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ABSTRACT

Clostridioides difficile infection is a worldwide public health concern that affects persons with
gastrointestinal dysbiosis, notably hospitalised patients on antibiotic therapy and those with
other types of gastrointestinal conditions. This opportunistic infection is caused by a Gram-
positive, spore-forming bacillus, with conditions including diarrhoea, pseudomembranous
colitis, and toxic megacolon. Antibiotic resistance has been reported for the standard of care
antibiotics, while newer drugs are too costly for resource-limited clinical settings. Faecal
microbiota transplantation (FMT) is highly effective but may pose a risk to
immunocompromised individuals. Phage therapy is being increasingly investigated as a therapy
option, notably for persons who cannot receive FMT. However, the host and regional
specificity of C. difficile phages must first be characterised to ensure the correct phage cocktail
is used for therapy. Although C. difficile phages have been described in other parts of the world,
analysis of local South African strains has not been conducted prior to this study. This project
aimed to isolate and characterise phages from a stored collection of South African C. difficile
isolates, focusing on ribotype 017, which has been identified in Western Cape hospitalised
patients with tuberculosis. Using a bioinformatic approach, we extracted phage genomes from
previously generated C. difficile genome assemblies, assessed genomic relatedness, organised
phage genomes into functional modules, and identified host defence systems. Phage induction
was done using mitomycin Cin liquid cultures and plaque overlay assays. Attempts were made
to purify phages and generate PCR amplicons for sequence confirmation. The results of this
study demonstrate the presence of phages in local C. difficile isolates and provide evidence for
their classification as Caudoviricetes. Further studies are needed to determine the specific
taxonomy, since recent updates have rendered previous morphology-based classification of

phages inadequate.



PROBLEM STATEMENT

Antibiotic resistance has been declared a global threat by the World Health Organization and
the Centres for Disease Control & Prevention (CDC) (1, 2). Clostridioides difficile is considered
globally as a leading cause of antibiotic-associated infectious diarrhoea (3). Affected persons
have a 25% chance of developing recurrence following the initial episode of Clostridioides
difficile infection (CDI) (4) and after 2 recurrent episodes, recurrence can be as high as 65% (5).
With the increase in antibiotic resistance, newer therapies are urgently needed. One
alternative, namely faecal microbiota transplantation (FMT), shows high efficacy, but it is not
without risk, as serious adverse effects include infection and death (6, 7). The use of
bacteriophages (phages) might be a therapeutic avenue for predisposed persons with drug
resistant CDI. Phage therapy, already showing success in Eastern European countries as an
accepted antibacterial therapy, is gaining interest in Western countries (8). The use of narrow
host range phages, such as C. difficile phages prevents killing of non-targeted (beneficial) host
microbes and is, therefore, useful to prevent further opportunistic infections. However, to be
optimally effective, this requires knowledge of what specific strains or ribotypes are circulating
in different geographical areas. Limited knowledge on South African C. difficile ribotypes and
associated phages exist. Therefore, this study aims to fill that knowledge gap, aiming to pioneer

an avenue for phage therapy in South Africa.

LITERATURE REVIEW

CDl is a global health threat associated with the use of antibiotics. The disease is characterised
by diarrhoea and inflammation of the colon. The Centres for Disease Control & Prevention
(CDC) is cognisant of the threat posed by CDI on patient health, as well as the associated cost
of care associated with CDI, particularly in the case of recurrent disease (9). In South Africa,
CDI has been reported in 22% of patients with diarrhoea in some settings. Importantly, given
the high prevalence of the disease in sub-Saharan Africa, tuberculosis has been identified as
an additional risk factor, likely due to the intensive antimicrobial therapy used in treatment
(10, 11). This review will (i) briefly explore the organism responsible for CDI, its pathogenesis,
and currently approved therapies (Part A). The focus will then shift (ii) to phage therapy and its

emerging role to treat bacterial infections such as CDI (Part B).



PART A: C. DIFFICILE, ITS PATHOGENESIS, THERAPY AND DRUG RESISTANCE.

