

535 —WLDLDEKRYYFIDEYIAATaS?IIDaEEYYFDPDTA“L* 573

Sort alignments
E walue Score

for this subj
Percent ide

Query start position

Sulbje
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C. sordellii tcsL

s lemh |C2R57959.1| eytotowin L [[Clostridium] sordellii]
Length=2364

Sort alignments for this subject sequence by:
E value Score Percent identity
Query start position Subiect start position
Score = 356 bits (913), Expect = 7e-101, Method: Compositional matrix adjust.
Identities = 230/558 (41%), Positives = 322/558 (58%), Gapa = 29/558 (5%)

Query 94 GWEIINNEKYYFNENNATARVGLOVIDNNEYYFNPDTATISKGWQTVNGSRYYFD-TDTR 152
G +H+ +Y N + + GL I+++ YYF P + G+ T+HHGHYYFD T +
Sbjct 1815 GLVSLDNDYFYINSFGMMVS-GLIYINDSLYYFEPPEMNLITGEFTTIDGNEYYFDETESG 1873

Query 153 IAFNGYKT IDGEHFYFDSDCVVEIGVESTSHNGFEYFAPRANTYNNNIEGQAIVYQSEFLTL 212
L & TIDGK +YF+  ++++GV +T5+G +YFRPR T + N4EG+++ + K L +
Sbjct 1874 ARSIGEITIDGEDYYFNEQGILGVGVINISDGLEYFAPAGTLDENLEGESVNFIGK-LNI 1932

Query 213 NaK]"Y‘L’FDNNSKB«TaL"IIDSKI"YYFNTNTAEAAIah“IIDaP}'YYFNINTAEAATaW"‘ 272
+GE YYF+H +L + +D + Y¥YFN T I KYYF+ N TG+
Sbjct 1933 DEKIYYFEDNYRARVEWKLLDDETYYFNEKT TFN V’:T HQIGDNEYYFDDNGI-MQTGFI 1391

Query 273 TIDGKKYYFNTNIAIASTGY T IINGEHFYFNTDGIMQIGVEFKGENGFEYFAPANTDRNNI 332
TI+ K +YFN N + GY +NGE+FYF +G Q+GVE P+GF++F P + D
Sbjct 1992 TINDKVEFYFN-NDGVMOVGYIEVNGKYFYFGENGERQLGVENIPDGFKFFGPKDDDLGIE 2050

Query 333 EGRAILYQNEFLTLNGEKYYFGSDSKAVIGWRI INN-KKYYFNPNNATRATHLCTINNDK 391
EG+ LY N L HNGE Y+F + AVGW +++ YYF+ NAAIL IN+E
Sbjct 2051 EGELTLY-NGILNFNGEIYFFDISNTAVVGWGTLODDGSTYYFDDNRAEACTIGLTVINDCK 2108

Query 392 YYFSYDEILONGYITIERNNFYFDAN-—————————————— =~ NESH"’u’ TGVFKGENGE 433
TYF +G6I Q G+ITI N FYF + 1V GVE P+G+
Sbjct 2110 YYFDDNGIRQLGFITINDNIFYE hLSaPIELaI,J\U.NaNYFYIJESaL VLIGVEDTFDGY 21&9

Query 434 EYFAPANTHNNNIEGQRT \JY,‘NPTLILN.:I-‘J-’YYFDNDSKB TaW“IIDamYENLNTAE 493
+YFAP NT N+NI GQR+ ¥ + IGW EYYF+ T +
Sbjct 2170 EKYFAPLNTVNDNIYGQRVEYSG-LVEY 'NED YYF:EIYFIEI.:I\IENEID["’YYFD[—‘ETP}’ 2228

Query 494 AAI.:W"TIDJPJJYYENLNIAEAAIuW"TIDuVJ‘II):NlNltiASIuYIbLNul‘J‘ltIl:Nl_l 553
G +D  EYYF+ N 16 + YYFH + + GY +I K FYF D
Sbjct 2229 AY[""IN‘N?DIPYYFDEN.:I }’LRI.:LISFENNNYYENED.JP.}’ QFGYLNIKDEMFYFGED 2288

Query 554 aIl”‘IaFE‘P'GI—‘N.:FEYFAFANIDANNIEakAILYHNPFLILNaFJ’YYFaSDSPA TaLRI 613
G MQIGVF P+GF+YFA NT N EGHI ¥  +L L+GE+YYF + A TG
Sbjct 2287 PJ”‘IaFENTI—‘D.:FPYFAHHNILDENFEaESINYTa—WLDLDa[{RYYFIDEYIAAT::SLI 2345

Query €14 IDGEKYYFNINIAVAVIG 631
IDG YYF+ +IR W
Sbjct 2346 IDGYNYYFDEDTRELVVS 2363

C. novyi a toxin

s lenk|c2220818.1| alpha-towin [Clostridium nowyi]
Length=975

Sort alignments for this subject sequence by:
E value Score Fercent identity
Query start position Subiject start position
Score = 234 bits (597), Expect = T7e-82, Method: Compositicnal matrix adjust.
Identities = 166/407 (41%), Poaitives = 229/407 (56%), Gaps = 29/407 (7%)

fGuery 115 GLOVIDNNEYYFNPDTAIISKGWQTVNGSRYYFDTDIAIAFNGYKTIDGKHFYFDSDC-V 173
GL I+ +Y N GW ++ Y+FD+ IR GY+ I+G+ +¥F+ + 'v’
Skjct 577 GLYYINGELHYKNIPGDTFEYGWINIDSEWYFFDSINLIAKKGYQEIEGERYYFNENTGV 636

Query 174 v"FIa\fTSISNaFEYFAPANIYNNNIEa%l‘v’YQSK'FLILNGKKYYFDNNSFE‘WTGLQIID 233
+ GVF T NG EYF + G+AI Y + +LTL+G EYYF +NSERVIGLD I
Sbjct 637 "ESa«TLTI—‘NaLEYFINFEHASSFER VGRAINY-TGWLTLDGNKYYFQSNSEAVIGLOKIS 694

Query 234 SEEYYFNINTAERATGW(TIDGEKYYFNINTAEARTGWOTIDGEEYYFNINIAIASTGYT 233
K YYFN N+ WQ I+ KYYF+ NT EA GW + +Y¥YF++ + TGY
Sbjct 695 DEYYYFNDN-GOMOIEWQIINNNKYYFDGNTGEAIIGWFNNNEERYYFDSEGRLL-TGY(Q 752

Query 29%¢ IINGEHFYFNID-------—- GIMQIGVFEGFNGFEYFAPANTDANNIEGQAILYQNEFL 344
+I K +YF+ + G+++ G+FE P+GF+ F+ + AI ¥+ +L
Sbjct 753 VIGDHESYYFSDNINGNWEEGSGVLKSGIFKTPSGFELFSSEG------ DHSAINYEG-WL 805

Query 343 TLNGEEYYFGSDSKAVIGWRIINNEKYYFNENNAIAZTHLCTINNDEYYFSYDGILQNGY 404
LNG KYYF 5D3 AVIG I  +YYFNP 2+ T++l+ YY 5 +G GY
Sbjct 806 DLNGNEYYFNSDSIAVIGSYNIKGIQYYFNPETAVLINGWYTLONNNYYVS-NGHNVLGY 864

Query 405 ITIERNNFYFDANNESEMVIGVFEGENGFEYFA--FPANTHNNNIEGDAIVYQNEFLTLNG 4462
I+ +YFD+ + GVF ENG YF P + GQIY +L LNG
Sbjct 865 QDIDGKGYYFDPSTGIQK-AGVFPTENGLRYFTMKPIDG \‘R———WGQCIDYI.:—WLHLNG 918

Query 463 KEYYFDNDSERVIGWQTIDGEEYYFNLNTAEAATGW)TIDGEEYYFN 3509
KYYF  + AVIGW+ + GE+Y+FN+ T A TG T+ GE+YYEN
Sbjct 920 NWEYYFGYYNSAVIGWRVLGGERYFFNIKTGRATIGLLILSGERYYFN 9648
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C. perfringens tcpA

»ref|zF 02865634.1] Tcplk [Clostridium perfringens C str. JG51495]

gb | EDS79391 .1 Tepk [Clostridium perfringens C str. J551495]

Length=1776

Score = 464 bits (1195), Expect = le-143, Method: Compositional matrix adjust.

Identities = 247,/544 (45%), Positives = 362/546 (66%), Gaps = &6/546 (1%)

Query 4 ISKEELIKLAYSIRFREMEYEIILTNLDEYHELTTNNNENE - ——YLOLEKLNES IDWEMN a0
+SEE+LI L& + F+E EYK IL LDEYMN L + +H YL+L +L++5ID+++

Skjct 1 MSEEQLIILAKNSSPEEGEYREKILELLDEYNLLNNSVEENSIDLYLEKLNELSKESIDIYLE &0

Query 61 EYKISSRNRALSNLEKDILKEVILIKNSNISEVERENLHFVIWIG E?SDIALEYIKQWADI 120
EYK 5 EM AL LE D+ EEVI IE++N F+EEMN+HFVIR+G +++I+++¥I QW DI

Sbjct 61 KYEKNSERNNALY QLESDLTEEVIEIKDTNLEFLEKNT HE"#T\"'«-'"SS}’INNISIZ)YINQE‘KQI 120

Query 121 NAEYNIKLWYDSEAFL?NILKK&IJESSIIEAL“LLEEEIHNPﬁFDNMFFYKHRMEFIYD 180
MN4++Y +WYDSERL LWVHN LEELI++SS E E + + FD+ EFY++BEME I+

Sbijct 121 NSDYEIIIWYDSEALL?NILKKAIIDSSNKE?LTFYES?LNDNSFDSNFTTRERKEVIER 180

Query 181 R“HRFINYYPS“INFPTVPIIDDIIPSHL'SEYNRDEIVLESYRINSLRFINSNHJIDIR 240
+QK F NYY + +++D+IK +L+ +%¥ + + +I DIER

Skjct 181 KQKEFNNYYNIN——DNYIPSLND'IPVYLIE?YLPTDEELE?YINESKEVFKBNaAFDIR 238

Query 241 ANSLFIE”ELLNIYS”ELLNRaNLAAASDIJRLLALKNF GVYLDVDMLPGIHSDLFETI 300

EL +I¥ QELL E NLA+ASDI+ER++ L G+YLOVD+LEPGI +FE I

Sbjct 239 EYDIL:D 'ELFSIYE"‘ELL}".‘RENLASASZ)IIR WL 'L.NECL. GIYLOVDVLEGIKKHIFKDI 298

Query 301 SRFSSIaLQRWEYIKLEAIKFYKFYINNYISENFDKLD ﬁLFjNFKLIIESFSE?SEIFS 360
++FB4++I ++WH+MI+LE IMEYE+YT ¥T + K+ EKES+IF

Sbijct 299 NFFINISENFWQYI“LEIIKFYKQYIF"YIENSFKNLFSDL“EKL“EF?JEKNLFSDIF“ 358

Query 361 HLENLNVSDLEIHIAFALGSVINQALISHQGSYLINLVIEQVHNRYQFLNQHLNPAIESD 420
+L ++ +5+L+ EKIAF G + NQ LISE+ 5Y HNL+I Q+ENEY +Hl+ L+ AIE

Skjct 359 RLGDIFISELDTKIAFMFGEIANOV LI SEKENSYSINLIINQIEKNEYNITNECLSSATEEG:S 418

uery 421 NMNFIDTTEIFHDSLFHSATRAENSMFLTKIAPYLOVGFMPEARSTISLESGPGAYRASAYYDF 480
+NEF +T IF L H F++E+ TL G+MF+ B+I+++5SGPGE ¥ +AYYD

Sbict 419 SHNENMMIVDIFIQQL-NEFYVHEGFFVSEKVMGEY LGDEYMFDMRAT LN ISGPGIY TAARYYDL 477

Query 451 INLﬁENIIEFILKES?LIEFVFFENNLSﬁLIEﬁEINSthfjuASAFYﬁFEFffR?YIaa 540

E ++ + DL F+ P+ +50Q TEQEINS W4+F+D ++ +++EK W ¥T

Sbict 478 LYFNERSLNP“IL“EDLPYFEVPHALISQQIE“EINSSWTFNQVVS“IEYKHLJEFYTNF 537

Query 541 SLSEDN 544
SL3IE++

Skjct 538 SLSEND 543

Streptococcus salivarius hypothetical protein

Query
Sbict
Query
Sbjct
Query
Sbict
Query
Sbict
Query
Sbict
Query
Sbict
Query
Sbict
Query
Sbict
Query
Sbict
Query

Sbjct

1s

Ll o T S RS B
=1 W MWW
[ S S ] (=

213
413
263
473
302
533
357
585
403
a4l
4460

TOO0

>E]gb EGX29636.1 putative choline-bkinding protein [Streptococcus salivarius M18]
Length=1089

Sort alignments for this subject seguence by:
Fercent identitwy

E walue Score

Query start position

Subject Start position

Score = 151 kits (3&81), Expect = le—34, Method: Compositiconal matrix adjustc.
Identities

= 234,332 {‘4%;, Pogitiwves = 3657932 (37%), Gaps = 236/922 (24%)

aAALISYFIINaKHFYFNNDaJY“LaJFKGFDaFEYFAPANIWNNNIEabAIJY“SVFLI
G LT + + + +YF D& G F +& T+ +T ++ + +L
GEMLIGWNIVEDREY Y FQEDGHKQOVEGRFVEVNGENYYLDDHT ———————— GMLLVNCYLD

LNaKFYYFDNNSKB 777777777 fIaWRIINNE**?YYENPNNAIAAVJL VIDNNFYYF

+5H ¥ D +TG +D + ¥F

PDaEHY“I3ENG¥VTERIHLPINII HFEANDEaEWSYIIEQGEHLIaF“YVDaJELYF

NPDIAIIS?“W”IVNaSRYYFDIDI AIAFNaY?TIDaKHF—— ——YFDSD”
V+E YY D +T B+ N ¥+

D?DaKﬁLKh EIIVjaFIYYLDHNIUALLKNSYRN“SEKQIISRYFINYIYHISYFNRDU

wJPIafFSISNaFEYFAPAN —————————————— TY————NNNIEaHAIJY“SPFLIL——
G+ T+ GF ++
IRAIaLVFIAAaFIHYFDENaELLKN?E?N?GGIIYVFaERaRLARFSFIEDV?DFIFFE

NaKFYYFDNNSKAV GLOTIDSEEYYFNINTARERATGWOTIDGEEYYFN T ——————————
2V GLOTID + ¥YF+ + +R IDGHE YYF+
N?NFYYJDEHGHA HaL“IIDaY“LYFDFDaRHAFDPIJ“IDaPTYYFDPTNaRY?HN“W

————————————————————— NIAERATGWOTIDGEKEY YFNINTAIASTGYTIINGKHEY
hog A IGWQ IDGK YF BS & INGE++
ASVNVGGISPASKDYRSYYLGNDGRAAVIGWODIDGKHLYFIDIGIYASNGIYSINGENYL

FNTDaIY“——IaJFHGPNa———FEYFAPANIDANNIEJHAILYHNEFLILNaHPYYFaSD
+ G+ I ++G +¥ F 35D
FEKGKL?FDAYG$VDFPaAFVRLVYIYRINADaEVLIaKQI ———————— IDGTEYIFASD

SKBvTaWRIINNKFY —————————————— YENPNNAIBBIHLCIINND?YYFSYDaILHN
+ G +
“ﬂvvj JVRYDaHLYL'PDSPIEHNYFaAFFSKNEIL INFIaI————YaIDENaJLLE

GY— IIIERNNFYFDANNESKV?IaJFF“FNaFEYFAPANIHNNNIEGQ——AIJYWNVFLI
G ++

aJQRSLDGQLHYF”PEVFS WDVPIWKEIDaKRYRLI?WYLPEHHAaYYIIIILINDILF
LNGEKY YFDNDSEAVI ————— W"‘IID.::[{F’YYFNLNIBEAAI GWQTIDGEEYYFNLNTAE

++ K ¥ DH+ & D +¥+ + TG “TIDa + YF+ H  +
VDDKTYIIDNEG?AIEFIAKN“FVRDDNWNWYYYDIDaKLLIaR“IIDaJ“LYFDKNaKQ
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C. perfringens cell wall binding repeat domain protein

YP _£94944.1 [E cell wall kinding repeat-containing protein [Clostridium perfril

13124]
ABRGE3523.1 lEﬂ cell wall kinding repeat domain protein [Clostridium perfringens

LTCC 13124]

Length=1557

GENE TD: 4203905 CPF 04930 | cell wall binding repeat-containing protein
[Clostridium perfringens ATCC 13124] (10 or fewer PubMed links

Sort alignments for this subj
E walue Score Fercent jde|
Query start position Subiel

Score = 240 bits (613), Expect = Be-63, Method: Compositicnal matrix adjust.
Identities = 2707972 (28%), Positives = 410,972 (42%), Gapa = 2075972 (21%)

Query 2 GWOTINGKKY YFD-—-INTGARLT SYKI ING——-KHFYFNNDG--VMQLGVFKGFDGFEYF 54
GWQTI GE YYF+ ++IG ¥ NG K ++FN DG WV G+ D E +
Sbict 244 aI\“"II GHTYYFENGEVSIGEKEV-YDTENGYYKTYFFNEDGTILVIDIGIH-—-DYCESW 301
Query 55 AI—‘ANIHNNNIE.:H}XI VYQSKFLTLNGEEY Y FDNNSEAVIGWRI INN-———-EKYYFNENNA 110
+5+ ++ + T++GK YYFD + +T I+ E Y F+ +

Skjct 302 GG["RF"«Y’«NNKGE’J———ENaW[r.l'IDaPTYYFD"'Wa}’_LIN'ﬂ-IEIDN.:D["J’.EAYLFDND.:« 358

Query 111 I-ARVGELOVI DN'NP'YYFNT:‘DIAIISP"'"I\“"IVN.:SRYYFDIDIAIAEN.:YPTID.:HHFYFD 169
+ GL+ ID YYFN D ++ 5 GW+I++G YYFDT + H
Sbjct 359 LERKGTGLEEIDGEWYY FNEDNSLAS -GWKET IDGET YYFDIYS.:RAF‘"SIRIYDSNHEFY*

4ls
Query 170 SDCVVEIGVESTSHGFEYFAPANTYNNNIEGQAIVY ——————— QSEFLTLNGEEYYFDNN 222
E+ +F+ +T¥+ N G+ +Y Q5 + ++GK YYFD +
Sbjct 417 @ ————- KVYLFNEDGALITEPGIHT YHENWGGERKT YVHNEG] E‘«'”“Sal\“"IIDaP’T YYFDES 471
Query 223 SERY TaL"IIDS****[{[’YYmIN I'AEAAT.:W"‘IIDaP.I’YYENINIAEAAIaW"TIDaP’ 277
+ VT i4 + +GW+ I+6 YY N GW+TID +
Skjct 472 Na}"«TWVHEINENDE‘J\IFSYLFDD.:\TLJ["&S.:WE‘IINaNI;\‘YYLN'NDNS LLEGWKTIDDE 530
Query 278 P’YYFNI‘NIBIASI.:YIIINa———[‘!HFYFNIDaIY"Ia«'E‘P"’ PHGFEYFAPRNTDANNIES 334
+& DG + G
Sbijct 531 IYYLDP’YN.:YVN.:WYETVNS.::)PJ’IIYLEND.:SL VEG——————————————————————— 567
Query 335 QAT L‘)‘.’HNEFLILNaE‘J"Y‘)‘.’FaSDSFA«T.:WRIINN[(I"YYENI—‘NNAIAAI HLCT————— INN 389
+HG YYF SD+ GW+II+ K YYFN + c +H+
Skjct 568 2« —————- NaLFJ_ VHGIWY YFNSDNSLENGWEIIDGKT Y‘)‘.’FN[JY:la——P_T..RSC'JR'«YDDLNH al39
Query 330 DEY-———Y¥FS5Y¥DGIL-—————————————————————————— QNGYITIERNNFYFODANNE 415
+KY +F+ DG+L Q+e+ I+ +¥FD +H

Sbjct &20 ERYEVYFFNEDGVLITEPGIHTYHETWGGERKICTNNEG] E"«""S GWQIIDGKTYYFDEHN- &78

Query 420 SEMVIGVFHGPNGFEY FAPANTHNNNIEGQATVYQNEFLTLNGEKYYFDNDSERVIGNQT 479
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8.4.2. Toxin B protein BLAST alignments
[http://blast.ncbi.nlm.nih.gov/Blast.cgi]

8.4.2.1. Glucosyltransferase domain:

Analysis of the glucosyltransferase domain of C. difficile toxin B using protein BLAST
revealed the following alignment:
Query coverage= 545 amino acids.