Hall and O’Toole first described a hitherto unknown microorganism that was isolated from the
gut of a healthy neonate in 1935 (12). A Gram-positive, strictly anaerobic rod with subterminal
spores (13), the microorganism was named Bacillus difficilis to reflect the difficulty of isolating
it (12). In 1978, it was renamed to Clostridium difficile, drawing its etymology from the Greek
word 'kloster' denoting 'spindle' (14, 15). In 2016, following the restriction of the Clostridium
genus to contain only C. butyricum and related species, C. difficile along with Clostridium
mangenotii were placed in the newly formed genus Clostridioides based on alignment of the
16S rRNA gene (16). However, Clostridium difficile is still frequently used, and the

nomenclature is still accepted (17).

C. difficile infection

Disease presentation

CDI encompasses a wide range of symptoms, ranging from mild to moderate self-limiting
diarrhoea to more severe pseudomembranous colitis (PMC). Potentially fatal complications
such as fulminant colitis (toxic megacolon) are also possible. CDI patients most commonly
present with colitis in the absence of a pseudomembrane (18). It is most severe in the rectum,

sigmoid and descending colon and, to a lesser extent, the right colon (19).

C. difficile toxins TcdA and TcdB are both implicated in the development of disease pathology
by stimulating production of proinflammatory cytokines and destruction of the cellular
cytoskeleton (20, 21). Raised yellow plaques between 2 and 10mm in diameter are
characteristic features of PMC and can be seen by sigmoidoscopy of the colorectal mucosa
(22). C. difficile colitis becomes fulminant with the onset of septic shock and related toxic

effects (23).

Toxic megacolon is a rare complication of fulminant C. difficile colitis (24) which occurs in up to
3% of patients (25), with an associated mortality rate as high as 50% (23). The characteristic
features of toxic megacolon are colonic distension and systemic toxicity, which includes raised
temperature, hypotension, imbalances of electrolytes and decreased levels of consciousness

(26, 27). Patient outcomes may be improved with early diagnosis and aggressive therapy (28).



Hospital-acquired vs community-acquired disease

Historically CDI was thought to be a hospital-acquired disease, specifically associated with
antibiotic use. All antibiotics commonly used are implicated in the risk to develop CDI, although
it more often develops after use of clindamycin, fluoroquinolones and broad-spectrum
cephalosporins (29). However, recent studies have found that up to 50% of CDI cases are
community-associated, often without prior antibiotic use or other predisposing risk factors
(30-33). Two recent studies reported asymptomatic carriers in 10 - 15% of the tested
population (34, 35). While 40% of children under 1 year are asymptomatic carriers, this
decreases to under 5% between 2 and 3 years of age (36). Community-acquired CDI is usually
defined as the development of symptoms <48h of hospital admission, without any prior history
of hospitalization or antibiotic use (37), whereas hospital-acquired CDI is defined as the onset
of symptoms 48h after hospital admission (38-40). However, determining timing of infection is
sometimes difficult and it is estimated that many community-acquired CDI cases may go
undiagnosed, as it is generally tested at request of the physician in patients with known risk

factors (37).

Clostridioides difficile transmission occurs via the faeco-oral route, from person to person or
instrument to person, with the infectious agent being the dormant spore (18). Spores are
intrinsically resistant to commonly used antimicrobial agents (41) and disinfectants (42). They
are heat-stable, can survive aerobic environments, and the acidity of the stomach. Resistance
to antimicrobial agents is ascribed to metabolic dormancy, as many antimicrobial agents target
vegetative and metabolically active cells (43). Spores are problematic in hospitals and have
been found to survive for several months on hospital surfaces (39, 44). Hospitalised patients
on antimicrobial therapy are therefore at risk, as broad-spectrum antimicrobials kill the normal
(protective) microbiota of the gastrointestinal tract, resulting in overgrowth of C. difficile (45,

46).
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Figure 1. Schematic organization of C. difficile pathogenicity islands. A) Paloc, tcdB and tcdA encoding
large clostridial toxins, tcdR encodes a positive regulator, and tcdC encodes a negative regulator, tcdE

encodes a holin-like protein and tcdL encodes a remnant endolysin B) CdtLoc, cdtA and cdtB encodes

the binary toxins, cdtR encodes a transcription regulator.

Virulence

Firstly, disease is initiated by spore germination, a critical step in the aetiology of CDI. Spore
germination is regulated by primary bile acids, particularly cholic acid and its derivatives,
however that alone is not enough, thus amino acid co-germinants are required (47). In the
spore coat/outer membrane lies CspC, belonging to the Csp family of subtilisin-like serine
proteases, which acts as a unique germinant receptor in C. difficile (48). Following germination,
relevant toxins and proteins (Table 1) are produced; these interact with host mucosa to induce
diarrhoea (18, 49). The virulence of the organism is mainly driven by the production of toxin A,

toxin B and C. difficile transferase (also known as CDT or binary toxin) (Table 1, Figure 1).