» BLAST® My NCBI
| N
Home RecentResults Saved Strategies = Help |Lsicn In] [Regis]

CBI/ BLASTI blastp suite/ Formatting Results - 0JYMR019012
Edit and Resubmit ~ Save Search Strategies & Formatting options  » Download

630_Q189K3-1/1-2366

Query ID Icl|30779 Database Name nr
Description 630_Q189K3-1/1-2366 Description All non-redundant GenBank CDS translations+PDB+SwissProt+PIR+PRF
Molecule type amino acid excluding environmental samples from WGS projects
Query Length 545 Program BLASTP 2.2.26+ b Citation

Other reports: & Search Summary [Taxonomy reports] [Distance tree of results] [Related Structures] [Multiple alignment]

[ DELTA-BLAST, a more sensitive protein-protein search  8s)

©Graphic Summary

(=) Show Conserved Domains

Putative c d d have been d d, click on the image below for detailed results.
1 k-] 150 25 00 375 450 525 545
Query soq. e
Supordani fos
Pulti-donaine T Tewe®

Distribution of 100 Blast Hits on the Query Sequence &

[Mouse over to see the defline, click to show alignments |

Color Key for alighment scores

<40 40-50 80-200 >=200

Query
I

1 1|00 2|00 3|00 4|00 5{)0
Sequences producing significant alignments:

Accession | Description ‘ Max score Total score | _. Query coverage E value Max ident
EH140398.1 cell wall-binding repeat protein [Clostridium difficile 70-100-2010] 1104 1104 100% 0.0 100%
ZP 05328744.1  toxin B [Clostridium difficile QCD-63g42] 1104 1104 100% 0.0 100%
YP 001087135.1  tcdB gene product [Clostridium difficile 630] =ref|ZP_05349824.1| 1104 1104 100% 0.0 100%
ZP 06881228.1  toxin B [Clostridium difficile NAPO8] =ref|ZP_06902243.1] toxin B [ 1087 1087 100% 0.0 98%
ZP 05400113.1 toxin B [Clostridium difficile QCD-23m63] 1087 1087 100% 0.0 98%
ZP 05270740.1  toxin B [Clostridium difficile QCD-66c26] =ref|ZP_05321143.1]| toxi 1075 1075 100% 0.0 97%
CACT9962.1 toxin B [[Clostridium] difficile] 881 831 100% 0.0 79%
CAC41640.1 TcdB-C34 Cluster1-2 [[Clostridium] difficile] 879 879 100% 0.0 79%
2VKD A Chain A, Crystal Structure Of The Catalytic Domain Of Lethal Toxir 843 843 100% 0.0 75%
EHI31817.1 cell wall-binding repeat protein [Clostridium difficile 050-P50-2011] 884 824 100% 0.0 79%
CAC10891.1 toxin B [[Clostridium] difficile] 884 824 100% 0.0 79%
AAGIB011.1 cytotoxin B [[Clostridium] difficile] 882 8a2 100% 0.0 79%
CAAB0815.1 toxin B [[Clostridium] difficile] 881 881 100% 0.0 79%
CAAS7959.1 cytotoxin L [[Clostridium] sordellii] 838 833 100% 0.0 75%
AACOB457.1 truncated toxin A [[Clostridium] difficile] 560 560 100% 0.0 51%
CAC15893.1 truncated toxin A [[Clostridium] difficile] 557 557 100% 0.0 51%
ZP 05328747.1  toxin A [Clostridium difficile QCD-63q42] 536 556 100% le-175 51%
EH140401.1 cell wall-binding repeat protein, partial [Clostridium difficile 70-100 555 555 100% le-175 51%
ZP 05400116.1  toxin A [Clostridium difficile QCD-23m63] 555 555 100% 3e-175 50%
ZP 068902240.1 toxin A [Clostridium difficile NAPO7] »gb|EFH16595.1| toxin A [Clos 554 554 100% 5e-175 50%
ZP 05321146.1  toxin A [Clostridium difficile CIP 107932] 555 555 100% le-174 51%
ZP 07405637.1  toxin A [Clostridium difficile QCD-32g58] 554 554 100% 4e-174 51%
P16154.2 RecName: Full=Toxin A =emb|CAA36094.1| unnamed protein produ 554 554 100% 9e-174 51%
YP 001087137.1  tcdA gene product [Clostridium difficile 630] =emb|CAJ67494.1| T¢ 554 554 100% 9e-174 51%
ZP 05349827.1 toxin A [Clostridium difficile ATCC 43255] =gb|AAA23283.1| toxin 4 554 554 100% 9e-174 51%
ZP 05270743.1 toxin A [Clostridium difficile QCD-66c26] »ref|ZP_05354979.1] toxi 553 553 100% 2e-173 51%
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putative cytoadherence factor (fragment) [Chlamydia trachomatis

ZP 05349827.1 toxin & [Clostridium difficile ATCC 43255] =>gb|AAA23283.1| toxin 4 554 100% 9e-174 51%
ZP 05270743.1 toxin A [Clostridium difficile QCD-66c26] =ref|ZP_05354979.1| toxi 553 100% 2e-173 51%
AFN52237.1 TcdA [[Clostridium] difficile] 552 100% 4e-173 50%
BAF46125.1 TpeL [Clostridium perfringens] 437 437 100% 4e-134 43%
ACF45258.1 TpeL [Clostridium perfringens A] 436 436 100% 1e-133 44%
et CMaim &, Orystal SUuctore Of The Cataly i DomaiT Of ToxIT B Frol 1095 toe R Lo EERG
35RZ A Chain A, Clostridium Difficile Toxin A {Tcda) Glucolsyltransferase Dt 556 556 99% 0.0 51%
CAAT1650.1 TcdA protein [[Clostridium] difficile] 553 553 99% 0.0 50%
2BVM A Chain A, Crystal Structure Of The Catalytic Domain Of Toxin B Froi 1083 1093 99% 0.0 99%
4DMY A Chain A, Crystal Structure Of The Gt Domain Of Clostridium Difficile 555 99% 0.0 51%
CACO3881.1 toxin A [[Clostridium] difficile] 547 98% 0.0 51%
2VKS A Chain A, Crystal Structure Of The Catalytic Domain Of Alpha-Toxir 278 99% 8e-83 34%
TRAAEE56a.T alpha-toxin [Clostnidium novyl] EEES =S 7o
ZP 02865834.1  TcpA [Clostridium perfringens C str. 1GS1495] =gb|EDS79391.1| T 434 434 96% le-132 4%
ZP 02636804.1 TpeL [Clostridium perfringens B str. ATCC 3626] >gb|EDT23010.1| 434 434 96% le-132 44%
LADHOAR2G 1 TedB [[f" di |m} di HI } 106 1064 =T nn 100
ADHS4633.1 TcdB [[Clostridium] difficile] 1048 Lo4s 96% 0.0 98%
HS4633.1 TcdB [[Clostridium] difficile] 1045 96% 0.0 98%
ADHS4631.1 TcdB [[Clostridium] difficile] 1044 96% 0.0 98%
ADHS4627.1 TcdB [[Clostridium] difficile] 1044 96% 0.0 98%
ADHS4635.1 TcdB [[Clostridium] difficile] 1036 96% 0.0 97%
ADHS4634.1 TcdB [[Clostridium] difficile] 1038 96% 0.0 97%
ADHS4624.1 TcdB [[Clostridium] difficile] 1038 1038 96% 0.0 97%
ADHS4636.1 TcdB [[Clostridium] difficile] 1035 1035 96% 0.0 97%
ADHS4630.1 TecdB [[Clostridium] difficile] 850 as50 96% 0.0 79%
ADHS4626.1 TcdB [[Clostridium] difficile] 849 849 96% 0.0 79%
ADHS4623.1 TcdB [[Clostridium] difficile] 848 343 96% 0.0 78%
ADH94628.1 TcdB [[Clostridium] difficile] 846 846 96% 0.0 79%
ADHG4625.1 TedB [[Clostridium] difficile] 846 346 96% 0.0 79%
YP 346342.1 hypothetical protein [Pseudomonas fluorescens Pf0-1] »gb|ABAT72! 88.2 88.2 94% 2e-15 22%
YP 346341.1 hypothetical protein [Pseudomonas fluorescens PfO-1] >gb|[ABA7Z 53.2 53.2 84% ge-17 22%
2 004351 1 ‘HYI-' o 1 Il B nCEDD7 Y=aTlal [n =) k. H 105 105 L/ 1s-20 1%
ADH34625.1 TcdB [[Clostridium] difficile] 846 96% 0.0 79%
P 346342.1 hypothetical protein [Pseudomonas fluorescens Pf0-1] =gb|ABA7Z! 88.2 94% 2e-15 22%
YP 3463 hypothetical protein [Pseudomonas fluorescens Pf0-1] =gb|ABAT2! 83.2 4% de-17 22%
P 004351772.1  hypothetical protein PSEBR_a620 [Pseudomonas brassicacearum st 105 105 82% le-20 21%
EIK69977.1 putative toxin protein [Pseudomonas fluorescens Q8r1-926] 103 103 82% 3e-20 21%
||xE_005206075.1 | cytotoxin mcf [Pseudomonas fluorescens F113] =gb|AEVG0680.1] 100 i00 82% 2e-19 21%
EoyasEdaL Sty yHrarsferasefCamdidatus—Regretta—in et RE 5T 2 + 48
EGY28465.1 Peptidase CBO protein [Candidatus Regiella insecticola R5.15] 50.5 g0.5 1% Se-16 23%
EHV05211.1 glycosyltransferase sugar-binding region containing DXD motif fami 88.0 8%.0 69% le-15 25%
EIG58881.1 tcdA/TcdB catalytic ghycosyltransferase domain protein [Escherich 88.6 88.5 63% le-15 25%
ZP 03263719.1 toxin B [Escherichia coli 0157:H7 str. EC4042] =gb|EDZ84682.1| t 88.6 88.6 69% 2e-15 25%
ZP 02802533.1 toxin B [Escherichia coli O157:H7 str. EC4196] =gb|EDU31090.1| t 87.8 87.8 659% 4e-15 25%
EFW63331.1 toxin B [Escherichia coli O157:H7 str. EC1212] »gb|EIP62080.1] tc 87.8 87.8 69% 4e-15 25%
YP 325655.1 putative cytotoxin [Escherichia coli 0157:H7 EDL933] »ref|ZP_027 87.8 g7.8 69% 4e-15 25%
NP 052665.1 toxin B [Escherichia coli O157:H7 str. Sakai] =dbj|BAA31815.1| To 87.8 659% 4e-15 25%
ZP_02815165.1 toxin B [Escherichia coli 0157:H7 str. EC869] =ref|ZP_05950388.1 87.8 69% 4e-15 25%
ZP 03085363.1 toxin B [Escherichia coli O157:H7 str. EC4024] 87.4 69% 4e-15 25%
EL135225.1 PF11996 family protein [Escherichia coli 3003] 75.9 75.9 69% 2e-11 25%
P 003377848.1  toxin B [Escherichia coli 026:H-]1 >gb|ADB20445.1| toxin B [Eschel 83.2 83.2 52% Se-14 29%
P 003237860.1  putative adherence factor, Efal homolog [Escherichia coli 026:H1] 83.2 83.2 52% le-13 29%
YP 002756600.1  toxin B [Escherichia colil =gb|ACL51990.1]| toxin B [Escherichia co 83.2 83.2 52% le-13 29%
EIT08397.1 PF11996 family protein [Escherichia coli 5.0959] 80.9 80.9 52% Se-13 29%
EJEB4889.1 toxin B, partial [Escherichia coli 026:H11 str. CVM10021] 85.9 85.9 49% le-14 30%
EHW31443.1 glycosyltransferase sugar-binding region containing DXD motif fami 85.1 85.1 48% 2e-14 30%
EH131823.1 hypothetical protein HMPREF1123_00959 [Clostridium difficile 050-1 275 47% 4e-84 52%
EGY28951.1 Cytotoxin L/B [Candidatus Regiella insecticola R5.15] 75.1 46% 4e-12 28%
ZP 05382378.1 hypothetical protein CtraD_00865 [Chlamydia trachomatis D{s)292 76.3 46% 7e-12 24%
P 006361843.1  putative cytoadherence factor (fragment) [Chlamydia trachomatis 76.3 76.3 46% Se-12 24%
NP 219669.1 hypothetical protein CT166 [Chlamydia trachomatis D/UW-3/CX] = 75.9 75.9 46% le-11 24%
ZP 05353533.1 hypothetical protein Ctra62_00850 [Chlamydia trachomatis 6276] : 75.5 46% le-11 24%
P 005808436.1  hypothetical protein [Chlamydia trachomatis G/11222] >gb|ADH18 75.9 75.9 46% le-11 24%
YP 005815795.1 75.1 75.1 46% 2e-11 24%
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Alignment information for genes shown in Table 4.2:
C. difficile tcdA

slClemb | CACO3681.1] toxin A [[Clestridium] difficile]

Length=553

Score = 547 bits (1410}, Expect = 0.0, Method: Compositional matrix adjust.

Identities = 274,542 (51%), Positives = 385/,/542 (71%), Gaps = 2/542 (0%)

guery 1 MSLVNREQLEEMANVRFRIQEDEYVAILDALEEYHNMSENTVVEEY LELEDINSLTDIYTI &0
MS +++E+L E+2 R +E+EY IL L+4EY+ ++ N KYL+LE +N D+++

Sbjct 1 MS5ISKEELIKLA-YSVRFRENEYKTILTNLOEYNKLTTHNNNENKY LQLEKINESIDVEM 59

Query &1 DTYEKSGENERALKKFEEYLVIEVLELKNNNLT FVEENLAFVWIGEQINDTAINYINOQWED 120
+ YK 5 BN+AL E+ ++ EV+ +EN+N +EFVEENLHFVWIGG+H+H+D A+ ¥I QW D
Skject &0 NEYENSSENRALSNLEFDILKEVILIENSNISEVEENLAFVWIGGEVSDIALEYIKQWAD 119

Query 121 WVNSDYNVHVEYDSHAFLINILEEIVVESAINDTILESFRENLMNDFRFDYMEFFEEBMEITY 18
+H++¥HWV ++¥D5 AFL+NTLEEK +VES+ + L+t E + +P+FD KF++ERME IY
Sbjct 120 INAEYNVELWYDSEAFLVNILERAIVESSTTEALQLLEEEIQNPQFOM-KFYERRMEFIY 173

Query 181 DEQENFINYYKAQREENPELIIDDIVEIYLSHNEYSHEEIDELNTIYIEESLNEITQNSGNDWV 24
D+QKE FINYYE+D + IDDI+E++L +EY+++ L +Y SL KI N G D+

Sbjct 179 DROERFINYYKSQINKFTIVFTIDDIIKESHLVSEYNRDETILLESYRTNSLREIMNSHHGIDI 238

u]

Query 241 FENFEEFENGESFNLYEQELVERWNLARASDILRISALKEIGGMYLDVDMLPGIQFDLFES 3
R F E N+Y QEL+ R NLARASDI+R+ ALK GG+YLODWDMLPGI DLF++
Skjct 239 PRANSLEIEQELLNIYSQELLNRGHNLARASDIVRELLALENFGEVYLDVDMLEPGIHSDLFEI 298

Query 301 IEKPSSVIVDFWEMIKLEATMKYKEYIPEYTSEHFDMLDEEVQSSFESVLASKSDESEIF 360
I +F55+ +0 WEM KLEATMEYE+YI YISE+FD LD++++ +F+ ++ SES+ESEIF
Sbjct 293 IPRPFSS5IGLORWEMIKLEATMEYEEYINNYTISENFDELDQOQLEDNFELITIESKSEKSEIF 353

Query 36l SSLGDMEASPFLEVEIAFNSEGIINQGLISVEDSYCSNLIVEQIENRYKILMNSLNEAISE 420
5 L ++ 5 LE+KIAF +INQ LIS + 5Y +NL+++0++NRY+ LM LNFPAT
Sbjct 359 SELENLNVSDLEIKIAFALGSVINQALISKQGSYLINLVIECVENEYQFLMNQHLNEFAIES 418

Query 421 DNDFNITINIFIDSIMAEANADNGEFMMELGEYLEVGFFEDVEITINLSGPEAYRRAYQD 480
DN+F TI F D5+ A B+N F+ ++ YL+VGEF P+ ++TI+LSGP AYA+AY D
Skjct 419 DNNFIDIIKIFHDSLENSATAENSMFLIKIAPYLOVGFMPEARSTISLSGPGAYASAYYD 478

Query 481 LIMFEEGSMNIHLIEADLENFEISKINISQSTEQEMASLWSFLDLDARAERQFEEYERNYFE 540
+ +E ++ L +DL F+ + N+30Q TEQE+ SLWSFD & 2K Q E ¥ B+Y
Skject 479 FINLQENTIEKTLEASDLIEFKFPENNLSQLTEQEINSLWSFDQASAKYQIERYVRDYIG 538

Query 541 S 542

.
G.
-
G.
-
G

Sbjct 539 5 540

C. sordellii tcsL

s lemt | cansST7959.1| cvtoteoxin L [[Clostridium] scrdellii]
Length=2364

Score = 5838 kits (21&64), Expect = 0.0, Method: Compositicnal matrix adjust.
Identities = 408/545 (75%), Positiwes = 473,545 (87%), Gaps = 0/545 (0%)
Query 1 MSLVHNEREQLEFKMANVRFRTQEDEYVAILDALEEYHNMSENTVVEEKY LKLEKEDINSLTDIYI &0
M+LVH+ QL+EM V+FR QEDEYVAIL+ALEEYHNMSE++VVEEYLELEKDIN+LTID Y+
Sbjct 1 MM LVHERA QLMY VEFRIQEDEYVATILNATLEEYHNMSESSVVEEKY LELEDINNLTDNYL &0

Query 61 DTYEESGRNEALKKFEEY LVIEVLELENNNLT FVERENLHFVWIGGRINDTATINYINQWED 120
+IYEESGENEALEKFEEYL. EVLELENN+LIFVEENLHF+WIGGQINDTAINYINQWED
Sbjct &1 HIYEKSGENEALEKFEEY LTMEVLELEKNNSLTFVEENLHFIWIGGQINDTATNYINQWED 120

Query 121 VHSDYNVNVEYDSHAFLINILEKIVVESAINDILESFEENLNDEFRFDYNEFFEKEMEIIY 150
VHSDY V VFYDSHAFLINTLEKT+VESL N+ILESFRENLNDF FDYMEF+EEEMEIIY
Spjct 121 VHSDYIVEVEYDSHAFLINILEKIIVESATHNILESFEENLNDFEFDYNEKFYREEMEIIY 180

Query 181 DEQENFINYYEAQREENPELIIDDIVEIYLSHEYSEEIDELNTIYIEESTHEITOQNSGHNDW 240
DEQE+FI+YYE+D EENPE ITIDHI+ETYLSNEYSE+++ LN YIEESLMEIT N+GNDH+
Spjct 181 DEQEHFIDYYKSQIEENPFEFIIDNIIETYLSHEYSEDLEATHEYTIEESTHMEITANNGHNDI 240

Query 241 EBENFEEFENGESFHLYEQELVEERWNLALASDITEISALKEEIGGMYLDWVDMLPGIQFDLFES 300
EM E+F + + LY QELVERWNLAARASDITLEIS LEE GG+YLOVD+LPGIQFDLF+3
Spjct 241 FBHLEKFADEDLVELYNQELVERWNLALASDITRISMLEEDGGVYLDWVDILPGIQFDLFES 300

Query 301 IEKPSSVIVDEFWEMIKLEATMEYKEYIFEYTISEHFDMLDEEVQSSFESVLASESDESEIF 360
I KEF S+T WEM KLEATMEYEEYIF YIS++FDMLDEEV(Q SFES L+5SESDESEIF
Spjct 301 INKFDSITHISWEMIKLEATMEYKEYIPGYISENFDMLDEEVQESFESALSSESDESEIF 360

Query 361 SSLGDMERASFLEVEIAFNSEGIINQGLISVEDSYCSHLIVEQIENEYEILMHNSLHNEFAISE 420
L D++ SPFLEVEIAF + +INQ LIS+EDSYCS5+L++ QI+NEYEILM++LNEP+I+E
Sbjct 361 LELDDIKVSEFLEVEIAFANNSVINQALISLEDSYCSDLVINQIENRYKILNDNLNESINE 420

Query 421 DHNDFNITINIFIDSIMAERNADNGRFMMELGEYLEVGFFFODVETITINLSGPEAYRRRYQD 450
DFNTT FD+ + +8 DN FM+++ YL+VEF PODVH+TIINLSGE Y AYQD
Spjct 421 GIDFNITMEIFSDELASISHNEDNMMFMIKITHNYLEVGFAFDVESTINLSGPGVYIGRAYQD 480

Query 481 LIMFEEGSMNIHLIEADLENFEISKTINISQSTEQEMASLWSFDDARREROQFEEYERENYFE 540
LIMFE+ 5 NIHL+E +LENFE KT I5Q TEQE+ SLWSF+ ARRE+QFEEYE+ YFE
Spjct 481 LIMFEDNSTNIHLLEFELRNFEFFETEISQLTIEQEITSLWSFNQARRESQFEEYEEGYFE 540

Query 541 GSLGE 545
G+LGE
Skjct 541 GALGE 545
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C. perfringens tpeL

s Jdk4 |BAF26125.11 Tpel [Clestridium perfringena]
Length=1651
Score = 437 bits (1123), Expect = 4e2-134, Methced: Compositicnal matrix adjust.
Identities = 238/548 (43%), Positives = 352/548 (684%), Gaps = 7/548 (1%)
Query 1 MSLVNREQLEEMANVREFRTQEDEYVAILDALEEYH-—-NMSENTVVEKYLELEDINSLID 57
M L++++0T. +3 +E EY TIL+ L+EY+ N E ++ YLEL +++ D
Sbject 1 MEGIMSKEQLIILAK-NSSPFEEGEYKEILELLDEYNLILNNSVEENSIDLYLELNELSKSID 59
Query 8 IYIDIYE{[{SGRN[‘!EL[’J‘{'E'E’IYL'\?TETFLELKNNNLIPVEE’J\ILHF’H\‘IGEQINDIAINYINQ 117
I¥+ YK S EN AL + K L EV+E+E+ NL P+EEN+HFVW+GGE IN+ +I+YINQ
Skjet &0 I¥YLEEYENSERNNALYOLESDLTKEVIEIKDTNLEFLEENT HF'«'I\'"J".}G}’INNI SIDYINQ 119
Query 118 WEDVHSDYNVHNVEYDSHNAFLINTLEEKIVVESAINDTLESFRENLNDFRFDYNKFFEEEME 177
WED+NSDY ++¥DS5 A L+N LEK +++5+ + L + LND FD NEF+R+BME
Sbjct 120 WEDINSDYETIIIWYDSERLLVNILEEAIIDSSHNEEVLIEKYESVLNDHNSFDSHNEEYREEME 173
Query 178 IIYDEQENFINYYEAQREENFELIIDDIVEIYLSNEYSEEIDELNIYIEESLNEITQNSGE 237
+I+ EQK F NYY L +D++K YL +Y K +EL ¥I ES N
Sbject 18 VIFREQKEFNNY YN INDNY TKSL——-NOVIEVYLIEKYLKTDEELEKYTNESEEVFERNGE 237
Query 238 ND’-FRNFEEFHNGESENLYEQEL'-FERWNLA}-\ASDILRISAL[‘IIGGYYLD'W__)Y_LF.JI"‘FDL 2397
D+R ++ + E  ++YEQEL+ B+MNLA+ASDI+R+ L ++GG+YLOVDHLPGI+ +
Skjet 238 KDIREYDILDDVELESIYEQELLMRFNLASASDITRVIVLNELGGIYLDVDVLEGIKEHI 297
Query 298 FESIEP'FSST\.-’T'\"__)FF\"EVIECL.EAIYJ"YE{EYIFEYISEHFDY.LDEE'«“SSFES’FLASFS:)E-"S 357
F+ I KF++++ + WM +LE IMEYE+YI YT F + E+
Sbjct 298 FDINFFINISENP’WWIF‘LEIIYJ"YE‘:QYIE"“YIENSFE‘:]\ILFS:)LF‘EY_LF‘EF'\*\."-E[‘:NLE"S 357
Query 358 EIFSSLGDMEASPLEVEIAFNSEGIINQGLISVEDSYCSNLIVEQIENRYEILNNSLNER 417
+IF LGD+ S5 L+ KIAF I NG LIS E+5Y NLI+ QI+NRY I+N L+ &
Sbjct 358 DIFQRLGDIFISELDTKIAFMFGEIANCGVLISEEMSYSLNLIINQIENEYNIINECLSSZ 417
Query 418 ISE:)NDFNIIINIFIDSIYAEANADNaRMJZLaFYLR FGEFEDVEITINLSGPEAYRRE 477
I + ++FN T + FI + G F+ ++ YL G+ PD++ T+N+5GP ¥ AR
Sbjct 418 IEKGSNFNNIVDIFIQD- LNEF‘)‘."«NEaFF'\.-"SH'w]{aYLaDaY}{FD}iRAIINISGPGIYIBA 478
Query 478 YQDLIMFEKEGSMNIHLIEADLRNFEISKTNISQSTEQEMASLWSFDDARAKRQFEEYKREN 3537
Y DLL F E 5+ +++ DL+ FE+ + I5Q TEQE+ 5 W+F+ +++ ++++
Skjet 477 YYDLLYFHNERSLNPQILQEDLEYFEVPQALISQOTEQEINSSWIFNQVESQIEYEELVEE 536
Query 538 YFEGSLGE 545
T E
Sbjct 537 YINESLSE 544
H .
C. novyi a toxin
s[lemb | cansss65.1 alpha-toxin [Clostridium nowyil
Length= ‘1 2
Score = 277 bits (709), Expect = 2e-77, Method: Compositional matrix adjustc.
Identities = 1l87/553 (34%;, Positiwves = 297/553 (54%), Gaps = 1l8/553 (3%)
Query 3 LVNREQLEEMANVRFRTQEDEYVAILDALEEYHNMSENTVV—EKYLELEDINSLTDIYID &1
L+ R+QL E+h++ + +E EY ILDALE ++ ETWVETYEKL +8 L DY
Skjct 2 LITREQLMKIASIPLKRKEPEYNLILDALENFNRDIEGTSVEEI¥YSKLSKLNELVDNYQT &1
Query 62 IYHFSaRNHALKFFHEYLVTEVLELKNNNLIP——JEHNLHFVEIGGQINDIAINYIN“WF 119
¥ SGRN RL+ F++ L +E+ EL N+ EITL F+WIGE I+D ++ ¥ N WE
Sbijct &2 FYPSSaRNLALENFRDSLTSELRELIKNSRISIIASKNLSFIhIGGPISD“SLETYNYWF’ 121
Query 120 DvNSDYNVNvFYDSNAELINILKPTvJESAINDILESEPENLNDERFDYNVFERHRMEII 173
N DYN+ +FYD N+ L+NILE +++ + +E N+ D + +NEF+ BM++I
Skjer 122 YFNV?YNIRLFYDKNSLLVNILPTAIIﬁESSVvIIEuNQSNILjaIYaHNPFYSDRMHLI 181
Query 180 YDV“KNFINYYKBHREENPELIIDDIJPTYLSNEYSHEIDELNIYIEESLNVITHNSUND 239
T ++ T+ n +DDI+ +LSH + +I +LN
Sbjct 182 YRYKRELKMLYENMFQNNS———JDDIIINFLSNTFFYDIaKLNN“KENNNNKYIAIaAID 238

40 \-'PNFEEF[‘EN.:ESFNLYEF‘EL'\FERWNLAAAS:)ILRISA_L[{EIGGYYL:)V‘_)Y_LE‘.:I“‘PDLFE 299
N E + ¥ QEL++ NLARASDILRI+ LE+ GG+Y¥ D+D LEBEG+ LF
39 I NTENILIN[CL.P'SYYY"‘ELI"'INNLAAASDILRIAILKI’Y.:.:«Y._DLDFLP.J-\FNLSLFN 297

Query 2
Skijet 2
Query 300 SIE[‘"PSS"«T"«?FWE}’I[‘EL.EAI}‘HJY[{EYIFEYTSEHFD}’LDEE‘«“SSFES’«HSF’SDP’SEI 359

+ + ] E+ + ¥ +
Skbjct 238 DISE"EN.:YDSNTI'TEAAIFEAIANEEI{L.}CNNYPYFYYJE”‘VTSEI[{ERILS ]E"v'RN[‘lDINDL 356

Query 380 FSSLGDMEASFLEV————— HIAFNSHGIINQGLISVEDSYCSHNLIVEQIENEYEILNNSL 414
LGD++ 5 LE+ K R K N +IS5 DS N ++ Q+ENRY¥+ILHN+ +

Skbijct 357 ILPLGDIKISOLEILLSRLER A TGHEK T FSHAF I ISNNDSLTLNNLISQLENRYETTLNSTT 4148

Query 415 NFAI————SEDNDFNIITNTFIDSIYAEANADNaRMELa["’YIR'«'GFFFD’«? TINLSG 470
YL GF FP+WV +T+ S5G

Skbjct 417 '_‘EE’TP’IC‘EIYDSYINSVEEL'\(I.EIIPP:NLSYD.:SSFYQQIIaYLSSaF["'EEVNS]"\fTFSa 4748

Query 471 PEAYAAAY"‘DLLYF[‘EEaS}’_'NIHLIEA:)LF'NFEISPTNIS“SIE"‘D’_ASLI\SFDDARAPA"‘ 530
P _Y¥++A D F + L FE S W I+
Skbijct 477 PNIYSSAI’“DTYHFI[‘!I\ITFE}’ LSS\_,N"'EIFEASN'NLYFSPTHDEF[’SSI\'LLRSNIEE[‘EE 535

Query 531 FEEYPERNYFE._—.SL 543
F++ + ¥
Skbjct 538 F'_‘ECLI[-’TYI.:RIL 548
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C. perfringens tcpA

s[Clref|ZP 02865634.1]1 TepR [Clostridium perfringens C str. JGS51495]
gk |EDS79391.1 Tcphk [Clostridium perfringens C str. JG51495]
Length=177&

Score = 434 bkits (1115}, Expect = le-132, Method: Compositicnal matrix adjust.
Identities = 233/529 (44%), Positives = 342/529% (65%), Gaps = 6/529 (1%)

Query 20 QEDEYVAILDALEEYH-—-NMSENTVVEKYLELEDINSLIDIYIDTYEKSGENEALEKFE 746
+E EY IL+ L+EY¥+ N E ++ YLEL +++ DI¥Y+ YK S RN AL + K
Skjct 1& KEGEYKKILELLDEYNLLNNSVEENSIDLYLELNELSKSIDIYLEKYENSERNNALYQLE 75

Query 77 EYLVIEVLELENNNLT FVEENLHFVWIGGQINDTAINY INQWEDVHSDYNVHVFYDSHAF 136
L EVH+E+E+ NL P+EEN+HEVW+GEGE IN+ +I+4Y INQWED+NSDY ++¥D5 A
Skjct 76 SDLTEEVIEIKDTNLEPLEENIHFVWVGEMINNISIDY INQWEDINSDYETIIWYDSERL 135
3

Query 137 LINTLEEIVV w'ESAINDILESFR.ENLNDPRFDYNPTFRHR}’EIIYDP""‘[{NFINYYHBW'REE 198
L+N LEKE +++5+ + L ILND FD NEF+R+BME+I+ HEQE F NYY
Sbjct 136 LVNILKEERIIDSSNEEVLI F'YE SVLHNDHNSFDSNEFYRERMEVIFREQEEFNNYYNINDNY 1395

Query 197 NPEELIIDDIVEIYLSNEYSKEIDELNTYIEESTNEITQNSGNDVENFEEFENGESFNLYE 2568
L +D++K YL +¥Y K +EL YI ES o) D+R ++ + E ++YE
Skjct 196 THSL--NDVIEVYLIEEYLETDEELEKYINESKEVFERNGAEDIREYDILDDVELESIYE 253

Query 257 QELVERWNLARASDILRISALKEIGGMYLOVDMLPGIQPDLFESIEKFPSSVIVDFWEMIK 316
QEL+ R+NLA+ASDI+E+ L ++GG+YLDVIDH+LEGI+ +F+ I EF++++ + WHM +

Sbjct 254 QELLMRFNLASASDITRVIVLNELGGIYLOVDVLEPGIKKHIFEDINKPTHNISENEWOMIQ 313

Query 317 LEATMEYHEYIPEYISEHFDMLDEEVQSSFESVLASESDESEIFSSLGDMEASPLEVEIR 376
LE IMEYE+YI YT F L ++Q + + K+ E5+IF LGD+ 5 L+ KIR

Sbjct 314 LETIMEYKEQYIKGYTENSFENLPSDLOEMLOERKVVEENLESDIFQRLGDIFISELDTEIA 373

Query 377 FNS HSI INQGLISVEDSYCSNLIVEQIENRYKILNNSLNPATSEDNDFNTTTNTFIDSTM 436
NQ LIS E+5Y NLI+ QI+NRY I+NM I+ AT + ++FN T + FI +

Sbjct 374 E'MF.:PIAN VLISEENSYSLNLIINQIENEYNIINKCLSSATEKGSHFNNTIVDIFIQR-L 432

Query 437 REANADNGRFMMELGEYLEVGFFEDVEITINLSGFEAYARRYQDLIMFEEGSMNIHLIER 496

E + G F+ ++ YL G+ PD++ T+H+SGF Y ARY DLL F E S+N  +++
Skjct 433 NEFYVNEGFFVSEVMGYLGDGYMPDMRATINISGPGIYTAAYYDLLYFNERSLNPQILQE 492

Query 437 :)LRNFEISPTNIS"‘SIE"‘D’_ASLI\SFDDARAHB"FEEYH’RNYFE.:SL.:E 545
DL+ FE+ + I5Q TEQE+ 5 W+F+ +++ ++++ T
Sbjct 483 DL[-’YFEV'EJLIS""‘IE"E INSSWIFNQVESQIEYKELY \FEE"YI'NF'SLSE 541

Pseudomonas fluorescens Putative toxin A

>E|gb EIK69977.1 putative toxin protein [Pseudomonas flucrescens QErl-96]
Length=23&0

Score = 103 kits (257), Expect = 4e-20, Method: Composition-based stats.
Identities = 99/475 (21%), Positives = 2027475 (43%), Gaps = 42/475 (9%)

Query 92 ITFVERNLHFVWIGGQINDTAINY INOWEDV—-NSDYNVNVEYDSHAFLINTLEETVVESAE 149
T ¥V K LHFVR+GE + + +¥+N WEHV Y++N++¥YD5+4& L + +VE+L
Sbjct 120 TEVPFEILHFVWLGGGLGHIQEDYLNVWEEVLARQGYSLNIWYDSDALLAWQTNELIVERR 179

Query 150 INDT-LESFRENLNDPRFDYNEFFRKRMEIIYDKQENFINYYKAQREENPELIIDDIVET 208
D L+ E +++ + + +R ++ + I+ E +D
Sbjct 180 KIDVFLQGVDERISE--VELGGLYNERT IVLEQQMHAHISAAVVEEESADEARMD————— 2

L3 ¥ +++ L +E++ + G +B+ ++YE+E+ E N+&A&

3
Query 2039 YLSNEYS[‘IIDELNIYIEESI_N[-’IIHNS.:ND VENFEEFENGESF-NLYEQELVERWNLAEL 267
Sbjct 233 LLSRAYGQDVOVLEKQLEDNERSVLDMDGFELEDIATGDVSLOLODVYEREMCLRGNMAL 29

Query 268 ASDILRISALEEIG P’YL:)'\.-’__)}"_LP.:I"PDLFESIEH‘ESS‘«T\.H__)FWEI"I[{LEAIYJ-’Y———— 323
A5D++R L GG ¥ IVND LP L +WV +
Sbjct 293 ASDV w'RAE*«LYAEaaSYID'«__)HLPPLS"IL ——————— GRY __)ISaF:)RNARLav"L"‘LLLI\]N 345

Query 324 -HEYIP--EYTSEHFOMLDEEVQSSFESVLASKSDKSEIFSSLGOMEASPLEVEIAFNSK 380
F++P + +5 H+ + E + ++ S+ SE+F+ D B P ++ +
Sbjct 346 NPEWMPGRQASSSHYTHIGAEYFEALQAFRQSRPSLSEVFAQPADRLARPFALRALAMQQ 405

Query 381 GIIND GLIS*«'["DSYCSNLIw‘E‘""IEN‘RYE-’ILNNSLNPAISEDNZ)ENIIINI——FIZ)SI}{AE 432
+ N L+ N +++++ Y +++ 5 B D +H+ + +
Sbjct 406 SLSNAFLMAHPGC "LNS*«‘IERLRANYALI:)ASIRLAA,‘R:JIALSQ VAGMLRLVEEVFEE 465

Query 439 ANADNGRFMME--—--————-- LaE-'YLR FFPD '[-’TIINLS.:PEAYAAAY"DLL}’FPI.: 457
] ME + TI L+5P A D
Sbjct 466 TINGFLIGLSMELN "PRAIBLIIAIAIHFaDaIRFESEaIIYLIaPaM’;RDa}"w__)———Ym 22

Query 482 SMNIHLIEADLRNFEISKT-NISQSTEQEMASLWSFDDARAKRQFEEYERNYFEG 541
+ + E+ + I+ ++ +TE+E W ++ + + ++ EG
Sbjct 523 HLGRATAFSLSKEARIAPNGTVNGATEEEQDHSWHKENETDHEKWVSNEQTSWREG S77
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Pseudomonas fluorescens mcf cytotoxin A

>[]:ef YP _005206075.1 [Ei cytotoxin mcf [Pseudomonas flucrescens F113]

gb|AFVe0680.1
Length=2351

cytotoxin mcf [Pseudomonas flucrescens F113]

GENE ID: 11828730 PSF113 0644 | cytotoxin mef [Pseudomonas flucrescens F113]

Score = 100 bits (250), Expect = 3e-18, Method: Composition-based stats.
Identities = 102/47& (21%), Positives = 2037476 (43%), Gaps = 48/47& (10%)

Query 94 VEKNLHFVWIGEQINDTATNY INQWEDV--NSDYNVNVFYDSHNAFLINTLEKTVVESAIN 151
V K LHFVW+GGE I + +¥++ Wt V ¥ +N++¥YD5+A L K +VE+A

Sbjct 122 VPHEILHFVWLGGEIGNIQRDYLHVWRIVLAQDGYILNLWYDSDALLAWQTNELIVERRER 181

Query 152 DI-LESFRENLNDFRFDYNKFFRERMEIIYDKQENFINYYKAQREENFELIIDDIVKTYL 210
D L+ E +++ + + 4R ++ + I+ L& E ID L

Skjct 182 DVFLQGVDERISE--VELGALYNERATVLRQOMHLHISAAVANGGSADEARID-—-—- LL 234

Query 211 SNEYSKEIDELNTYIEESLNKITQNIGNOVRNFEEFENGESF----NLYEQELVERWNLE 266
S Y++ L +E+ + +B +R + GE ++T++E+ R N+R
Sbjct 235 SRAYGQDVEVLREQLEHNRRSVLDMNGFELR---DLATGEVSLOLODVYDREMCLRGNME 291

Query 267 AASDILRISALKEIGGMYLDVDMLPGIQPDL----FESIEKPSSVIVDFWEMIKLEAIMKE 322
ARSDHER+ L G5 Y IVD LF + L +H + + 7 L+ ++
Sbhjct 2%2 AASOVVRVEVLYAEGGSYTDVDHLPFLSQILGFVDISGFDRDARLGV-——---- LOLLIN 344

Query 323 YH-EYIF--EYTSEHFOMLDEEVQSSFESVLASKSDKSEIFSSLGDMEASFLEVKILFNS 379
E++F + +5 ++ + E  + ++ 5+ S++F D LEF ++
Sbjct 345 NNPEWMEGRQASSRYYAHIGAEHFPALQAFAQSRPSLS(VFGQEADRLARFFALRALAME 404

Query 380 KGIINQELISVEDSYCSNLIVEQIENRYKILNNSLNFAISEDNDENITTNI--FIDSIMA 437
++ 0 L++ 5 N ++++ Y+++35 L D+ + o+
Sbijct 405 QSLSNAFLMAHPGSAVLNSVIERFRANYALIDASTRLARQRDIPLSOVAGMLRLVEEVFE 464

Query 438 ERNADNGRFMME------————- LGEYLRVGFFELVETITINLSGPEAYARAYODLIMFKE 486
+ N ME. + + G D + TI L+GF A D + +
Sbjct 465 KINGPLIGLSMEDVPSAIALISAIATHFGDGIRFDSEGIIYLTGPGAMRDGMVD---YRK 521

Query 487 GSMNIHLIEADLRNFEISKI-NISQSTEQEMASLWSFDDARAKRQFEEYERNYFEG 541
++ +E + I+ ++ +TE+E W o++ o+ + ++ EG
Sbjct 522 AHLSAAVAETLRKEARIAPNWIVNGATEEEQDHSWHENETDHEKWVSNEQISWREG 577

256



APPENDIX

8.4.2.2. Cysteine Protease domain:

Analysis of the cysteine protease domain of C. difficile toxin B revealed the following
alignments:
Query coverage= 221 amino acids.

i BLAST®

Home  Recent Results Saved Strategies  Help

CBI BLAST/ blastp suite/ Formatting Results - 0JYZSXT9012

Edit and Resubmit ~Save Search Strategies > Formatting options & Download

630_Q189K3-1/1-2366

Query ID Icl|51104 Database Name nr
Description 6530_Q189K3-1/1-2366 Description All non-redundant GenBank CDS translations+PDB+SwissProt+PIR+PRF
Molecule type amino acid excluding environmental samples from WGS projects
Query Length 221 Program BLASTP 2.2.26+ & Citation

Other reports: & Search Summary [Taxonomy reports] [Distance tree of results] [Related Structures] [Multiple alignment
DELTA-BLAST, a more sensitive protein-protein se:

(so)

S Graphic Summary
(2)Show Conserved Domains
Putative conserved domains have been detected, click on the image below for detailed results.

1 25 50 L 100 125 150 175 200 221
O T T T T T O I S T T T T T T O N T S T A T T T T T YT A T N |

Query seq,
Superfanilies ( Peptidase_C80 superfamily )]

Distribution of 100 Blast Hits on the Query Sequence &

‘Muuae over to see the defline, click to show alignments ‘

Color Key for alighment scores

.nchi.nlm.nih.gov/Structure/cdd/wrpsh.cgi?RID=0JYZ52BK016&mode=all

Sequences producing significant alignments:

Accession ‘ Description ‘ Max score Total score ‘A Duery coverage E value Max ident
3PAB A Chain A, Structure Of The C. Difficile Tcdb Cysteine Protease Dom 446 100% Je-157 100%
EH]40398.1 cell wall-binding repeat protein [Clostridium difficile 70-100-2010] 449 443 100% 3e-142 100%
ZP 05328744.1 toxin B [Clostridium difficile QCD-63q42] 449 443 100% de-142 100%
¥P 001087135.1  tcdB gene product [Clostridium difficile 630] =ref| ZP_05349824.1| 449 449 100% 4e-142 100%
ADHO4629.1 TedB [[Clostridium] difficile] 443 448 100% de-142 100%
ADHO4633.1 TcdB [[Clostridium] difficile] 444 444 100% 2e-140 99%
ADHG4636.1 TcdB [[Clostridium] difficile] 443 443 100% 2e-140 99%
ADHG4624.1 TcdB [[Clostridium] difficile] 441 441 100% 1e-13% 98%
ZP 05270740.1 toxin B [Clostridium difficile QCD-66c26] »ref|ZP_05321143.1] toxi 441 441 100% 2e-13% 97%
ADH94635.1 TcdB [[Clostridium] difficile] 441 441 100% 2e-13% 97%
ADH94634.1 TcdB [[Clostridium] difficile] 441 441 100% 2e-13% 97%
ADHO4632.1 TcdB [[Clostridium] difficile] 436 436 100% 1e-137 96%
ADHO4631.1 TcdB [[Clostridium] difficile] 436 436 100% 1e-137 96%
ADHO4627.1 TecdB [[Clostridium] difficile] 436 436 100% le-137 96%
ZP 06891298.1 toxin B [Clostridium difficile NAPD8] =ref|ZP_06902243.1| toxin B [ 436 436 100% 2e-137 96%
ADHO4628.1 TcdB [[Clostridium] difficile] 434 434 100% 4e-137 96%
ZP 05400113.1 toxin B [Clostridium difficile QCD-23m63] 434 434 100% 8e-137 96%
ADHO4623.1 TcdB [[Clostridium] difficile] 430 430 100% le-135 95%
AAG18011.1 cytotoxin B [[Clostridium] difficile] 410 410 100% le-128 90%
EHI31817.1 cell wall-binding repeat protein [Clostridium difficile 050-P50-2011] 410 410 100% 1e-128 90%
ADHG4625.1 TcdB [[Clostridium] difficile] 410 410 100% 2e-128 90%
ADHG4630.1 TedB [[Clostridium] difficile] 408 408 100% 6e-128 85%
ADHO4626.1 TedB [[Clostridium] difficile] 407 407 100% 1e-127 35%
CAC19891.1 toxin B [[Clostridium] difficile] 406 406 100% 3e-127 35%
CAAB0815.1 toxin B [[Clostridium] difficile] 406 406 100% 4e-127 35%
CAA57950.1 cytotoxin L [[Clostridium] sordellii] 340 340 100% 4e-104 74%
3HOG6 A Chain A, Structure-Function Analysis Of Inositol Hexakisphosphate 270 270 100% 2e-87 57%
ZF Uo4001T6.T Toxin A TClostndium dithcile QCD-Z3m&3] /0 70 007 Ie-79 Erk
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ZP 05400116.1  texin A [Clostridium difficile QCD-23m&3] 270 270 100% le-79 37%
ZP 06802240.1  toxin A [Clostridium difficile NAPO7] =gb|EFH16595.1| toxin A [Clos 270 270 100% le-79 57%
ZP 05321146.1  toxin A [Clostridium difficile CIP 107932] 270 270 100% 2e-79 57%
AFN52237.1 TcdA [[Clostridium] difficile] 270 270 100% 2e-79 57%
ZP 052707431  toxin A [Clostridium difficile QCD-66c26] »ref|ZP_05354979.1] toxi 270 270 100% 2e-79 57%
ZP 07405637.1  toxin A [Clostridium difficile QCD-32g58] 270 270 100% 2e-79 57%
ZP 05328747.1  toxin A [Clostridium difficile QCD-63q42] 268 269 100% 4e-79 57%
P16154.2 RecName: Full=Toxin A »emb|CAA36094.1| unnamed protein produ 269 269 100% 6e-79 57%
EH140401.1 cell wall-binding repeat protein, partial [Clostridium difficile 70-100 268 268 100% Be-79 37%
ZP 05349827.1  toxin A [Clostridium difficile ATCC 43255] =gb|AAA23283.1] toxin 4 269 269 100% 6e-79 57%
YP 0010871371  tcdA gene product [Clostridium difficile 630] =emb|CAJ67494.1| T¢ 269 263 100% Ge-79 57%
ZF 078658351 TepA [Clostridium perfringens C str. JGS1495] »gb[EDS79391.1] T 216 216 100% Be-61 51%
2P 025358041 Tpel [Clostridium perfringens B str. ATCC 3626] »gb|EDT23010.1| 216 216 100% Ge-61 51%
BAF46125.1 TpeL [Clostridium perfringens] 216 216 100% 7e-61 51%
ACF49258.1 TpeL [Clostridium perfringens Al 216 218 100% 9e-61 51%
CANBB565.1 alpha-toxin [Clostridium novyi] 127 127 98% 7e-30 36%
ZP 04642320.1  RTX toxin and CaZ+-binding protein [Yersinia mollareti ATCC 4396¢ 78.6 78.6 93% le-13 27%
NP 930444.1 hypothetical protein plu3217 [Photorhabdus luminescens subsp. lat 45.4 45.4 92% 0.008 25%
ZP 04640347.1  Methyl-accepting chemotaxis protein [Yersinia mollareti ATCC 439 4.7 7a.7 34% 2e-12 29%
ZP 09365212.1 RTX repeat-containing cytotoxin [Vibrio ordali ATCC 33509] 57.0 57.0 84% le-06 28%
ZP 00889505.1  Autotransporter adhesin [Vibrio splendidus 12B01] =gb|EAP95439.! 53.1 53.1 84% 2e-05 26%
3EEB A Chain A, Structure Of The V. Cholerae Rix Cysteine Protease Dom: 1.2 3l.2 34% 3e-03 7%
EGQ59461.1 RTX toxin RtxA [Vibrio cholerae HE39] 52.4 52.4 84% 4e-05 27%
ZP 04961062.1  RTX toxin RtxA [Vibrio cholerae AM-19226] »gh|EDN15712.1] RTX 524 524 84% 4e-05 7%
E1H63941.1 RTX toxin RtxA [Vibrio cholerae HE-45] 52.4 52.4 84% 4e-05 27%
ZP 019823%1.1  RTX toxin RtxA [Vibrio cholerae 623-39] »gb|EDL72938.1| RTX tox 52.4 52.4 84% 4e-05 27%
EIH62273.1 RTX toxin RtxA [Vibrio cholerae HE-25] 52.0 52.0 84% 4e-05 27%
ABX24512.1 hemolysin [Listonella anguillarum] 52.0 52.0 84% 5e-05 27%
YP 004191172.1  autotransporter adhesin [Vibrio vulnificus MO6-24/0] =gb|ADVE89I 52.0 52.0 34% 6e-05 27%
NP 762440.1 autotransporter adhesin [Vibrio vulnificus CMCP&] =gb|AAQ07430.] 52.0 52.0 84% 6e-05 27%
NP 537086.1 RTX repeat-containing cytotoxin [Vibrio vulnificus YJ016] =dbj|BA( 52.0 52.0 84% 6e-05 27%
EGR0O8431.1 RTX toxin RtxA [Vibrio cholerae HE48] 51.6 51.6 84% 7e-05 27%
EG558021.1 RTX toxin RtxA domain protein [Vibrio cholerae HE-09] 50.8 50.8 84% le-04 26%
ZP 04410971.1  RTX toxin RixA [Vibrio cholerae TM 11079-80] =gb|EEC06653.1| R 50.8 50.8 84% le-04 27%
ZP 04418868.1  RTX (Repeat in toxin) cytotoxin [Vibrio cholerae 12129(1)] =gb|EE 50.8 50.8 84% le-04 26%
EIH50736.1 RTX toxin RtxA domain protein [Vibrio cholerae HC-43B1] 50.4 50.4 34% le-04 26%
EGS63061.1 PGAP1-like family protein [Vibrio cholerae B1G-01] 50.4 50.4 84% 2e-04 26%
ZP 05418777.1  RTX toxins and related Ca2+-binding proteins [Vibrio cholera CIRS 48.9 48.9 84% Ge-04 27%
YP 005333215.1  RTX toxin RtxA [Vibrio cholerae IEC224] »gb|AFC58227.1| RTX tox 48.9 48.5 84% 6e-04 27%
ZP 01970588.1  RTX toxin RtxA [Vibrio cholerae NCTC 8457] »gb|EAZ74142.1| RTx 46.9 48.9 34% Ge-04 27%
ZP 01677789.1 RTX toxin RtxA [Vibrio cholerae 2740-80] »gb|EAX57825.1| RTX tc 45.9 48.9 84% 6e-04 27%
AAD21057.1 RtxA protein [Vibrio cholerae] 48.9 48.5 84% 6e-04 27%
ZP 01579528.1  RTX toxin RtxA [Vibrio cholerae MZ0-2] =gb|EDM53577.1] RTX toy 48.9 48.5 84% 6e-04 25%
ZP 05237921.1 RTX toxin RtxA [Vibrio cholerae MO10] »gb|EET22690.1| RTX toxir 48.9 48.5 84% Ge-04 27%
YP 002810174.1  RTX toxin RtxA [Vibrio cholerae M66-2] »=ref|ZP_07008277.1| RTX 48.9 48.9 84% Ge-04 27%
NP 231094.1 RTX toxin RtxA [Vibrio cholerae 01 biovar El Tor str. N16961] =gb]| 48.9 48.5 84% 6e-04 27%
ZP 016814731  RTX toxin RtxA [Vibrio cholerae V52] »gh|EAX61706.1] RTX toxin | 48.9 48.5 34% 6e-04 27%
ZP 01975348.1  RTX [Vibrio cholerae B33] =gb|EAZ77024.1| RTX [Vibrio cholerae E 48.9 48.5 84% Ge-04 27%
EJH31540.1 RTX toxin RtxA [Vibrio cholerae CP1041(14)] 48.5 48.5 84% 6e-04 27%
YP 005633514.1  RTX (Repeat in toxin) cytotoxin [Vibrio cholerae LMA3984-4] =gb|, 48.9 48.5 84% 6e-04 27%
ZP 01956295.1 RTX toxin RtxA [Vibrio cholerae MZ0-3] »gb|EAY41476.1] RTX tox 48.5 48.5 84% Ge-04 27%
3FZY A Chain A, Crystal Structure Of Pre-Cleavage Form Of Cysteine Prote 47.4 47.4 84% 0.001 26%
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3FZY A Chain A, Crystal Structure Of Pre-Cleavage Form Of Cysteine Prote 474 47.4 84% 0.001 26%
ZP 06028842.1  autotransporter adhesin [Vibrio cholerae INDRE 91/1] =gb|EEY491! 47.8 47.8 84% 0.001 27%
ZP 04400836.1  autotransporter adhesin [Vibrio cholerae B33] =ref|ZP_04407919.1 474 47.4 84% 0.002 27%
ZP 04334484.1  RTX protein [Vibrio cholerae BX 330286] »gb|EEO22114.1| RTX prt 474 47.4 84% 0.002 27%
YP 0012170051 RTX protein [Vibrio cholerae 0395] =ref|ZP_06036949.1| RTX prot 474 47.4 84% 0.002 27%
EGS48622.1 PGAP1-like family protein [Vibrio cholerae HC-48A1] =gb|EGS49593% 474 47.4 84% 0.002 26%
ZP 04405275.1  autotransporter adhesin [Vibrio cholerae TMA 21] »gb|EEQ12545.1 474 47.4 84% 0.002 26%
ADV76432.1 RTX toxin RtxA [Vibrio vulnificus] 431 43.1 84% 0.046 27%
YP 004566017.1  FrpC [Vibrio anguillarum 775] >gb|AEH32975.1| FrpC [Vibrio anguill 539 53.9 83% 1e-05 28%
YP 003041803.1  rix toxin RtxA [Photorhabdus asymbiotica subsp. asymbiotica ATC( 52.8 52.8 83% 3e-05 27%
| RF 286471 hypothetical protein plu1341 [Photorhabdus Tuminescens subsp. Tat 45,8 EER 3% 0.008 5
NP _528648.1 hypothetical protein plul344 [Photorhabdus luminescens subsp. la 43.5 43.5 83% 0.030 26%
ADV76433.1 RTX toxin RtxA [Vibrio vulnificus] 42.7 42.7 83% 0.062 28%
YP 003041848.1  RTX toxin RtxA-like protein [Photorhabdus asymbiotica subsp. asyr 47.0 47.0 82% 0.002 24%
NP 530545.1 hypothetical protein plu3324 [Photorhabdus luminescens subsp. la 45.4 45.4 82% 0.007 27%
CBA721328.1 LRR-MCF ORF3 [Arsenophonus nasoniae] 43.5 43.5 79% 0.033 24%
AACDB437.1 truncated toxin A [[Clostridium] difficile] 159 158 68% Je-42 50%
CAC13893.1 truncated toxin A [[Clostridium] difficile] 157 157 68% Je-41 49%
CAA71690.1 TedA protein [[Clostridium] difficile] 157 157 68% Je-41 49%
ADX36388.1 putative RTX-toxin [Vibrio vulnificus] 42.7 42.7 55% 0.054 26%
EH131823.1 hypothetical protein HMPREF1123_00959 [Clostridium difficile 050-1 79.3 78.3 33% Ge-15 46%
EH131824.1 hypothetical protein HMPREF1123_00960 [Clostridium difficile 050-| 106 106 30% 3e-23 70%
Alignment information for genes shown in Table 4.2:
C. difficile tcdA
)b | BFNS2237.1 TedlA [[Clestridium] difficile]
Length=2710
Score = 270 kbits (&90), Expect = 2e-79, Method: Compcositiconal matrix adjust.
Identities = 128/224 (57%), FPositives = 170/224 (76%), Gaps = 3/224 (1%)
fuery 1 DODNLDFSQNIVVDEEYLLE-KISS--LARSSERGYIHYIVQLQGDKISYERACHLFAKIE 57
D+ +DF++M +DE YLL KI S5 + + + Y+HYI+QLQED ISYEL CHLEF+K P
Sbjet 545 DNEVDFNENTALDENYLLNNKIPSHNVEEAGSENYVHYIIQLQGDDISYEATCNLESENE 604
Query 58 ¥OSVLFQENIEDSEIAYYYNPGDGEIQEIDKYKIPSI ISDRPRKIKLIFIGHGKDEFNTIDI 117
+3++ QN+ +3 +T+ + I E++KY+IF + ++ K+H+TFIGHGKDEFNT
Sbjct 605 ENSIIIQRNMNESAKSYFLSDDGESILELNKYRIFPERLENHEKVEVIFIGHGHDEFNTSE 664
fuery 118 FAGFDVDSLSTEIEAAIDLAKEDISPHSIEINLLGCHMFSYSINVEETYPGKLLLEVEDK 177
FL  WDSLS EI + +D K DISPH++E+NLLGCHMFSY NVEETYPGHLLL + DK
Sbjct 665 FARLSVDSLSNEISSFLDTIKLDISPENVEVNLLGCHMFSYDFNVEETYPGKLLLSIMDK 724
Query 178 ISELMPSISQDSIIVSANQYEVRINSEGRRELLDHSGEWINKEE 221
I+ +F +++DSI + RANQYEVRINSEGR+ELL HSG+WINKEE
Sbjct 725 ITSTLPOVHNKDSITIGRANQYEVRINSEGRKELLAHSGKWINKEE 763
2[lres|2P 05270743.1] toxin L [Clostridium difficile QCD-66026]
r ZP_05354878.1] toxin A [Clostridium difficile QCD-TE&WSS]
ref|ZPF 05383759.1 toxin B [Clestridium difficile QCD-97b34]
B8 more sequence titles
Length=2710
Score = 270 bits (g90), Expect = 2e-79%, Method: Compositional matrix adjust.
Identities = 128/224 (57%), Positives = 170/224 (76%), Gaps = 3/224 (1%)
Query 1 DDNLDFSQNIVVDEEYLLE-KISS--LARSSERGY IHY IVQLQGDKISYERACNLFRAKIP 57
D+ +DF++N +DK YLL KI S + + + Y+HYI+QLQGD ISYER CNLF+K P
Sbjct 545 DNGVDFNENTALDENYLLNNKIPSHNNVEEAGSENYVHYIIQLQGDDISYEATCNLESKNE 604
Query 58 ‘)‘.’Z)S*\-"L.F"‘[{[\IIEZ)SEIAYYYNP.JZ).:EI"EIZ)["YE-'II—‘SIISZ)RI—‘[-’I[{L.IFI.:H.:P’?EENIZJI 117
+3++ Q+N+ +5  +¥ E++KY+IF + ++ H+E+TFIGHGHDEFNT
Sbjct 605 [-:NsIIIMESAP‘S&:FLS::-:::.:ESILEI_M-'YRIPERL[-:NE{EE—"«'[-“«‘IEI.JH.:DEENISE B64
Query 118 FAGFODVDSLSTEIEAAIDLAKEDISPHSIEINLLGCHNMFSYSINVEETYPGKLLLEVEDK 177
FA  WDSLS EI + +D K DISPE++E+NLLGCHMFSY NVEETYPGKLLL + DK
Sbjet 665 FARLSVDSLSNEISSFLDTIKLDISPENVEVNLLGCHMFSYDFNVEETYPGKLLLSIMDK 724
Query 178 ISELMPSISQDSIIVSANQYEVRINSEGRRELLDHSGEWINKEE 221
I+ +F +++DSI + RNQYEVRINSEGR+ELL HSG+WINKEE
Sbjct 725 ITSTLEDVHKDSITIGANQYEVRINSEGRKELLAHSGEWINKEE 768
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C. sordellii tcsL

Query
Shict
Query
Sbict
Query
Shict
Query
Shict

Score =
Identities

1
548
6l
6806
121
666

>Demb CRR57959.1] cytotoxin L [[Clostridium] sordellii]
Length=2384

340 bits (873), Expect = 4e-104, Method: Compositional matrix adjust.

= 164/221 (74%), Positives = 1907221 (26%), Gaps = 0/221 (0%)

DONLDFSONIVVDKEYLLEKTSSLARSSERGYTHYIVQLOGDKISYERACNLFAKTEYDS 60
DODNLDE+QN V+DE+Y+ +KI 5 ++ + YIHYIVQLQGDKISYEA+CNLF+K PY 5
DONLDFAQNTVLDKDYVSKKILSSMKTRNKE Y THY IVQLOGDKI SYEASCNLEFSKDEYSS 605

VLFQENIEDSEIAYYYNPGDGEIQEIDKYKI PSIISDRFKIKLTFIGHGKDEFNTDIFAG 120
+L+QENIE SE AYYY D EI+EIDEY+IF I5++ IKLIFIGHGE EFNID FA
ILYQENIEGSETAYYYYVADAEIKEIDKYRI PYQISNKRNIKLTFIGHGKSEFNTDTFAN 665

FOVDSLSTEIEARIDLAKEDISPKSIEINLLGCHMFSYSINVEETYPGKLLLEVEDKISE 180
DVDSLS+EIE ++LAK DISPK IEINLLGCNMFSYSI+ EETYPGKLLLE+ED++3E
LOVDSLSSEIETILNLAKADT SPKYIEINLLGCHMFSYSISAEETYPGKLLLKIKDRVSE 725

IMPSISQDSIIVSANQYEVRINSEGREELLDHSGEWINKEE 221
IMPSISQDSI VSANQYEVRIN EG+RE+LDHSG+WINKEE
IMPSISQDSITVSANQYEVRINEEGKREILDHSGEKWINKEE 766

C. perfringens tpeL

Score

Query
Sbiect
Query
Sbjct
Query
Sbict
Query

Skict

Score

Query
sbict
Query
Sbiect
Query
Sbjct

Query

Sbict

sllres 2P 02636204.1 Tpel [Clostridium perfringens B str. ATCC 3626]
gb|EDT23010.1 Tpel [Clostridium perfringens B str. ATCC 3624]
Length=1776&

= 216 bitas (551), Expect = &e-gl, Method: Compositicnal matrix adjust.

Identities

1
542
59
602
119
659
175

713

= 113/223 (51%), Positives = 155/223 (70%), Gapa = 5/223 (2%)

DDNLDFSQNIVVDEEYLLEKISS--LARSSERGY IHYIVQLOGDEI SYERACNLFAKTFY 58
+D L+F++N ++DK LL +I+5 L ++ Y+ YI+QLOGDE+SYERR NLF K P
NOKLNFNENKIIDEVELLNREINSHNNLINFDDEEYLRYIIQLOGDEVSYERRTINLFTENES 601

DSVLFQENIEDSEIAYYYNPGDGEIQEIDKYKIPSIISORPEIKLT FIGHGKDEFNTIDIF 118
+3+L @ E + I+YY+N I I IF I+ + KIKLIFIGHGH+EFNI+ F
NSIL'“———EINNISYYFNSEYVQT3QT“F3NIPFTIV“HNPIHLIFI"H"FFFFNIERF 658

AGFDVDSLSTEIEARTDLAKEDISPKSIEINLLGCHMFSYSINVEETYPGELLLEVEDKI 178
B WV 5 +I +0+ K + + K I+I+LLGCNMFSY+INVEETYPGELL V D +
ASLIVEEFSEKIYEVLOMIKSNINVEEIQIDLLGCHMFSYNINVEETYPGELLEVVLDYV 718

SELMPSISQDSIIVSANQYEVRINSEGRRELLDHSGEWINKEE 221
++ + + I +3RBNQYEVRIN +G+H+ELL HSGEWH+EEE
DEIYNADIKFEIKISRNQYEVRINEDGKEELLSHSGEWLSKEE 761

s linq |BAF46125.1| Tpel [Clostridium perfringens]
Length=1651

= 216 bita (550), Expect = Te-6l, Method: Compositicnal matrix adjust.

Identities

1
545
59

= 113/223 (51%), Positives = 155/223 (70%), Gaps = 5/223 (2%)

DDNLDFSQNIVVDEEYLLEKI55--LARSSERGY IHY IVQLOGDEI SYERACNLFAKTFY 58
+0 L+F++N ++DK LL +I+5 L ++ Y+ YI+QLOGDE+SYERR NLF K P
NOKLNFNENKIIDEVELLNEINSHNLINFDDEEYLRY IIQLOGDEVSYERRTINLFTENES 604

DSVLFQENIEDSEIAYYYNPGDGEIQEIDKYKIPSIISORPKIKLI FIGHGKDEFNTIDIF 118
+3+L @  E + I+Y¥Y+N I I IF I+ + KIKLIFIGHGH+EFNI+ F
HSILVQ---EINNISYYFNSEYKSIDSIQFDNIPEILEGENKIKLIFIGHGEEEFNTERF 661

AGFDVDSLSTEIEARTDLAKEDISPESIEINLLGCHMFSYSINVEETYPGELLLEVEDKI 178
B Vv 35 +4I +0+ K + + K I+I+LLGCHNMFSY+INVEETYPGELL V D +
ASLIVEEFSEKIYEVLIMIKSNINVEEIQIDLLGCHMFSYNINVEETYPGELLEVVLDYV 721

SELYPSIS“DSIIJSAN“YEVRINSEaRRELLDHSaEEINHEE 221
+ + I +SAN“YEVRIN +5++ELL HSGEWHEEE
DFIYNADIFPEIPISAN“YE?RINFDaKKELLSHSaEWLSHEE T84
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C. novyi a toxin

sl lenh |CRREESE5.1| alpha-towin [Clostridium novyil
Length=2178

Score = 127 bits (318), Expect = 7e-30, Method: Compositional matrix adjust.
Identities = §0/225 (36%), Positives = 1317225 (53%), Gaps = 14/225 (4%)

Query 1 DONLDFSQNIVVLDEEYLLEKI S5LARSS--ERGYIHYTVQLOGDKISYERACNLFAKTEY 58
+0 L+F++ W LI+ I + + E ++ I+Q+QGD ISYE+R M4F K P
Sbjct 551 EDGLNFNEWKEWITSELLEVIEEVNSTKIYENYDINMILQIQGDDISYESAVNVEGENEN 610

Query 59 DSVLFQENIEDSEIRYYYNPGDGEIQEIDEYKIPSIISDRFEIEKLIFIGHGECEFNIDIF 118
StL Q@ +D ti+ +H3+Q + I 5 +0 KIELT IGHGH FN +F
Sbjct 611 KESILIQ-GVDDFANVFYFE--NGIVQSDNINNILSRFNDIEEIELILIGHGENVENEKLE 667

Query 115 AGFIVDSL3TEI----- EXRTDLAKEDISPKSIEINLLGCHMFSYSINVEETYPGELLLE 173
G VLTI + ++ + K ++IN+LGC MF+ +++ T+ GEL K
Sbjct 668 GEKTVNDLYINIIKPRLQHLLEREGVILENEYLKINILGCYMFIPEVDINSTEVGELENE 727

Query 174 VEDKISEIMP-SISQDSIIVSANQYEVRINSEGRRELLDHSGEWI 217
+ +L B 5++ + +52N+Y +RIN EG+RE+LD+ G+i+
Sbjct 728 I5---BDLQPEGFSENQLEISANKYAIRINREGEREVLDYFGEWV 769

C. perfringens tcpA

»Clref|zP 02865634.1] Tcph [Clostridium perfringens C str. JGS1495]
gb|EDS79391.1 Tcph [Clostridium perfringens C str. JG51485]
Length=1776

Score = 216 kits (551), Expect = &e-61, Method: Compositicnal matrix adjust.
Identities = 113/223 (51%), Positives = 155/223 (70%), Gaps = 5/223 (2%)
Query 1 DDNLDFSONIVVDEEYLLEKTI SS5--LARSSERGYIHYIVQLOGDKISYERRCNLFAKTEY 58
+D L+F++N ++DK LL +I+5 L ++ ¥+ YI+QLOGDE+SYELR NLF K P

Sbjct 542 NDELNFHENKIIDEVELLNREINSHNNLINFDDEEYLRYITQLOGDEVSYELRARINLFIENES &01

Query 59 DSVLFQENIEDSEIAYYYNPGDGEIQEIDKYKIFSTIISODRFEIKLTFIGHGEDEFNTDIF 118
+5+L E + I+¥YY+H I I IF I+ + EIEKLTFIGHG++EFNT+ F
Skjct @02 NSILVQ---EINNISYYFHNSEYESIDSIQFDNIFEILEGENKIKLTIFIGHGEEEFNIERF &58

o

Cuery 118 AGFDVDSLSTEIEAATIDLAKEDISPESIEINLLGCHMFSYSINVEETYPGELLLEVEDEI 17
z W 5 +1 +D+ K + + K I+I+LLGCHMFSY+INVEETYPGELL W D +
Sbjct &59% ASLIVEEFSEEIYEVLDMIESHNINVEEIQIDLLGCHMEFSYNINVEETYPGELLEVVLDYV 71

i)

Query 17% SELMPSISQDSIIVSANQYEVRINSEGEREELLDHSGEWINEEE 221
++ + + I +5RBNQYEVRIN +G++ELL HSGEW++EEE
Skjct T1% DEIYNADIKFEIKISANQYEVRINEDGEEELLSHSGEWLSEEE 761

s lref|zP 02636804.1] Tpel [Clostridium perfringens B str. ATCC 3626]
gb |EDT23010.1 Tpel [Clostridium perfringens B str. ATCC 3628]
Length=1776

Score = 216 kits (551), Expect = &e-61, Method: Compositicnal matrix adjust.
Identities = 113/223 (51%), Positives = 155/223 (70%), Gaps = 5/223 (2%)
Query 1 DDNLDFSONIVVDEEYLLEKTI SS5--LARSSERGYIHYIVQLOGDKISYERRCNLFAKTEY 58
+D L+F++N ++DK LL +I+5 L ++ ¥+ YI+QLOGDE+SYELR NLF K P

Sbjct 542 NDELNFHENKIIDEVELLNREINSHNNLINFDDEEYLRYITQLOGDEVSYELRARINLFIENES &01

Query 59 DSVLFQENIEDSEIAYYYNPGDGEIQEIDKYKIFSTIISODRFEIKLTFIGHGEDEFNTDIF 118
+5+L E + I+¥YY+H I I IF I+ + EIEKLTFIGHG++EFNT+ F
Skjct @02 NSILVQ---EINNISYYFHNSEYESIDSIQFDNIFEILEGENKIKLTIFIGHGEEEFNIERF &58

Query 11% AGFOVDSLSIEIEALTIDLAKEDISPESIEINLLGCHMFSYSINVEETYPGELLLEVEDEI 17
z W 5 +1 +D+ K + + K I+I+LLGCHMFSY+INVEETYPGELL W D +
Sbjct &59% ASLIVEEFSEEIYEVLDMIESHNINVEEIQIDLLGCHMEFSYNINVEETYPGELLEVVLDYV 71

o

i)

Query 17% SELMPSISQDSIIVSANQYEVRINSEGEREELLDHSGEWINEEE 221
++ + + I +5RBNQYEVRIN +G++ELL HSGEW++EEE
Skjct T1% DEIYNADIKFEIKISANQYEVRINEDGEEELLSHSGEWLSEEE 761
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Photorhabdus luminescens subsp. laumondii hypothetical protein

GENE TD: 2201319 plul3d4l | hypothetical protein
[Fhotorhakbdus luminescens subsp. laumcondii TTO1] (10 or fewer PubMed links)

Score = 45.8 bkits (107), Expect = 0.008, Method: Compositicn-based stats.

Identities = 446/186 (25%), Positiwves = 24/186 (45%), Gaps = 31/186 (17%)

Query 36 ITWQLY DFISYEAA"NLFAFTPYDS?LF“KNIEDSEIAYYYNPaDaEI“EID?YFIPSII a5
I+“++ DI +ARh HNL K F 3V+ + D++ ¥+ B+ +

Sbjct 26035 IIHMEDDPIJAHBAINLAaKHPDSS’JVKL———DADaFYHVIDaD ——————————— PLG 2650

Query 96 SDRPFIKLIFIaHaFDEF——NIDIFAaFD'DSLSIEIEAAIDLAHEDISPFSIEINLL 153
5 E++ +GHG+DE N +5+ D L+ +++ P+ T T +SC

Sbjct 2651 SG--ELERWQIV aHaRDESIHNNIRLSaYRADELAIKLKQFS“DFEHAa?FERISI——VGC 2708

Query 154 NMFSYSINVEETYPGELLLEVEDEISELMPSTISQDSIIVSANQYEVRINSEGREELLDHS 213
++ 5 ¥ L + S5E W3 + +V +++ GE+ D +
Sbject 2707 SLISDDEQNGFAYRFMFALDEQGIRSE-—————-———— WIVERSDVAVDATGREFIRDEN 2755

Query 214 GEWINK 219
FWHE+
Sbjct 2756 YQWVNR 2761

ﬂ[]:ef NP _930545.1 [Ei hypothetical protein plu3324 [Photorhabdus luminescens subsp.
laumondii TTO1]

mb | CAFE]15698.1 E unnamed protein product [Photorhabdus luminescens subsp.
TTO1]
Length=3531

GENE TD: 2803336 plu33Z4 | hypothetical protein
[Fhotorhabdus luminescens subsp. laumondii TTO1] (10 or fewer PubMed links)

Score = 45.4 bits (104), Expect = 0.007, Method: Composition-based stats.

Identities = 50/188 (27%), Positiwes = 897188 (47%), Gaps = 33/188 (l8%)

Query 36 VLD DFISYEAA"NLFAFTPYDS?LF“KNIEDSEIAYYYNPaDaEI“EID?YFIPSII a5
I+“++ D I+ AR NL K G++ ++

Sbijct 2463 ILHMEDDPIAARAAANLAaKHPDSS?JI“LDANaFYRV?Y ————— GDLAKLSHN-—————— 2510

Query 9& SDRFEIKLIFIGHGKD--EFNIDIFAGFDVDSLSTEIEA———-ATIDLAKEDISPESIEINL 150

E++ +GHG+D E N +6+ D LAT+++ 2 L E+ IS K I+L

Sbjct 2511 ————-KLEWJVVGHGRDISEQNNIRLSGYSADELATEKLEQFYQARKLGEQAIS-KFDHISL. 2543

Query 151 La"NYFSYSIN?EEIYPaKLLL??FQFISELYPSIS“DSIIJSAN“YE?RINSEaRRELL 210
+5C++ 5 H + + + + ++ I D VSR EV +++ GB+

Skjct 2566 VGCSLISD**NHRDaFARRFIIELDKQ 777777 GIRSD-—-VSRRSSEVAVDATGREFIR 2614

Query 211 DHSGEWIN 218

LTI NT

Yersinia mollaretii RTX toxin

>E]“E_|ZE 04642320.1| RTX toxin and Ca2+-binding protein [Yersinia mollaretii ATCC
43963]

gb |EEQ09150.1 BT¥X toxin and Ca2+-kinding protein [Yersinia mollaretii ATCC
439463]

Length=1998

Score = 78.6 bits (182), Expect = 1le-13, Method: Compositicnal matrix adjust.
Identities = 58/213 (27%), Positives = 102/213 (48%), Gaps = 19/213 (9%)

Query 14 KEYLLEFISSLARSSERaY IHYIVOLOGDEISYERRCNLFAETFYDSVLEQ———ENIED &9
KE+ L + GY I+“L“ D+ +++A FREKE F 5 Q NI D
Sbjct 533 KEHFLILLDEJH?ESSFaYE?“LII“L DEI"FFSAHAFFAKHPKQSEWL”LIJaNINJ 582

Query 70 SEIAYYYNPaDaEI“EIDFY?IPSIISDRP?IKLIFIaHaFDEFNIDIFAaFD'DSLSIE 1235
+ ++ D DE F + +++ +GHG ++ FAG
Sbjct 5893 ———JFIESISDNHY“YIDF;——PLALEFSaA'RIIL GHG--—--DSEQFAGMSAVIVGEAT 642

Query 130 IEARAIDLAKEDISPK--SIEINLLGCNMFSYSINVEETYPGKLLLEVEDKISELMPSISQ 187
+ D+ + K +I++N+ GCH+F  + +E+T+PG+L + + ++ +
Sbjct 643 LGKVFDKISHQGATKFNNIKLNMAGCSLFDTYLPLEQTFPGQLATWMNERAD--FWGLKEF 700

Query 88 DSIIVSANQYEVRINSEGRRELLDHSGEWINEE 220

+ + W A +Y +R G++E+ GEWINEE
Sbjct 701 EQLSVVAYEYFLEAVENGEEKEIFV-EGEWINEE 732

>E]“E_|ZE 04640347.1| Methyl-accepting chemotaxis protein [Yersinia mollaretii ATCC

43969]

agb EEQlll41 1 Methyl-accepting chemotaxis protein [Yersinia mollaretii ATCC

43969]

Length=1797

Score = T74.7 bits (182), Expect = 2e-12, Method: Compositiconal matrix adjust.

Identities = 56,194 (29%), Positives = 99,7194 (51%), Gaps = 16/1394 (8%)

Query 34 HY———-ITVQLOGDKISYERARCNLFAKT FYDSVLFQENIEDSETAYYYNPGDGEIQEIDKY &9
HY I QLOGD +EAR+ LF K Y 3 Q + D+ R + G+ + + ¥

Sbjct 380 HYEETLIFQLO DDI"FEASRALFNHHRYISEWL“——LaDa?PAE?FI GETYEKFV--Y 435

Query 390 FIPSIISDRFFIKLIFIaHa?ﬁEFNI}IFAaF}'DSLSIEIEAAI ]LAHE]ISPFSIEI 148
EI++T +GHG+ E +T F G + ++L E
Sbjct 434 ISPLKLDKEa?IRIIL«aHaEIEaDIIIF HNAEILKGHLSSLFARLaSSS?LIF“IIL 435

Query 149 NLLGCNMFSYSINVEETYPGELLLEVEDEISELMPSISQDSIIVSANQYEVREINSEGRRE 208
ML GC++ + + +T BG+L + +K + +E++ + + V+Bh + ++ +  G++E
Sbjct 498 NLIGCSLLNPEQPLADTLPGQLATWLEQR-AETIL-GLDDSHWSVHARENDLLVLENGEEE 553

Query 209 LL--DHSGEWINEE 22
+ DEH WINEE
Sbjct 554 IRINDH-—-WINEE 564
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P. asymbiotica subsp. asymbiotica RTX toxin

ﬂ[]“e‘llE 003041903.11 lEi rtx toxin Rtxd [Photorhabdus asymbictica subsp. asymbictica ATCC
43949]

CARGET497.1 IE! similar to rtx toxin rtxa [Photorhabdus asymbiotica subsp. asymbioctica
AI"” 439849]

emb | CAQE5161.1 IE! gimilar to rtx toxin rtxa [Photorhabkdus asymbictical
Length=4088

GENE TD: 8167608 PRU 03073 | rtx toxin Rtxh
[Photorhabdus asymbiotica subsp. asymbioctica ATCC 43949]
{10 or fewer PubMed links)

Score = 52.8 bits (125), Expect = 3e-05, Methcod: Compositicn-based stats.

Identities = 51/1286 (27%), Positives = B5/186 (46%), Gaps = 31/13& (17%)

Query 36 IV LK I SYEAACNLFAKT PYDSVLFQENIEDSETAYYYNPGDGEIQEIDKYKIPSII 95
I+QIL+ DI +4+AL NL K P 5V+ + D+ ¥+ GD P+

Skjct 3001 IIQLENDPIVARAAINLAGKHPDSSVVVEL---DADGEYHLIYGD-————————— PDSL 3046

Query 96 SORPEIKLTFIGHGHDE——FNIDIFAGFDVDSLSTEIERRTDLAKEDISPESIEINLLGC 153
3 E++ +GHG+DE +N +53+ D L+ +++ ++ P I I +5C

Sbjct 3047 S6--KLRWQIVGHGRDESAYNNIRLSGYSADELATIKLEQFSQSFEQRAGKFDRISI--VEC 3102

Query 154 NYFSYSIN?EEIYFaKLLLF?FjFISELYPSISQDSII?SBNQYEVRINSEGRRELLDHS 213
++ 5 + DE I D VSR + EV +++ GR+ D+
Skjcr 3103 SLISEQHRNaFAYR———FIIALQF ————— GIRSD-—-VSARRSEVAVDLTGREFIRDEN 3151

Query 214 GEWINK 219
+W+NE
Sbjct 3152 HNHQWVNE 3157

Vibrio cholerae RTX toxin

>E]gb EGD99461 .1 BTY toxin Btxk [Vikbrioc choleras HE39]
Length=4545

Score = 52.4 bkits (124}, Expect = 4e-05, Method: Compositicon-based stats.
Identities = 53/196 (27%), Positives = S57/196 (44%), Gaps = 437196 (22%)
Query 36 VOGO I SYERARCHNLFAKT FYDSVLEQENIEDSETAYYYNPGDGEIQEIDEYKEIFSII 95
IJ“++ D+ +28 NL K P 5V+ D5+ ¥ GD PS5 +
Skjct 3463 IVOMENDDVVAERLALNLAGEHPESSWVVVQL-——DSDENYEVWVYGED-——————————— PSEL 3508
Query 94 SCREKIKLTFIGHGKD——-EFNIDIFAGFDVDSLSTEIEAATDLAK - ——————— EDISPES 145
E++ +GHG+D E N +5+ D L L+ LARE E+I+ K
Skijct 3509 DG——-KLEWRLVGHGRDHSESHNITRLSGYSADEL—————— AVELAEFQRSFHQRENINNEEF 3560
Query 144 IEINLLa"NYFSYSIN?EEIYPaKLLLF?FDFISELYPSIS“JSIIJSAN“YE?RINSEa 205
I+++GEC++ 5 + D K] E+ G
Skjct 3561 3HISIVGCSL'S———DQF“F“FaHﬁFINAYEA ———————— NaLR ?SvRSSELIvDEAa 3809

Query 20& ERELLDHSGEWINEEE 221
B+ D +5+W+ K E
Sbjct 3610 EEHTEDANGDWVQERE 3625

s[Clref|ZP 04961062.1| RTX toxin Rtxk [Vibrioc cholerae AM-19226]
gb |EDN15712.1] RIZ toxin RtxA [Vibrio cholerae AM-19226]
Length=45582

Score = 52.4 kits (124), Expect = 4e-05, Method: Compositicn-based stats.
Identities = 53/19& (27%), Positives = E7/1968 (44%), Gaps = 437198 (22%)
Query 34 IJ“LQGDFISYEAA"NLFAFTPYDS?LF“KNIEDSEIAYYYNPaDaEI“EIDFYFIPSII a5
IVQ++ D + +R2 NL K P 3V+ D5+ ¥ GD B3 +
Skijct 3478 IfQMENDD??}H}AANLAaKHPESS???“L———DSDaNYR??YaD ——————————— P5SKL 3521
Query 94 SDRPEIKLTFIGHGED--EFNIDIFAGFDVLSLSTEIEARTIDLAK - ——————— EDISEKES 145
E++ +5HG+D E N ++ D L B+ LAK E+I+ K
Skjct 3522 DG-—-KLRWQLVGHGRDHSESMNIRLSGYSADEL-————- AVELAKFQQSFNQRENINNEE 3573
Query 144§ IEINLLGCHMEFSY SINVEETYPGHLLLEVEDEISELMPSISQDSIIVSANQYEVRINSEG 205
I+++EC++ S + ++ G + D + + VS E+ ++ G
Skijct 3574 DHISIVGECSLVS———-DDEQEGFGHQF INAMDRA — ——————— MNGLEVDVSVRSSELAVDERS 3622

Query 204 BERELLDHSGEWINEEE 221
B+ D +G+W+ K E
Sbijct 3623 PREHTEDANGDWVOEAE 3638
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8.4.2.3. Membrane translocation domain
Analysis of the membrane translocation domain of C. difficile toxin B revealed the
following alignments:

+ BLAST My NCBI
A

Home = RecentResults | Saved Strategies | Help |1sian in1 Reais|

CBI/ BLAST/ blastp suite/ Formatting Results - 0JZ7BZFD013
Edit and Resubmit Save Search Strategies b Formatting options & Download

630_Q189K3-1/1-2366

Query ID |cl|96548 Database Name nr
Description 630_Q189K3-1/1-2366 Description All non-redundant GenBank CDS translations+PDB+SwissProt+PIR+PRF
Molecule type amino acid excluding environmental samples from WGS projects
Query Length 172 Program BLASTP 2.2.26+ = Citation

Other reports: & Search Summary [Taxonomy reports] [Distance tree of results] [Multiple alignment]

[EM DELTA-BLAST, a more sensitive protein-protein search  g)

EGraphic Summary
(=)Show Conserved Domains

Putative conserved domains have been detected, click on the image below for detailed results.

1 25 S0 k- 100 12‘5 150 172
Query seq. e s ———
Superfanilies [ TedA_TedB_pore superfamily

Distribution of 78 Blast Hits on the Query Sequence &

‘Muuse over to see the defline, click to show alignments ‘

Color key for alignment scores

<40 40-50 80-200 >=200

Q u ey | —
] | 1 | | 1

1 30 60 [0 120 150
Sequences producing significant alignments:

Accession | Description | Max score Total score ‘_\ Duery coverage E value Max ident
ADHS4625.1 TedB [[Clostridium] difficile] 334 334 100% Lle-102 100%
ADHG4629.1 TedB [[Clostridium] difficile] 334 334 100% Lle-102 100%
EH140398.1 cell wall-binding repeat protein [Clostridium difficile 70-100-2010] 334 334 100% Lle-102 100%
YP 001087135.1  tcdB gene product [Clostridium difficile 630] =ref|ZP_05349824.1]| 334 334 100% le-102 100%
EH131817.1 cell wall-binding repeat protein [Clostridium difficile 050-P50-2011] 334 334 100% le-102 100%
CAAB0B15.1 toxin B [[Clostridium] difficile] 334 334 100% Lle-102 100%
ADHS4636.1 TedB [[Clostridium] difficile] 334 334 100% Lle-102 99%
ADHS4634.1 TedB [[Clostridium] difficile] 334 334 100% Lle-102 99%
ZP 053287441 toxin B [Clostridium difficile QCD-62g42] 333 333 100% 2e-102 99%
AAG18011.1 cytotoxin B [[Clostridium] difficile] 333 333 100% 2e-102 99%
ADHS4628.1 TedB [[Clostridium] difficile] 332 332 100% e-102 99%
ADHS4633.1 TedB [[Clostridium] difficile] ki | 331 100% le-101 99%
ADHE4623.1 TedB [[Clostridium] difficile] 328 328 100% 2e-100 97%
ADHS4630.1 TedB [[Clostridium] difficile] 328 328 100% 2e-100 97%
ZP _05270740.1 toxin B [Clostridium difficile QCD-66c26] =ref|ZP_05321143.1| toxi 328 328 100% 2e-100 97%
ADHS4635.1 TedB [[Clostridium] difficile] 328 328 100% 2e-100 97%
ADHS4624.1 TedB [[Clostridium] difficile] 327 327 100% 4e-100 97%
ADHG4632.1 TedB [[Clostridium] difficile] 325 325 100% 1e-99 57%
ADHS4631.1 TedB [[Clostridium] difficile] 325 325 100% 1e-99 97%
ADHG4627.1 TedB [[Clostridium] difficile] 325 325 100% 1e-99 97%
ZP 05400113.1 toxin B [Clostridium difficile QCD-23m63] 325 325 100% 1e-99 97%
ZP 058512238.1 toxin B [Clostridium difficile NAPOS] =ref|ZP_06902243.1| toxin B [ 325 325 100% 2e-99 97%

-EAAS 75— ytotoxT T e iostridiom sordetiit — S —roan s Z=ar
ADHO4626.1 TcdB [ Clostridium] difficile] 213 313 100% 2g-95 94% ]
CAC18891.1 toxin B [[Clostridium] difficile] 33 313 100% 2e-95 94%
EH140401.1 cell wall-binding repeat protein, partial [Clostridium difficile 70-100 226 226 100% 7e-65 60%

22 2 100 2o 65 o5

P gE333747 1 o BTl b e e asd
e ey toxtr A TCros ot e e STE 03t 2T

=]
(]
s
-

ZP 05321146.1 toxin A [Clostridium difficile CIP 107932] 226 100% 9e-65 80%
ZP_06902240.1 toxin A [Clostridium difficile NAPO7] >gb|EFH16595.1| toxin A [Clos 226 226 100% 9e-65 80%
YP 001087137.1  tcdA gene product [Clostridium difficile 630] >emb|CAJE7494.1| T 226 226 100% Se-63 80%
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TcdB [[Clostridium] difficile]

ADHS4631.1 325 325 100% 1e-99 97%
ADHO4627.1 TedB [[Clostridium] difficile] 325 325 100% 1le-99 97%
ZP 05400113.1 toxin B [Clostridium difficile QCD-23m63] 325 325 100% 1e-99 97%
ZP 068591228.1 toxin B [Clostridium difficile NAPO8] =ref|ZP_06902243.1| toxin B [ 325 325 100% 2e-99 97%
CAAS7958.1 cytotoxin L [[Clostridium] sordellii] 318 319 100% 3e-97 92%
ADHO4626.1 TedB [[Clostridium] difficile] 313 313 100% 2e-95 94%
CAC19891.1 toxin B [[Clostridium] difficile] 313 313 100% 2e-95 94%
EH140401.1 cell wall-binding repeat protein, partial [Clostridium difficile 70-100 226 226 100% Te-65 60%
ZP 05328747.1 toxin A [Clostridium difficile QCD-63g42] 226 226 100% 7e-65 60%
ZP 05321146.1  toxin A [Clostridium difficile CIP 107932] 226 226 100% 9e-65 60%
ZP 06502240.1 toxin A [Clostridium difficile NAPO7] >gb|EFH16595.1| toxin A [Clos 226 226 100% 9e-65 60%
¥P 001087137.1  tcdA gene product [Clostridium difficile 630] »emb|CAJ&67494.1| T 226 226 100% Se-65 60%
ZP 05400116.1 toxin A [Clostridium difficile QCD-23mé&3] 225 225 100% Se-65 60%
ZP 05349827.1 toxin A [Clostridium difficile ATCC 43255] =gb|AAA23283.1| toxin # 226 226 100% le-64 60%
EB16154.2 RecName: Full=Toxin A »emb|CAA36094.1| unnamed protein prodc 226 226 100% le-64 60%
ZP _07405637.1 toxin A [Clostridium difficile QCD-32g58] 225 225 100% le-64 60%
EH131824.1 hypothetical protein HMPREF1123_00960 [Clostridium difficile 050~ 221 221 100% le-64 60%
ZP _05270743.1 toxin A [Clostridium difficile QCD-66c26] =ref|ZP_05354979.1| tox 225 225 100% le-64 60%
AFN52237.1 Teda [[Clostridium] difficile] 225 225 100% le-64 60%
P a1 Tp 1 [F' toduan = £ = B ot ATCC 3:”‘] gkll:l'\'!’”‘)ﬂ1n 11 |_ 15 100 1s-39 44°
BAF46125.1 TpelL [Clostridium perfringens] 153 153 100% 1e-39 44‘N
ZP 02865634.1 TecpA [Clostridium perfringens C str. JG51495] >gb|EDS79391.1| T 153 153 100% 2e-39 44%
ACF49258.1 TpelL [Clostridium perfringens A] 145 145 100% 6e-37 41%
¥P 003042185.1  MCF toxin [Photorhabdus asymbiotica subsp. asymbiotica ATCC 43 48.5 48.5 100% 3e-04 24%
NP 531332.1 Mcf protein [Photorhabdus luminescens subsp. laumondii TTO1] =€ 45.1 45.1 100% 0.005 24%
AAMBEYE7.1 toxin protein [Photorhabdus luminescens] 43.1 43.1 100% 0.016 23%
¥P 003468304.1  Mcf protein (fragment) [Xenorhabdus bovienii S5-2004] =emb|CBJ 50.8 50.8 S8% Se-035 24%
¥P 003712501.1  hypothetical protein [Xenorhabdus nematophila ATCC 12061] »eml 50.1 501 98% 9e-03 26%
¥P 260089.1 fitD gene product [Pseudomenas fluorescens Pf-5] =gh|AAY32255 48.5 48.5 98% 2e-04 26%
NP_930360.1 hypothetical protein plu3128 [Photorhabdus luminescens subsp. lai 47.0 47.0 S8% Be-04 26%
ABY91230.1 FitD [Pseudomonas fluorescens] 45.1 45.1 98% 0.004 24%
AARZ1118.1 Mcf2 [Photorhabdus luminescens] 40.4 40.4 98% 0.17 23%
AARZ1I118.1 Mcf2 [Photorhabdus luminescens] 40.4 40.4 98% 0.17 23%
ZP 01811976.1 calmodulin-sensitive adenylate cyclase [Vibrionales bacterium SWi 774 774 97% 2e-13 33?7
CARBRSEST Stpta-toxT TCtostdam ovy T s t6 36% fe-2? 37
ZP 05125484.2  hypothetical protein PROVRETT_07543 [Providencia rettgeri DSM 1 424 42.4 96% 0.034 25%
ZP 04640347.1 Methyl-accepting chemotaxis protein [Yersinia mollaretii ATCC 439 50.8 60.8 93% 3e-08 29%
ADAB2957.1 TpeL [Clostrdium perfringens B] 135 135 91% 6e-34 42%
ADAS2953.1 TpeL [Clostridium perfringens B] 135 135 91% Ge-34 42%
ZP 06125490.2 putative cysteine protease domain, YopT-type [Providencia rettge 39.3 39.3 38% 0.36 27%
ZP 04642320.1 RTX toxin and Ca2+-binding protein [Yersinia mollaretii ATCC 4396! 83.5 63.5 38% 4e-09 33%
ZP 03319413.1 hypothetical protein PROVALCAL_02362 [Providencia alcalifaciens | 50.4 50.4 38% 6e-05 29%
CBA72138.1 LRR-MCF ORF3 [Arsenophonus nasoniae] 40.4 40.4 87% 0.17 27%
ZP 10172701.1 cytotoxin FitD, partial [Pseudomonas chlororaphis 06] »gb|EIM181 45.4 45.4 77% 0.003 26%
YP 003712268.1  hypothetical protein [Xenorhabdus nematophila ATCC 19061] »eml 41.6 4L.6 7% 0.068 27%
EHK88574.1 Rhs family protein [Saccharomonospora azurea SZMC 14600] 35.8 35.8 75% 4.9 25%
ZP _09835187.1 hypothetical protein SazuN_18080 [Saccharomonospora azurea N2 35.8 35.8 75% 4.9 25%
ZP 08737752.1  cytotoxin Mcf [Vibrio tubiashii ATCC 19109] =gb|EGUS6431.1] cyt 431 43.1 73% 0.017 24%
EIF01430.1 cytotoxin FitD [Vibrio tubiashii NCIMB 1337 = ATCC 19106] 43.1 43.1 73% 0.018 24%
ZP 05884844.1 cytotoxin Mcf [Vibrio corallilyticus ATCC BAA-450] =gb|EEX34533 53.9 53.9 73% 5e-06 31%
¥P 003561334.1  putative ABC transporter substrate-binding protein [Bacillus megat 36.2 36.2 72% 3.4 29%
YP 006254758.1  heavy metal-translocating P-type ATPase [Solitalea canadensis D! 35.8 35.8 61% 5.8 29%
P 003569885.1  zntA gene product [Salinibacter ruber M8] »emb|CBH23033.1] Cat 37.4 37.4 55% 1.5 34%
YP 006254758.1  heavy metal-translocating P-type ATPase [Solitalea canadensis Df 35.8 3.8 61% 3.8 29%
YP 003565985.1 | zntA gene product [Salinibacter ruber M8] »emb|CBH23033.1]| Cac 37.4 37.4 55% 1.5 34%
YP 444964.1 cadmium efflux ATPase [Salinibacter ruber DSM 13855] =gb|ABC4E 37.4 37.4 55% 1.8 34%
XP 002465023.1  predicted protein [Postia placenta Mad-698-R] =gb|EED85728.1] | 37.7 37.7 52% 1.4 1%
ZP 09556685.1 hydrolase, NUDLX family [Lactobacillus kisonensis F0435] =gb|EHO 36.6 36.6 51% 1.6 33%
ZP 07743035.1 putative Flp pilus assembly protein TadC [Vibrio caribbenthicus AT 37.0 37.0 45% 1.5 35%
ZP 07109992.1 Glycosyl transferase [Oscillatoria sp. PCC 6506] »emb|CBN55142.1 36.6 36.6 44% 2.6 30%
YP 003428928.1 | copper translocating P-type ATPase [Bacillus pseudofirmus OF4] = 35.4 35.4 39% 7.7 2%
YP 004732864.1 | hypothetical protein WIV_gp081 [Wiseana iridescent virus] =gb|AL 35.8 35.8 35% 2.9 41%
ZP 07866892.1 35.0 35.0 33% 9.3 34%

conserved hypothetical protein [Capnocytophaga ochracea F0287
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Alignment information for genes shown in Table 4.3:

C. difficile tcdA

sl | 2FN52237.1]  Teda [[Cloatridium] difficile]
Length=2710

Score = 225 bits (574), Expect = le-&4, Method: Compositicnal matrix adjust.
Identities = 104/172 (&0%), Positives = 150/172 (87%), Gaps = 0/172 (0%)
Query 1 VNILNAAFFIQSLIEYNSSKESLSNLSVAMKVVYAQLFSTGINT ITDARKVVELVSTAL &0
VNILNARFFIQSLI+Y+5+K+ L++L3 ++EVQ+YRQLFSTGINTI D+ ++V L+5 B+
Skjct 958 VNILNARFFIQSLIDYSSNEDLINDLSTSVEVQLYAQLFSTGLNIIYDSIQLVNLISNAZV 1017
Query 61 DETIDLLPTLSEGLPIIATIIDGVSLGARIKELSETSDPLIRQEIEAKIGIMAVNLITAT 120
T I+ LFTHEGHEI++TI4DG++LGRATKEL + DPLLAHE+ERK+HGHL++H +
Skjct 1018 NDTINVLETITEGIPIVSTILDGINLGARIKELLDEHDPLLEKELERKVGVLAINMSLSI 1077
Query 121  TAITITSSLGIASGFSILLVPLAGISAGIPSLVNNELVLRDEATEVVDYFEHV 172
L+ 3 461 + +I L+P+AGISAGIPSLVNNEL+L LERT VV+YF H+
Skjct 1078 AATVASIVGIGAEVIIFLLPIAGISAGIPSLVNNELILHDERTSVVNYFNHL 1129

C. sordellii tcsL

Score

Query
sbict
Query
sbict
Query

Sbict

>[]emb CAR57959.1 cytotoxin L [[Clostridium] sordellii]
Length=2364

= 319 kits (817), Expect = 3e-97, Method: Compositicnal matrix adjust.

Identities = 159/172 (92%), Positiwves

1
9
[
1

1717172 (99%), Gaps = 0/172 (0%)

VHNILNAAFFIQSLIEYNSSKESLSNLSVAMEVOVYAQLFSTGLNT ITDAAKVVELVSTAL
VNILN+AFFIQSLIEYN++KESLSNLSVAMEVOVYRQLFSTGLNT ITDA+KVVELVSTAL
56  VNILNSAFFIQSLIEYWITHESLSNLSVAMEVOVYRQLFSTGLNIITLDASKVVELVSTAL

1 DETIDLLFTLSEGLPIIATIIDGVSLGAATKELSET SDFLLRQEIEAKTGIMAVNLTTAT
DETIDLLEFTLSEGLPIIATIIDGVSLGAAIKELSET+DFLLRQEIEAKIGIMAVNLT A+
016 CETIDLLEFTLSEGLEIIATIIDGVSLGAAIKELSETNDFLLRQEIEAKIGIMAVNLTAAS

21 TAIITSS5LGIASGFSILLVELAGISAGIFSLVNNELVLRDEATEVVDYFKHV 172
TAT+TS5+LGIASGFSILLVPLAGI SAGI FSLVNNEL+L+DEATEV+DYFEH+
076 TAIVISALGIASGFSILLVPLAGISAGIPSLVNNELILQDERTEVIDYFEHI 112

C. perfringens tpeL

ﬂ[]:ef ZP 02636804.1 Tpel [Cleostridium perfringens B str. ATCC 3624]
gb|EDT23010.1 Tpel [Cleostridium perfringens B str. ATCC 3624]
Length=177&

Score = 153 bits (386), Expect = le-39, Method: Compositicnal matrix adjust.
Identities = 75/172 (44%), Positives = 121/172 (70%), Gapa = 0/172 (0%

Query 1 VHTLNAAFFIQSLIEYNSSKESLSNLSVAMEVVYAQLFSTGLNT ITDARKVVELVSTAL &0

VH+ILN +F IQS+I+Y + + L3 +EVQ+Y O+ + L+ I DA+ +VH+++ B

Sbjct 941  V3TLNISFLIQSMIDYRRQWFDFNELSTSVEVQIYCQITNISLSEIQDASNLVEIIAEAN 1000

Query &1 DETIDLLPTLSEGLEIIATIIDGVSLGARIKELSETSDFLLRQEIERKIGIMAVNLITAT 120

+ I+L+PTL+ +P+I TI+DG++L A I EL T D LLR+E+ B+IGI++ N+T 2

Sbjct 1001 EIEINLIPTIANAIPLITTIVDGINLIANIDELINTEDELLRKELARRIGIISSNMTARI 1060

Query 121 TAIITSSLGIASGFSILLVPLAGISAGIPSLVNNELVLRDEATEVVDYFEHV 172

+ I F+ LLVP+AGIS+GIE+LVNN L+L +E+ ++ +YF H+

+
Sbjct 1061 SSYILYFTEFGEVFNFLLVPIAGISSGIFILVNNILILEEKSKEITEYFSHI 1112

C. novyi a toxin

s emb|C2282565.1)  alpha-toxin [Clostridium nowyi

L

ength=2178

Score = 116 bits (291), Expect = 8e-27, Method: Compositional matrix adjust.
Identities = &3/169 (37%), Poaitives = 106/169 (63%), Gaps = 3/169 (2%

Query 4 LNAAFFIQSLIEYNSSKESLSNLSVAMKVOVYAQLFSTSINT ITDAAKVVELVSTALDET 63

LN+a  +Q LI+Y E LtN++ +HEVQ YAQ+F  + I +A ++V ++5 AL+

Sbjct 965  LNSAMIMQLLIDYRPYTEILTNMNTSLEVQAYAQIFQLSIGAIQEATEIVIIISDALNAN 1024

Query &4 IDLLPTLSEGLPIIATIIDGVSLGRAIKELSETSDPLLRQEIERKTGIMAVNLITATTAL 123

+L L G + + IIDGHL AR+ EL R+ IERK+GH ++ i

Sbjct 1025 FHILSKLEVGSSVASVIIDGINLIRALTELENVEINFERKLIEAKVGMYSIGFILESSSL 1084

Query 124  IT55LG---IASGFSILLVPLAGISAGIPSLVNNELVLRDEATEVVDYF 169

++ VE+AGI G+ESLVNN LVL +E +++DYF

I+ LG ++
Sbjct 1085 ISGLLGATAVSEILGVISVEVAGILVGLPSLVNNILVLGEEYNQILDYF 1133
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C. perfringens tcpA

Query 121 T

.
Sbjct 941 JSILNISFLI“SYIDYHBHNFDFNFLSISVPV“IY““TTNTQTQPT“}ASNL JKIIRERN 1000

+
Sbjct 106l 35

s lref| 2P _02865634.1 Tepk [Clostridium perfringens C str. JG51495]
gb|E 93581.1 Tcph [Clostridium perfringens C str. JG31495]

+TIN +F IQS+I+Y + + LS +HEVQ+Y Q+ + L+ I DR+ +V+++H+ A

Length=1776
Score = 153 bits (388), Expect = 2e-39, Method: Compositicnal matrix adjust.
Identities = 75/172 (44%), Positives = 121/172 (70%), Gaps = 0/172 (0%)

Query 1 VNTLNAAFFIQSLIEYNSSKESLSNLSVAMEVVYRAQLFSTGLNTITDARKVVELVSTAL &0

AIITSSLGIASGFSILLVFLAGISAGIPSLVNNELVLRDEATEVVDYFKHV 172
+ I F+ LLVP+AGIS+GIP+LVNN L+L +E+ ++ +YF H+
SYILYFIEFGEVFNPLLVPIAGISSGIFILVNNILILEEKSKEITEYFSHI 1112

Query 61 DETIDLLFILSEGLPIIATIIDGVSLGARIKELSETSDFLLRQETEAKTGIMAVHLITAT 120
+ I+L+FIL+ +F+I TI+DG++L A I EL T D LLR+E+ R+IGI++ N+T A
Sbjct 1001 EIEINLIPTLANAIPLITTIVDGINLIANIDELINIKDELLREELARRIGIISSHMIARI 10&0

Photorhabdus luminescens subsp. laumondii hypothetical protein

Length=2937

GENE ID: 280
[Photorhakdus

Score = 45.1
Identities

Query 1
Skjct 1710
Query 53
Skjct 1770
Query 101
Sbkjct 1827

Query 158

Skjct 1887

emb|CRE16514.1]

4155 mcf | Mcf protein
luminescens subsp. laumcondii TTC1l] (10 or fewer PubMed link

bits (105), Expect = 0.005, Method: Compcsition-kased stat

VDELHAGFAVOTLIQWFADKNRHDAASGVISPDLATALEVHS YLNLVOMRHGEVODIAKY

VELVSTAL ——DEIIDLLPILSEaLPIIAIIIDaJSLaAAIFELSEISDPL
I++EG + EL+ +

WV TRL D +L
IALVRIALRaEVV}AEISLFDFASNLaHIVNEaAa«———LFaaAYVaLDAYELAHAENF

IRQEIEAKTIGIMAVNLTTATTATIITSSLGIASGFSIL---LVFLAGI SAGI FSLVNNELV

+ ++  ++ T + +5 ++ ++L VL G++ G +L
QEAVEGIQLAFDSASFVI GRAGVEAGLVGASTAGAVLGEASVILGELAVGFTALAQRFGA
LR:KAIVVJDYEFHv 172
++ 2 WV F
VAEDAMAVGRYFDTV 1301

>D:e:' NP 931332.1 E Mcf protein [Photorhabdus luminescens subsp. laumondii TTO1]
= CAF16514.1 dcf i i . ii ()

Mcf protein [Photorhabdus luminescens subsp. laumondii TTO1]

s)

3.

= 46/195 (24%), Positives = 81/195 (42%), Gaps = 26/195 (13%)
VNTLNEAFFIQSLIEYNSSKESLS—-—————— NLSVAMEVVYAQLFSTGLNTITDRAKY
V+ LNA F +{4LI++ + K +I+ MEV Y L + D ARV

Photorhabdus luminescens subsp. laumondii hypothetical protein

Identities
Query 1
Skjct 1087
Query 53
Sbjet 1157
Query 101
Sbjct 1214
Query 158
Sbict 1274

Score = 47.

GENE ID: 2803139 pluil2é | hypothetical protein
[Bhoterhabdus luminescens subsp. laumondii TTO1] (10 or fewer PubMed links

= 50/192 (26%), Fositives = 83/192 (43%), Gaps = 26/192 (14%)

VNTLNAAFFIQSLIEYNSSKE-—- ——SLSNLSV}MFV“VYA”LFSIaLNIIIDAAPV
V+ LNA F IQSLI+ + K

+L+ B+EV ¥ + D KV
f}aLNAaFAI“SLI“hFTDHNRNDAARaIASPDLATALFVHSYLNL VOMRHGEVQIVIEV

VELVSTAL-------—---~ DETIDLLPTL3EGLPIIATIIDGVSLGAATKELSETSDPL
ELV TAL DT L THEG + + G +& EL+ + +
TELVRIALRGEVVARET SLEDFISILGHTVNEGAGV---LEGGAMVGLDAYELAHAFNDV

LR“EIEAFIaIHAVNLTTAIIAIIISSLaIASaFSIL———LJPLAaISAaIFSLVNNEL«
+ ++ o+ + TT +  +5 ++ ++L L G+ G +L v
QKAVFGIQLAFDSASF?TaIAGVGAaLVGASIAaA?LaSGGVILSGLAVGFTALAWAFGV

LEDEATKVVDYF 1469
++A& V YF
VAEDRERVGRYF 1285

0 bits (110), Expect = Ze-04, Method: Compositional matrix adjust.

52
1158
100
1213
157

1273
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P. asymbiotica subsp. asymbiotica RTX toxin

A[]ref YP 003042199.1 !E! MCF toxin [Photcrhabdus asymbictica subsp. asymbictica ATCC
emb |CARETTI1.1 MCF toxin [Photorhabdus asymbictica subsp. asymbiotica ATCC 43949

CRQE5457.1 E MCF toxin [Fhotorhabdus asymbictica]
Length=2993

GENE ID: 8166769 PAU 03369 | MCF toxin
[Fhotorhabdus asymbiotica subsp. asymbiotica ATCC 43949]
(10 or fewer PubMed links)

Score = 48.5 bits (114), Expect = 3e-04, Method: Compositicn-based stats.
Identities = 46/195 (24%), Poaitiwves = 85/195 (44%), Gaps = 26/195 (13%)

Query 1 VNTLNAAFFIQSLIEYNSSKE---—---- SLSNLSVAMEVOVYAQLFSTGLNTITDRAEV 52
V+ LNA F +Q+LI++ + K + +L+ A+E+ ¥ L ++ D E+
Sbjct 1746 VDGLNAGFIVQILIQWEADENRHDAASGVASPDLATALKTHSYLGLIQMAHGSLODVVEI 1803
Query 353 VELVSTAL--—----————- DETIDLLPTLSEGLPIIATIIDGVSLGRAIKELSETSDEL 100
ELV TAL D +1L THEG + + GV +6 EL+ + +

Sbject 1806 TELVRIALRGEVERAETSFEDFALSLGHIVNEGAGV---LEGGVMVGLDAYELRHRENDV 1862

Query 101 IRQEIEAKTGIMAVNLTTATTAIITSSLGIASGFSIL---L% TLAaISAaIPSL VNNELV 157
+ + ++L T + +5+ +L  VIG+ G +L
Sbjct 1863 QERVFGTQLAFDSASLVIGVAGVGAGLVGASTTAAVLGGAGVILGGLAVGFTALAQRAFGR 1922

Query 158  LRDEATEVVDYFKHV 172
++4 V YF ¥V
Sbjet 1923 VREDRERVGRYFDIV 1937

Yersinia mollaretii RTX toxin

>E|:e:‘ ZP_04642320.1 RTIX toxin and Ca2+-binding protein [Yersinia mollaretii ATCC
439839]

gb|EEQ09150.1 RTX toxin and Ca2+-binding protein [Yersinia mollaretii ATCC
43969]

Length=1998

Score = 63.5 bits (153), Expect = 4e-09, Method: Compositional matrix adjust.
Identities = 587176 (33%), Positives = 927176 (52%), Gaps = 317176 (1l&8%)
Query 1 VNILNAAFFI"‘SLIEYNSSKESLSN LS’V‘AYJ‘"«“VYA"LFSI.:LNIIIDW«V'EL'\F’SIA 59
V+TLNARF +Q+L+ 5+ L5 M++Q ¥ L + LV+ B
Sbijct 925 ﬂ'lILNAAFTT"\ TV”H,RP""""‘” DAT IAFY"L\_J*»IY'VaLI"FIIaLBEDA'«'HLGGL'«TJ 984
Query &0 - -——-————- LDEIIDLL———PILSE.:LPII AIIIDa\f"SLaAAIPCELSEISDPLLRQEIEA 107
+F + ++D +L +L+ T +F+
Sbjct 985 IAGVE LE‘"ELA"ILSALHASPI LEGSVMPALPGLLLDAANLIGT IA"‘LAIIDNPI ——————— 1037
Query 108 FIaII"_A-\fNLIIAI ——————— IATITSSLGIASGFSILL-——--VPLAGISAGIFSLV 152
+I + + HNL B++T5 + BA+G 5 +L VPLAGI+AG+P+LW

Sbkjct 1038 EIAFASINLI}’.AILII.:«N’«EAL«TSFIPAAAaASA«IaL«E«'PLAaIAAaLPBL« 1093

>E|:e:‘ ZP_04640347.1 Methyl-accepting chemotaxis protein [Yersinia mollaretii ATCC
43969]

gbl|EEQ11141.1 Methyl-accepting chemotaxis protein [Yersinia mollaretii ATCC
43369

Length=1737

Score = 60.8 bits (146), Expect = 3e-08, Method: Compositicnal matrix adjust.
Identities = 51/174 (239%), Positiwves = 29/174 (51%), Gaps = 19/174 ({11%)
Query 2 NILNAAFFI"‘SLIEYNSSPISLSNLS"«TA}’J‘"«“‘«YA"LFSI.:LNIIIDAAF'««'ELVSI'A—— 539
+TLHALF +Q+L+ N 35 ++ L5 +++Q ¥ QL D+ WV IV
Skbjct 755 HILN F‘VT"\TTVNTNT—‘SNG”TN L 'hPL"‘L"‘IYI"\T ’\NTLaL'ﬂ'lD'«'SA'«_ANLVmSA glsg
Query &0  ————- LDEIIDLLPILSE.:LPIIAIIIDav"SLaAAIPEELSEISDI—‘LLR"‘EIEAFI.:———— 110
T++ G ++ ++D  ++ +LS ++DE+

Sbjct E19 IELP’I—‘LSAAISLLaI'\FAPa——'-r"v'GLLLDAANILaYSF"‘LSASIDI—“«———EINIIIANLIL 873

Query 111 ———IMA'«NLIIAIIAIIIS T’“T GFSILLVELAGI "TFSL‘«‘I\]NELVLRDP’ 181
M+ T++ ++ VPLAGI+AGHP+LV N L
Sbjct E74 SSL}"«aINIAA_LLISLSAASAAVSaLLa}"«}'\FELAaIAAaLP 'v'”&NYII‘LA.E"‘ 927

Xenorhabdus bovienii mcf protein

>D: ¥P 003468304.1 E Mcf protein (fragment) [Henorhabdus kovienii 55-2004]
emb | CBJ21536.1 putative Mcf protein (fragment) [Xenorhabkdus bovienii 55-2004]

Length=2533

GENE ID: 2832023 XBJ1l 2410 | Mcf protein (fragment)
[Xenorhabdus bovienii 55-2004] (10 or fewer PubMed 1inks)

Score = 50.8 bkita (120), Expect = 5e-05, Method: Composition-based stats.

Identities = 447187 (24%), Fositives = T8/187 (42%), Gaps = Z1/187 (11%)

Query 1 \.-’NILNBAFFI"SLIEYNSS[‘ISLS ———————— NLS’«}YJ‘"«'QVYA"‘LFSI.:LNIIIDAA[‘"« 52
V+ LN+AF +++LI + + ++ BA+V L + D BE+

Sbjct 1258 ufHaLNSAH"ﬂ’TLII—‘WFADRKRIIV_ASEP*\FENITF‘TATR 'HIY'\.FNT AQMAHGMLEDGAKT. 1317

Query 53 VELS "SIA_LDEIIDLLPILSEaLT:‘IIAIIIDa«f'SLaAAIPILSEISDPLLR"EIEAFIaI}’ 112

E +L +T GV + E++ +
Sbjct 1318 LASLYEWV «_ASEaRaFISSLFSSLSH’«"SI———.: aAaLNIFSVALDaIELBHAHNES"@'«Y 1374
Query 113 AVNLITATTAIITSSLGIASGF—————————— SILLVPLAGISAGIPSLVHNNELY 'LR:)[C& 1&a2
L + ++T+ +GI +G 5 L VPLAG+ G +L

Sbjct 1375 GIQLAFDSAGL'«TIC—F'«EIGAGIFGAE‘I?}GFASSLA'«"PLAaLaIaFIALAEAFaR«lSDA 1434
Query 163 IF"««DYF 169

W
Sbjct 1435 \,‘}-\'v’aNYF 1441
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Photorhabdus luminescens subsp. laumondii mcf2

s lgb |RLE21118.1| Mcf2 [Fhotorhabdus lumineacens]
Length=2388

Score = 40.4 kbits (33), Expect = 0.17, Method: Compositiconal matrix adjust.

Identitiea = 457192 (23%), Poaitives = 80,192 (42%), Gaps = 26/192 (14%)

Query 1 VHILHNARFFIQSLIEYNSSEE-———————— SLSNLSVAMENVIVYAQLFSTGLNTITDAREY 52
W+ LMNA F IQ+LI++ + K + +L+ B+EV Y + D E+

Sbjct 11068 WVDGLNAGFAIQTLIQWFADENENDAARGIASFODLATALEVHSYLNFVOMARHGEVODVIKI 1145

Query 53 VELVSTAL-——————————— DETIDLLETLSEGLPIIATIIDGVSLGAATKELSETSDEL 100
LV TAL DT L T++EG + + & +& EL+ + +
Sbjct  1l66 TALVRIALRGEVMARAETSLEDFISILGHIVNEGAGY---LFGEAMVGLDAYELAHAENDV 222

Query 101 LRQEIEAKIGIMAVHLTTATTATITSSLGIASGFSIL——-LVPLAGISAGIPSLVNNELY 157
+ ++ ++ T T + +5 ++ ++L VL GH G 4L
Skjct 122 ORAVEGTQLAFDSASFVIGTAGVEAGILMGASTAGAVLGGAGVILGGLAVGFTALAQAFGA 1282
Query 158 LEDEATEVVDYF 169
+ + A W ¥F
Sbjct 1283 VAEDAERVGRYF 1294

P. fluorescens FitD cytotoxin

>[]:ef TP 260089.1 IE! £itD gene product [Fseudomonas protegens FI-5]

gk |ARY92255.1
Length=3003

cytotoxin FitD [Pseudomonas protegens PL-3]

GENE ID: 3476073 fitD | cytotoxin FitD [Pseudomonas @EErescens PE-5]
{10 or fewer Publied links)

Score = 458.5 bits (114), Expect = 3e-04, Method: Composition-based stats.

Identities = 49/191 (26%), Positiwves = 837191 (43%), Gaps = 24/191 (13%)

Query 1 VNILNARFFIQSLIEYNSSKESLS———————- NLSVAMEVOVYRQLFSTGLNTITDARKY 52
V+ INA F +HQ4+LI+H + K +L+ R+E+ Y L G T+ D REV

Sbjct 1713 VDGLNAGFAVQTLIQWEADEKNEKDAAQGVVSPDLATALKIHSYLGLAQIGHGTVQIVAKY 1772

Query 33 VELVSTAL-DETIDLLFTILSEGLEFIIATIID-—-GVSLGAAIKELSETSDFLLRQEIERK 102
ELV TAL E + +L + + ++ GV GA+ L L E++
Sbjet 1773 TELVQTALRGEALARESSLEDFASTLGHTVNEGAGVLFGGAMVGLDAYE--LRHAENDVD 1830

fuery 109 IGIMAVNLITATTATITSSLGIASGE———-—— SILL----VELAGTSAGIESLVNNELVL. 158
+ L  + + ++ + GI +& + +L VL GH & +L +
Skjet 1831 EKERVFGTQLAFDSASFVSGRAGIGAGLIGASTIAAVIGGAGVILGGLAVEFTATAQRFGREV 15830

Query 159 RDEATEVVDYF 1&%9
+ & V YF
Sbjct 1891 AEDRERVGRYF 1301

P. asymbiotica subsp. asymbiotica RTX toxin

}D:efl'ﬂ? 003041903.11 E rtx toxin RtxA [Photorhabdus asymbioctica subsp. asymbiotica ATCC
43949]

ok | CARET7497.1 E gimilar to rtx toxin rtxa [Photorhabdus asymbictica subsp. asyvmbictica
ATCC 43949]

emb | CAQES5161.1 IEi similar to rtx toxin rtxa [Photorhabdus asymbioctical]
Length=40&8

GENE TD: B1&760&8 PAO 03073 | rtx toxin RtxR
[Fhotorhabdus asymbictica subsp. asymbioctica ATCC 43949]
{10 or fewer PubMed links)

Score = 52.8 bits (125), Expect = 3e-05, Method: Composition-based stats.

Identities 51rs186 (27%), Positives = 85/186 (46%), Gapa = 317186 (17%)

Query 36 IVQLOGDK I SYERACHLFAKT PYDSVLFQENIEDSEIAYYYNPGDGEIQEIDKYKIFSII 95
I+QL+ DI +RA NL K P 5V+ + D++ Y+ GD P +

Skject 3001 IIQLENDPIVAERAINLAGKHPDSSVVVEL---DADGEYHLIYGD-———-—————-—— PDSL 3048

Query 96 SDRFKIKLIFIGHGKDE--FNIDIFAGFDVDSLSTEIERRIDLAKEDISPKSIEINLLGE 153
] E++ +GHG+DE +N +5+ D L+ +++ ++ P I I +GC
Sbjct 3047 SG--KLRWQIVGHGRDESAYNNIRLSGYSADELAIKLEQFSQSFEQAGKPDRISI--VED 3102

Query 154 HNMFSYSINVEETYFGKLLLEVEDKISELMFSISQDSIIVSANQYEVRINSEGRRELLDHS 213
++ 3 ¥ + DEC I D VSR + EV +++ GR+ D+
Sbjct 3103 SLISEDERNGFAYR---FITALDE-----— QGIRSD---V5ARRSEVAVDATGREFTEDEN 3151

Query 214 GEWINK 213
+WHHE
Sbjct 3152 HQWVHE 3157
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Vibrio cholerae RTX toxin

gk EC"‘BQ-}El 1| RTX toxin Btxi [Vibric cholerae HE3I]

Length=454
Score = 52.4 kits (124), Expect = 4e-05, Method: Composition-bkased stats.
Identities = 537198 (27%), Positiwves = E87/198 (44%), Gaps = 437198 (22%)
Query 36 IVOLOGDKISYERACHLFAKTEYDSVLFQENIEDSEIAYYYNPGDEGEIQEIDKYKIPSITI 95
IVg++ D + +RAR NL K P 5SV+ @ D5+ ¥ GD PS5 +
Skbjct 3463 IVOMENDDWVVARR L AN AGKHPES SVWVWVQL———-DSDEGNYRVV YD ——————————— PSKEL 3508
Query a8 SDRPEIKLIFIGHGKD--EFNTDIFAGFDWDSLSTEIEARTDTAK ———————— EDISPES 145
E++ +GHG+D E N +5+ DL B+ LEK E+I+ K
Sbjct 350% DGE—-KLEWQLVGHGRDHSESHMNIRLSGYSADEL—-———— EVHLAKFQOQSFNQRENINNKE 3540
Query 1448 IEINLLaCNFFSYSINVEEIYPaKLLLFvFDFISELFPSIS“}SIIJSAN“YE?RINSEa 205
I+++GC++ S + ++ G + D + =] E+ ++ G
Skbjct 35681 DHISITWVECSLVS———-DDEQEGFGHQFINAMDA ———————— NaLR'j VSWVRSSELTVLDERG 3609

Query 2048 ERELLDHSGEWINKEE 221
E+ D +G+W+ K E
Sbijct 3610 EBEHTEDANGDWVOERE 3625

s |ref|zP 04961062.1| BT toxin Rtxh [Vibrioc cholerae AM-192248]
gb |EDN15712.1| RIX toxin Rtxf [Vibrioc cholerae AM-19226]
Length=4558

Score = 52.4 kitcs (124), Expect = 4e-05, Method: Composition-based statcs.
Identities = 53/196 (27%), Positives = 87/196 (44%), Gaps = 43/196 (22%)
Query 36 IV LD I SYER MO LFAK T FYDSVLEFQEN IEDSETAYYYNPGDGEIQEIDEYKIFSTIT a5
IVo++ D+ +RA2A ML H P S5V+ DS+ ¥ D BS +
Sbjct 3476 IVQMENDDVVARRRLNLAGEKHFESSV ff“L———DSDaN‘I.’R'ﬂfYaD ——————————— PFSEL 3521
Query 96 SDREKIKLIFIGHGED--EFNIDIFAGFODVDSLSTEIEAATDLAK ——————— ECDISPES 145
E++ +GHG+D E N +5+ DL B+ LEK E+I+ K
Skbjct 3522 DiE——-KLEWLVGEGHGRDHSESHNIRLSGY SADEL—————— AVHLAKFQQSFNQRENINNEE 3573
Query 1448 IETNLLGCHMESY SINVEET Y PGELLLEVEDEISELMEPSISQDSITIVSANQYEVRINSEG 205
I+++EC++ 5 + ++ G + D + + W5 E+ ++ G
Sbjct 3574 Z)HISI*-.FGCSL-.-"S———Z)Z)[‘LQ[""F.:H"FINAPZ)A ———————— NGLEVDWVSVRSSELAVDERG 3622

Query 2048 FRELLDHSGEWINKEEE 22
B+ D +5+W+ K E
Sbijct 3623 EBEHTEDLRNGDWVOELE 3638

8.4.2.4. Receptor binding domain

Analysis of the receptor binding domain of C. difficile toxin B revealed the following
alignments:

Query Coverage = 515 amino acids.

+ BLAST
£l

Home RecentResults Saved Strategies Help

p q

Edit and Resubmit ~ Save Search Strategies > Formatting options & Download
630_Q189K3-1/11-2366

Query ID Icl[42620 Database Name nr
Description 630_Q189K3-1/1-2366 Description Al non-redundant GenBank CDS translations+PDB+SwissProt+PIR+PRF
Molecule type amino acid excluding environmental samples from WGS projects
Query Length 515 Program BLASTP 2.2.26+ b Citation

Other reports: b Search Summary [Taxonomy reports] [Distance tree of results] [Related Structures] [Multiple alignment]

©Graphic Summary
[2)5how Conserved Domains

Putative conserved domains have been detected, click on the image below for detailed results.

500
Query seq. S S S LS
Hulti-donains S CoGE263 I o CoGs263

Distribution of 448 Blast Hits on the Query Sequence &

‘Muuse over to see the defline, click to show alignments ‘

Color key for alignment scores
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Sequences producing significant alignments:

Accession | Description | Max score Total score |_\ Query coverage E value Max ident

ZP 05328744.1  toxin B [Clostridium difficile QCD-63q42] 1023 1322 100% 0.0 100%
YP 001087135.1 | tcdB gene product [Clostridium difficile 630] =ref|ZP_05349824.1| 1023 1322 100% 0.0 100%
EH140398.1 cell wall-binding repeat protein [Clostridium difficile 70-100-2010] 1019 1320 100% 0.0 99%
EHI31817.1 cell wall-binding repeat protein [Clostridium difficile 050-P50-2011] 1018 1317 100% 0.0 99%
AAG18011.1 cytotoxin B [[Clostridium] difficile] 1013 1313 100% 0.0 99%
CAAB0815.1 toxin B [[Clostridium] difficile] 1010 1307 100% 0.0 99%
CAA43250.1 toxin B [[Clostridium] difficile] 1008 1393 100% 0.0 100%
ZP 06891238.1 toxin B [Clostridium difficile NAPO8] =ref|ZP_06902243.1| toxin B [ 598 1513 100% 0.0 95%
ZP _05400113.1 toxin B [Clostridium difficile QCD-23m63] 598 1513 100% 0.0 95%
1814453A toxin B 589 1439 100% 0.0 100%
AADB3645.1 toxin B [[Clostridium] difficile] 589 1589 100% 0.0 99%
ZP_05270740.1 toxin B [Clostridium difficile QCD-66c26] =ref|ZP_05321143.1| toxi 940 1348 100% 0.0 89%
CAC19891.1 toxin B [[Clostridium] difficile] 528 1331 100% 0.0 87%
CAACTOoD o ot |||L[[ : Ll;d;ulll} |d H'H} E 1224 1000 o.0 240
ZP 08979366.1  surface protein PspA [Streptococcus pneumoniae str. Canads MDE 145 550 100% 3e-35 26%
EGV01168.1 cell wall-binding repeat protein [Streptococcus oralis SK313] 13 Show alignment for CAAS7959.1 | 100% 6e-30 29%
ADHS4633.1 TedB [[Clostridium] difficile] 987 1885 99% 0.0 58%
ADHG4625.1 TedB [[Clostridium] difficile] 5981 1779 99% 0.0 59%
AADB3646.1 toxin B [[Clostridium] difficile] 875 1574 99% 0.0 99%
ADH94625.1 TcdB [[Clostridium] difficile] 874 1779 99% 0.0 99%
ADH94623.1 TcdB [[Clostridium] difficile] 823 1747 99% 0.0 90%
ADH94634.1 TecdB [[Clostridium] difficile] 518 1739 99% 0.0 80%
ADH94628.1 TecdB [[Clostridium] difficile] 504 1513 99% 0.0 88%
ADH94635.1 TcdB [[Clostridium] difficile] 503 1513 99% 0.0 88%
ADHG4624.1 TcdB [[Clostridium] difficile] 503 1513 99% 0.0 88%
nih.gov/Blast.cgi?CMD= Get&ALIGNMENTS=100 &LALIGNMENT_VIE... 901 1419 99% 0.0 88%
ADHG4630.1 TedB [[Clostridium] difficile] 501 1419 99% 0.0 88%
ADH34636.1 TedB [[Clostridium] difficile] 898 1424 99% 0.0 8%
ADHI4636.1 TedB [[Clostridium] difficile] 887 1803 99% 0.0 87%
AADB3644.1 toxin A [[Clostridium] difficile] 353 1600 99% le-107 42%
ZP 05349837.1 toxin A TClostridium difficile ATCC 432557 »gb[AAAZ3283.1T toxin / 353 1705 9% de-104 I
YP 001087137.1  tcdA gene product [Clostridium difficile 630] =emb|CAJ67494.1| Tt 353 1706 99% Se-104 42%
P16154.2 RecMName: Full=Toxin A =emb|CAA36094.1| unnamed protein produ 349 1691 99% 2e-102 42%
ZP 05331885.1  toxin A [Clostridium difficile QCD-63q42] 236 712 99% 2e-69 42%
ZP 05398187.1  toxin A [Clostridium difficile QCD-37x79] 233 694 99% 3e-68 42%
NP 347713.1 hypothetical protein [Clostridium acetobutylicum ATCC 824] =ref|y 245 2868 99% 8e-67 1%
ZP_03960388.1 conserved hypothetical protein [Lactobacillus vaginalis ATCC 4954 144 665 99% le-33 30%
YP 0041048341 cell wall-binding repeat-containing protein [Ruminococcus albus 7] 140 721 99% 2e-32 1%
ZF 078853021 " choline binding protein E [Streptococcus sanguinis ATCC 49296] = 133 577 99% 3e-32 25%%
EID25793 1 olloa ot oo Ao = o [C‘- I-‘A- n robe CL1p ﬁ 457 999 4d=-31 28%
EIC76753.1 metallo-beta-lactamase domain protein [Streptococcus oralis SK1( 135 439 99% de-31 28%
EIC76035.1 metallo-beta-lactamase domain protein [Streptococcus oralis SK&: 134 419 99% 2e-30 28%
ZP 08048575.1  choline binding protein E [Streptococcus sp. C300] =gb|EFX56765 130 435 99% 2e-29 28%
EGL91250.1 metallo-beta-lactamase domain protein [Streptococcus oralis SK2¢ 130 439 95% 3e-29 26%
EIC78314.1 metallo-beta-lactamase domain protein [Streptococcus oralis SK1( 130 607 99% 4e-29 29%
ZP 07458344.1  choline binding protein E [Streptococcus sp. oral taxon 071 str. 73 129 497 99% Se-29 26%
ZP 06612389.1  choline binding protein E [Streptococcus oralis ATCC 35037] =ref| 127 563 99% 3e-28 29%
ERBea 20 e ——teninA-TClostriditmdifficte-0ED—66e 261 —ref ZP—053549 79 Htoxt 858 +861 555 te-105 43%
AFN52237.1 TedA [[Clostridium] difficile] 347 1835 99% le-101 42%
BAA25318.1 toxin A [[Clostridium] difficile] 185 510 99% 2e-51 42%
ZP 04219464.1  hypothetical protein bcere0022_38930 [Bacillus cereus Rock3-44] 191 925 99% 8e-50 28%
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ZP 04215464.1 hypothetical protein bcere0022_38930 [Bacillus cereus Rock3-44] 151 925 99% 8e-50 28%
ZP 06144336.1 hypothetical protein RflaF_14077 [Ruminococcus flavefaciens FD-1 172 665 99% Je-43 31%
CAABDE1S.1 alpha- toxin [Clostridium novyi] 161 598 99% de-39 4%
ZP 08333658.1 hypothetical protein HMPREF0992_02583 [Lachnospiraceae bacteri 154 504 99% 7e-37 28%
EGUG7616.1 metallo-beta-lactamase domain protein [Streptococcus mitis bv. 2 150 286 99% 2e-35 27%
ZP 06198721.1 choline binding protein E [Streptococcus sp. M143] »gb|EFA24335 142 586 99% de-33 25%
ZP 08345318.1  hypothetical protein HMPREF9457_01027 [Dorea formicigenerans 4 133 383 99% Je-32 29%
ZP 09174515.1 metallo-beta-lactamase domain protein [Streptococcus sp. oral ta 138 716 99% le-31 31%
EGV04065.1 metallo-beta-lactamase domain protein [Streptococcus infantis SK 135 459 99% 7e-31 28%
ZP 037781551 hypothetical protein CLOHYLEM_06226 [Clostridium hylemonae DSh 135 722 99% 7e-31 26%
EGL33308.1 hypothetical protein NIAS840_00514 [Lactobacillus salivarius NIAS 133 504 99% 3e-30 27%
ZF 06344526.1  hypothetical protein CLOM&21_05219 [Clostridium sp. M62/1] =gb| 123 731 99% 4e-29 30%
£P 08065205.1 choline binding protein E [Streptococcus peroris ATCC 700780] =g 129 255 99% le-28 27%
CAA35057.1 enterotoxin A [[Clostridium] difficile] 308 1099 99% 1e-93 41%
2006 A Chain A, Crystal Structure Analysis Of A 14 Repeat C-Terminal Fra 204 559 99% le-57 39%
EHI37067.1 cell wall-binding repeat protein, partial [Clostridium difficile 70- 100 139 676 99% 3e-56 4%
ZP 06902240.1 toxin A [Clostridium difficile NAPO7] >gb|EFH16595.1] toxin A [Clos 207 674 99% Te-54 45%
ZP 05321147.1 | toxin A [Clostridium difficile CIP 107932] 152 485 99% 4e-39 46%
CAABBS65.1 alpha-toxin [Clostridium novyi] 158 583 99% le-37 34%
EGRS4324.1 metallo-beta-lactamase domain protein [Streptococcus mitis bv. 2 147 354 99% 7e-35 27%
ZP 058534811 putative cell wall binding repeat-containing domain protein [Blautiz 147 528 99% 2e-34 29%
ZP 07694212.1  surface protein PspC [Streptococcus infantis SK1302] »gh|EFOS53¢ 137 450 99% le-29 30%
ADH34637.1 TecdB [[Clostridium] difficile] 862 1647 99% 0.0 95%
ADH94632.1 TcdB [[Clostridium] difficile] 961 1640 99% 0.0 95%
ADH34631.1 TedB [[Clostridium] difficile] 960 1639 99% 0.0 95%
ADH34632.1 TcdB [[Clostridium] difficile] 961 1640 99% 0.0 95%
ADHI4631.1 TcdB [[Clostridium] difficile] 960 1639 99% 0.0 95%
ZP 07405637.1  toxin A [Clostridium difficile QCD-32g58] 332 1298 99% 1le-96 42%
ZP 05321146.1  toxin A [Clostridium difficile CIP 107932] 315 820 99% 7e-91 42%
AAG18010.1 enterotoxin A [[Clostridium] difficile] 186 6035 99% 6e-50 42%
CAA73178.1 toxin A [[Clostridium] difficile] 182 597 99% 2e-48 42%
EH131825.1 cell wall-binding repeat protein [Clostridium difficile 050-P50-2011] 186 6035 99% 3e-48 42%
2G7C A Chain A, Clostridium Difficile Toxin A Fragment Bound To Agal(1,3) 155 499 99% 2e-40 43%
ZP_06902239.1 toxin A [Clostridium difficile NAPO7] >gb|EFH16631.1| toxin A [Clos 155 593 99% 2e-40 45%
ZP 05400117.1  toxin A [Clostridium difficile QCD-23m63] 155 560 99% 2e-40 48%
EGV15112.1 cell wall-binding repeat protein [Streptococcus infantis X] 136 433 99% 2e-32 28%
ZP 08090001.1 glucan-binding domain-containing protein [Clostridium symbiosum \ 139 492 99% 2e-32 32%
ZP 09046853.1  hypothetical protein HMPREF1020_01032 [Clostridium sp. 7_3_54F4 139 492 99% 2e-32 32%
ZP _08602448.1 hypothetical protein HMPREF0993_01825 [Lachnospiraceae bacteri 138 434 99% le-31 29%
ZP 08108980.1 hypothetical protein HMPREF9475_03844 [Clostridium symbiosum W 136 482 99% le-31 31%
ZP 07462818.1  choline binding protein E [Streptococcus mitis ATCC 6249] =gb|EF 136 529 99% Je-31 28%
ZP 05328747.1  toxin A [Clostridium difficile QCD-63q42] 188 688 98% 9e-48 45%
ZP 05400116.1  toxin A [Clostridium difficile QCD-23m63] 180 665 98% 6e-45 45%
EH140401.1 cell wall-binding repeat protein, partial [Clostridium difficile 70-100 162 613 98% 3e-39 45%
ZP 10038883.1  metallo-beta-lactamase domain protein [Streptococcus sp. SK140] 145 487 98% de-34 25%
EH1365920.1 cell wall-binding repeat protein, partial [Clostridium difficile 70-100 122 439 98% 3e-29 38%
ZP 03283011.1  hypothetical protein CLONEX_00190 [Clostridium nexile DSM 1787] 159 577 98% 3e-38 29%
ZP 02234104.1 hypothetical protein DORFOR_00962 [Dorea formicigenerans ATCC 128 295 58% 2e-28 28%
BAF30878.1 callagenolytic protease [Geobacillus sp. MO-1] 132 541 98% 2e-29 36%
AAZ40138.1 toxin B [[Clostridium] difficile] >gb|AAZ40141.1| toxin B [Clostridiu 234 625 87% le-71 100%
AAZ40140.1 toxin B [[Clostridium] difficile] 230 627 87% 3e-70 95%
AAZ40147.1 toxin B [Clostridium difficile] =gb|AAZ40148.1| toxin B [Clostridium 229 574 87% 9e-70 98%
AAZ40139.1 toxin B [[Clostridium] difficile] »gb|AAZ40151.1]| toxin B [Clostridiu 222 568 87% 5e-67 94%
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Alignment information for genes shown in Table 4.3:
C. difficile tcdA

for this subject seguence by:
Percent identity

Query start position Subject sStart position

L | ARDE3644.1 toxin A [[Clostridium]
Length=929
Sort alignments
E walue Score
Score = 353 bits (9205), Expect = l1le-107, Method: Compositional matrix adjustc.
Identities = 217,520 (42%), Positives = 312/520 (60%), Gaps = 31/520 (&%)
Query 1 LITGFVIVEDDEYYFHFINGGAASIGET IIDDENYYFNQSGVLQTIGVESTEDGFKYFAFA &0
L+IG+ T+ KYYF+ IN GRR II+ E++¥FN GV+Q GVE DGF+Y¥FAPL
Skbict a8 LVIGWOITINGKEY YFD-INTGAALTSYKI INGKHF Y FNNDGEVMOLEVEFKEFDGFEYFAFA 1546
Query 61 NILDENLEGEAIDFIaF;LIIDENIYYFDDNYRGA{EWKELDaEKﬂYFSFEIaKAFVhLN 113
NI + N+EG+AI + K L ++ ¥YEFD++ + W+ ++ E +¥F+P+ I
Skbict 157 NIHNNNIEGQAIfY“SFFLILNaKFYYFDNDSKAVTaWRIINNEFYYFNFDNAIAAVGL“ 214
Query 120 RIGDYKYYFNSD-GVMOKGFVSINDNKHYFD-DSGVMKVGY TEIDGKHFYFAENGEMQ TG 177
I + EXYYEN D ++ HG+ ++N +++¥FD D+ + &Y IDGHHFYFE + ++IG
Sbijct 217 VIDNNEKYYFNPDTAITISKGWRTVHGSRYYFDTDTATAFNGYKTIDGKHFYFDSDCVVEIG 276
Query 178 VFNTEDGFEKYFAHHNEDLGNEEGEEISY-SGILNFNNEIYYFDDSFTAVVGWEDLEDGSK 2346
VE+I +GF+Y¥FR N M EG+ I ¥ S L N K YYFD++ AV GW+ + D K
Sbijct 277 VFSTSHNGFEYFAPANTYNNMNIEGQATVY(QSKFLTLNGEEYYFDNNSEAVIGWOTI-DSKK 335
Query 237 YYFDEDTAEAY IGLSLINDGRYYFNDDG I -MOVEGFVT INDEVEY F— SDSaIIESaJQNID z2a4
YYF+ +TRER & I+ +YYFN + G+ TI+ K +¥F +++ I+
Sbijct 3386 YYFNTNIAEAAIaW“TIDaKFYYFNINIAEAAIaW“IIDaKFYYFNINIAIASTaYIIIN 385
Query 295 DNYFYIDDNGIVQIGVFDT SDGYKY FAPANTVNDN I YGQAW TYSa—L“R IGEDVYYFGET 353
+EY + +GI+QIGVE +G++YEFAFRNT +HI GQR+ ¥ + YYFG
Sbijct 3986 GEHFYFNTDGIMQIGVFKGEPFNGFEY FAPANTDANNTIEG: wAILYHNEFLILNJKFYYFGSD 455
Query 354 YIIETahIYDKENESDVYYFNFETKHB"KGINLIDDIVYYFDEKGIMRIaLISFENNNYY 413
TGW + HYYFNF I++ EYYFE GI++ G I+ E HNN+¥
Sbijct 458 HB,TaWRII———NNKFYYFNFNNAIAAIHL"IINNDVYYFSYDaILHNaYIIIERNNFY 512
Query 414 FHNENGEMQFGY INTEDEMFY FGEDGVMQIGVFNT PDGFEYFAHQNTLDENFEGESINYTG 473
F+ N E + M GVE F+GF+YFR NI + M EG++I ¥
Sbijct 513 FOANNESK-—————————————————] MVTGVFEGENGFEYFAPANTHNNNIEGQATVY QI 554
Query 474 -WLDLDEKRYYFTDEYI2AATGSVIIDGEEYYFDEDTAQLY 512
+L L+ E+Y¥YF ++ &R TG IDG++YYE+ +IA+
Sbijct 555 KFLTLNGEKYYFDNDSERVIGWQTIDGEKKYYFNLNTAERL 594

C. sordellii tcsL

CRR575955.1 cytotoxin L [[Clostridium] sordellii]

s lemb
Length=2364
Score = 7
Identities
Query 1
Sbjct 1853
Query &1
Sbjct 1913
Query 121
Sbjct 1973
Query 181
Sbjct 2033
Query 241
Sbjct 2093
Query 301
Sbjct 2153
Query 361
Sbjct 2213
Query 421
Sbjct 2270
Query 481
Sbjct 2330

Sort alignments for this subject segquence by:
Percent identity

E value Score

Subject start position

Query start position
76 bits (2004}, Expect = 0.0, Method: Compositional matrix adjust.
= 380/515 (74%), Positives = 443/515 (86%), Gaps = 3/515 (1%)
LITGEVIVGDDEYYFNPINGGAAS IGETIIDDENY YFNQSGVLOQTGVESTEDGFEYFAPR &0
LITGF T+ +EYYF+F GLRSIGE ID E+YYFN+ G+LQ GV +1 DG EYFAPL
LITGFITIDGHEYYFDPTESGAASIGEITIDGKDY YFNEQGILOVEVINISDGLEYFAFL 1912
HILDENLEGEAIDFIGKLIIDENIYYFDONYRGAVEWKELDGEMHYFSFETGERAFEKGLNQ 120
TLODENLEGE+++F GHEL ID IYYF+DNYR AVEWE LD E +YF+P+TG+A HEL+”
GILDENLEGESVNFIGHLNIDGHIYYFEDNYRAAJEWHLLDDEIYYFNFHTaEALHGLHQ 1372
IGDYEYYFNSDGVMOEGEVSINDNEHYFDDSGVMEVGYTEIDGEHFYFRAENGEMOIGVEN 180
IGD EYYF+ +G+MQ GE++IND YF++ GVM+VGEY E++GE+FYF +NGE Q+GVEN
IGDNEYYFDDNGIMOTGE ITINDEVE Y FNNDEVMOVEY IEVHGKY FYFGENGERQLGVEN 2032
TEDGFKYFAHHNEDLGHNEEGEEISYSGILNFNNKIYYFDDSFIAVVGWKDLEDGSEYYFD 240
T DGFE+F ++DLG EEGE Y+GILNFN KIY+FD 5 TAWVVGW L+DG5 YYFD
TPDGFEFFGPEDDDLGTEEGELT LYNGILNFNGEI YFFDISNTAVVGWGTLDDGSTYYFD 2092
EDTRAERYTGLSLINDGQYYFNDDG IMOVGEVI INDEVEFYFSDSGIIESGVQNIDDNYEYL 300
++ RER IGL++IND +¥YF+D+GI Q+GF+TIND +FYFS5+5G IE G QNI+ NYFYL
DNRRERCTGLIVINDCEY YFDDNGIRQLGFITINDNIFYFSESGEKIELGYQNINGNYFYTI 2152
DDNaIJ“IaJFDISDaYVYFAFANIVNDNIYabA'EYSaIfR JGEDVYYFGETYTIETGW 360
D++G+WV IGVFDT DGYEYFAF NTVNDNIYGQAV+YSGLVEV EOVYYFGETY IETGW
DESGLVLIGVFDT PDGYEY FAPLNTVNDNI¥YGRAVEY SGLVRVNEDVYYFGETYHIETGW 22
IYDMENESDEYYFNPETERACKGINLIDDIKYYFDEEGIMRTGLISFENNNYYFNENGEM 420
I ENE+DEYYF+PETERR EGIN++DDIEYYFDE GIMRIGLISFENNNYYFHNE+HGHM
I---ENETDEYYFDFETERAYKGINVVDDIKYYFDENGIMRTIGLISFENNNYYFNEDGEM 2263
QFGYINIEDEMFYFGEDGVMQIGVEFNIFDGFKYFAHQNILDENFEGESINYTGWLDLDEK 480

QFGY+NI+DEMFYFG+DG MQIGVFNTPDGFEYFRAHQNTLDENFEGESINYTGWLDLD K
QFGYLNIKDEMFYFGEDGEMQIGVINT PDGFEY FAHQNTLDENFEGESINYTGWLDLDGE

RYYFIDEYIARTGSVIIDGEEYYFDPDTAQLVISE 515
RYYFIDEYIRRTGS+ IDG YYFDPDIA+LV+SE
RYYFIDEYIAATGSLTIDGYNYYFDPDIAELVVSE 2364

2329
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C. novyi a toxin

)[jemb CARBROE1E.1 alpha-toxin [Clostridium nowyi]
Length=975

Sort alignments for this subject sequence by:
E wvalue 3Score Percent identity
Query start position Subject start position
Score = 1681 bits (407), Expect = 5e-39, Method: Compositional matrix adjust.
Identities = 127/408 (31%), Positiwves = 2027408 (50%), Gaps = 487408 (12%)

Query 116 EHEGLNQIGDYEYYFNSDG-VMQEGFVSINDNEHYFDDSGVM-EVGYTEIDGEHFYFAEN-G 172
KGL T +¥ N & + G+++I+ ++FD ++ K GY EI+G+ +YF N &
Skjct 576 KGLYYINGELHYENIPGDIFEYGWINIDSEWYFFDSINLIAKKGYQEIEGERYYFNENIG &35

Query 173 EY"I.:«'ENIED.:FP’YFAHHNEDL.:NEE.:EEISYS aILNFNNP’IYYFDDSFIBV’«'GWP’DLE 2
+ GVFE +& +¥ I+ L + ¥YF + AV G +
Skjct 636 «“ESa«TLII—‘NaLEYFINP}LAS SERWG RAINYI aI\"LILDaNFYYF"SNSPA _.l'aL"‘PIS [

3
3
9
Query 233 DGSKYYFDEDTAEAYIGLSLINDGRYYFN- )DaIYQ'«"SF"\FIINDP"«'E‘YFSDSaIIESav"“ 23
D EKEY¥Y+ D + I +IN+ +¥Y¥F+ + G F
Skjct €95 377P'YYYENDN.J\_J”‘IPW"‘IINNNFYYFD.JNIaEAIIaI\FNNNPIRYYFDSEaRLLIaY" 752
4
a
[u]

Query 292 NIDDNYF‘)‘.’IDDN ————————— GIVQIGVFDISDGYKYFAPRNTVNDNI Ya\‘Av’TYS aLv"R 3
G+++ G+F T G+K F+
Sbjct 733 v’__[.:rDP'SYYFSDNINaN'h‘EEaSaFLFSaIFPTI—‘S.:FHLFSSE.:D————

P'SAINY[{GWLD g

Query 343 VGEDVYYFGEIYIIEIGWIYDMENESDKYYFNPETKERCKGINLIDDI FYYFDEF’GI}CQI 4
+ + Y¥F IG ¥+++ +Y¥FNE+T
Sbjct 807 LHGNEYYFNSDSIAVIG-SYNIEK--GIQYYFNPEI--——-—————-——————————, N 'L.IN 543

Query 403 aLISFENNNYYENEN.:EV“‘F.:YINIEDK]’FYF—.:ED.:«Y“‘Ia«"ENIPDaFFYFAHHNILD 481
+ +HHNY NG GY +I+ K +¥YF G+ + GVF TP+G +¥F + +D
Sbjct 844 aWYILDNNNYT\f SHGHNVLGYQDIDGKGYYFDEFSTGIQEAGVEFEFTENGLRYFTMK-FID 301

Query 462 ENFEGESINYTGWLDLDEERYYFIDEYIAATGSVIIDGEEYYFDPDTR 509
G+ I+¥YTGWL L+ +YYF L TIG ++ G+ ¥+F+ T
Sbjct 902 GQRWGQCIDYTGWLHLNGNKYYFGYYNSAVTGWRVLGGKRYFFNIKIG 949

Ruminococcus albus cell wall binding repeat domain protein

fI1¥YP _004104834.1 E cell wall-binding repeat-containing protein [Ruminococcus albus

71
gb |ADO22200.1 E cell wall binding repeat-containing protein [Ruminococcus albus

7
Length=751

GENE ID: 10077971 Rumal_ 1701 | cell wall-kinding repeat-containing protein

[Ruminococcus albus 7] (10 or fewer PubMed links)
Sort a11gnmem:s for this subject sequence by:
E walue Score Percent identity
Query start positicon Subject Start position
Score = 140 bits (352), Expect = Ze-32, Method: Compositional matrix adjust.

Tdentities = 153/586 (26%), Positives = 2457586 (423), Gaps = 128/586 (22%)

Query 1 LIIaF'\fT'\faDDP’YYE‘N[—‘INGGAASIaEl'IIDDKNYYFN“Sa\fL“Ia\fTSIEDaE’["YFAI-‘A a0
G D+ YYF+ +ID K Y FN+ GVL G +DG  ++R I
Sbjct 190 }’}i'\fuFYEIDDN'«YYFDP’**DaWAIDI\’I"«TDaKRYLH\IEDa«LHHa 'II\I[’.I’U.:NYFYADA 248

Query &l NILDENLEaEAIDFIaV.I‘IIDENIYYFDDNYRaA'\FEWPILDaD’J‘lYFSPEIaPAFWLNr‘ 120
+ TG YYFD WEE+ G+ ++F5 +
Sbjct 247 ET-—--—— UAIT'\/”IUFFHEanYijaD"\fme;G”YHFSSD 777777 a"'ﬂ{l' 292

Query 121 IGDY----—-| EYYFNSDGVMOKGEVS INDNEHYFDDSGVMEVEYTEIDGEHFYFAENGEMD 175
pecl KYYF- GV KGF I ++ YFD + M+ G+ I G +YF G +
Sbjct 293 IGWYEEDNTEYYFSEKGVRARKGFNKIGEDYFYFDENFEMRTGWQTIGGSKYYFGRGGVVR 352

Query 178 Ia\f—ENIEDaFWF HHNEDLGNEEGEELSYSGILNFNNKI Y YFDDSETAVY \faWP?LEDaS 235

+ I+Y I+ + ¥++ D+ A GW
Sbjct 353 NGWLKLESG-————————————— EFDETTYDPTML———RYYFYPDIHALAYGNETIGRES 385
Query 236 H-—YYFDEDTAE AYIGLSLIN 255

F +D ++ +¥ L3 +N
Sbjct 396 SOVELFEKDMSDLNEFENLSYDELSATNSDEWMRYDELEKEKYEDNILNKFQEDVYDEFGS 455

Query 256 ———EQYYE‘NDD.:I}’Q'«aP«TINDW«TYFSD SaIIESaﬂ?NID]NYFYIDDNaI v’T‘Iav‘T 311
¥Y¥F D + GHT+ D F+F + +G G + G
Sbjct 4586 D'H_.uNYYFYS DNTLAYGWITVGDYRFHFDEET GEES LaW"'IIDaKRYYFuEIaA}-\CIaEF 515

Query 312 DISDaY[’YFAI—‘ANT'WNDNIYa\,A'v"E‘[5aLv"Rv’aED'v’YYFaEIYIIEIaI\IYD}’ ENESDE 370
+D F+ ++D I V+ G ++ + ++ W+ D+ E +K
Sbjct 516 NuNDENY'«TSSDu VL3DGI ————-VELDGQIKYEKG—————————— DSDWLTOVFHTEGNE 561

Query 371 YYFNPETKKRCKGINLIDDIKYYFDEKGIMRIGLISFENNNYYFNENGEMQFGYINIED- 429
T+ A T+ +T+F+++G5+M  G+I+ + M YY + +G ++ ++ I+
Sbjet 562 TYYFDADGNAATGWIDINGERYFFNDEGVMHIGVINDDGNVYYLSEDGIVENKWVIIDSG 621

Query 430 EMFYFGEDGVMQIGVFNIFDGFEYFAHQNILDENFE GE 487
mhs uTn ne = = IT o

==
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APPENDIX

S. oralis cell wall binding repeat domain protein

)Dref YP_004104834.1 E cell wall-binding repeat-containing protein [Ruminccoccus albus
7]

gb |ADT22200.1 E cell wall binding repeat-containing protein [Ruminccoccus albus

71

!
Length=751

GENE ID: 10077971 Bumal 1701 | cell wall-binding repeat-containing protein

[Ruminccoccus albus 7] (10 or fewer PubMed links)
Sort alignments for this subject segquence by:
E wvalue 3Score FPercent identity
Query start position Subject start position
Score = 140 bits (3532), Expect = 2e-32, Method: Compositicnal matrix adjust.
Identities = 153/586 (26%), Positives = 2457586 (42%), Gaps = 128/536 (22%)
Query 1 LITGEVIVGDDEYYFNEING AASIaEIIIDDPJSIYYFN"‘Sa\f'L"‘Ia\fTSIEDaFP’YFAI-‘A a0
+ GF + D+ YYF+ G +ID K ¥ FN+ GVL G + +DG ++A R

Sbjct 190 P_AY\J-GFYEIDDN'\HYYF:)H**DUWAIDWF'\HID\JHRYLENEDU VLHHG-WIEKKDGNYFYADR 246
Query &1 NIT DENLEGEAIDFIGELIIDENIYYFDDNYRGAVEWEKELDGEMHYFSPETGEAFEGLNG 120

G + IG I++ YYFD WEE+ G+ ++F5 + G+
Sbjct 247 EI —————— GACV--TGFFKIEDKT YYFDKRGEMVENWKE [GGKT YHFS5D-————— GVMTI 292
Query 121 IGDY-- ——KYYFNS:)aVY"KGFVSINDNKHYFDDS&"«YJ‘{"«"&YIEIDGKHFYFAENGD{Q 175
G Y KYYF+ GV KGF I ++ YFD + M+ G+ I G +YF G +
Sbijct 253 IGWYEEDNTKYYFSEEGVARKGFNKIGEDYFYFDENFEMRTGWQTIGGSEYYFGRGGVVR 352
Query 176 IG"W'ENIEDGFHYFAHHNEDL.JNEEaEEISYSaILNENNPIYYFDDSFIAVVGWPDLED.JS 235
G E G I+¥ + ¥++ D+ R GW +
Sbjct 353 NGWLELESG-- —EFDI—‘IIYDI—‘IY_L———RYYFYI—‘DIHAAAY.:I\AII.:RAA 395
Query 238 K--YYFDEDTAE--————- AYIGLSLINI -- 255
F +D ++ +Y L3 +N
Sbjct 396 SOVELFEKEDMSDLNKFENLSYDELSALNSDEWMRYDELKEKYKDNTLNKFQEDVYDKFGS 455
Query 256 ———GQYYENDD.JIYQV&E"«TIND[‘"«TYFSD SaIIESa\f'QNIDDNYFYIDDNaIV“Iaﬂf‘ 311
+ G++IT+ D F+F + +& G

Sbjct 456 3'L.aNYYFYSDNILAY.:I\II"waDYRFHFDEPTaPJ’SLaW"IIDa[{RYYFaEIaAA"‘IaEF 515

Query 312 DISDaYPYFAPANT'«NDNIYaHAVEYSaLVRV‘GED'«YYFaEIYIIEIaI\IYD}’ ENESDE 370
++D I V+ G o++ o+ ++ W+ D+ E +E
Skjct 518 NaNDENT«TSSDa«ISDaI————«'Fl)GQIFY[{[—”" —————————— DSDWLIDVFHTEGNE 561

Query 371 YYFNFETKKACKGINLIDDIKYYFDEKGIMRTGLISFENNNYYFNENGEMOFGYINIED- 429
T+ L G I+ +Y+F+++G+M G+I+ + N YY + +6 ++  ++ I+
Sbjct 562 TYYFDADGNAAIGWIDINGERYFFNDEGVMHIGVINDDGNVYYLSRDGIVENEWVIIDSG 621

Query 430 HKMFYFGEDGVMQIGVENIPDGFEYFRHONTILDENFE----—————————————————— Gl 467
tns upe oo = = T o
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