The genes for toxin A and B are located on the 19.6kb pathogenicity locus (PalLoc) of C. difficile,
which contains toxin and other virulence genes. The tcdB and tcdA genes encode for two
exotoxins, Toxin A (TcdA) and Toxin B (TcdB), both belonging to the large Clostridial toxin family
(49, 50).

Situated between tcdB and tcdA is tcdE and tcdl. The TcdE/TcdL system originates from the
phage holin/endolysin system and has been adapted to assist in toxin transport. The tcdE gene
encodes a holin-like protein, and tcdL encodes an inactive endolysin-like protein. Together,

TcdE and TedL are thought to mediate toxin transport out of the C. difficile cell (51).

Transcription of tcdA and tcdB require the upstream positive regulator, tcdR, which encodes

an alternative sigma factor (52). The tcdC gene, found downstream of tcdA, encodes a negative
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regulator of tcdA and tcdB expression. In vitro, this regulator is mainly expressed in the
exponential phase. Expression decreases towards the stationary phase when toxin production
begins (53). Conversely, tcdR expression is upregulated during the late log phase and stationary

phase to commence toxin production (53).

Toxins A and B exert cytotoxic effects by interfering with the actin cytoskeleton, consequently
causing cell rounding and membrane blebbing (54). This is achieved via a uridine diphosphate
(UDP) glucose hydrolase dependent mechanism which transfers a sugar moiety from the toxin
to the guanosine triphosphatases (GTPases) 1 Rho, Rac and Cdc42, resulting in their
inactivation. GTPases from the Rho family are responsible for many cell processes, but they
largely regulate the actin cytoskeleton and their inactivation by TcdA and TcdB results in cell

rounding and consequently cell death (54).

Table 1. Virulence factors and known regulators facilitating the development of CDI.

Locus Virulence Characteristic Reference
factor
Paloc TcdAand TcdB Protein exotoxins that disrupt the actin cytoskeleton and (54)

consequently induce cell rounding and membrane blebbing,
resulting in cell death.

TedC Negative regulator of TcdA and TcdB (52)

TcdE/TedL Holin/endolysin system thought to be responsible for the (51)
release of toxins out of the bacterial cell

TcdR Positive regulator of TcdA and TcdB which encodes an (52)

alternative sigma factor.
CdtLoc coT Clostridioides difficile transferase (CDT) or binary toxin (55)
CdtR Upstream regulator of cdtAB (56)

TcdB is more potent than TcdA as the catalytic activity of the UDP-glucose-dependent
intracellular reaction in TcdB was found to be approximately five-fold greater than TcdA (57).
One study found that holin proteins do not form channels that are consistent in size (58). Thus

TcdB (266kDa) is likely to pass through more channels, including the narrower channels, than

1 GTPase, hydrolyses nucleotide guanosine triphosphate (GTP) into guanosine diphosphate (GDP)



TcdA (308kDa). Together this would accelerate the cytotoxic effect caused by TcdB, hence

making it the most potent of the two.

Some C. difficile strains (e.g., strains belonging to RT027 and RT078) produce a binary toxin,
also known as C. difficile transferase (CDT) (56) . CDT consists of two components: the binding
component (CDTb) and the enzymatic component (CDTa), which are encoded by cdtA and cdtB
both found in the binary toxin locus (CdtLoc) (Figure 1B) (59, 60). Like Toxin A and B, the cdtAB

operon expression is under the control of an upstream transcriptional regulator, cdtR (59).

Table 2. Typing methods used for C. difficile.

Typing Descrioti
escription
method P
MLST This technique involves partial sequencing of a set of housekeeping genes.
Alleles are assigned a number from a global database, and this will yield a multi-
locus allelic profile which is used to assign isolates to the corresponding
sequence type (61).
PCR The ribosomal 16S-23S rRNA intergenic spacer sequences of organisms are

ribotyping  amplified. Differences in the number and size of amplified products are used to
classify a species into subtypes, named ribotypes (62).
PFGE Whole genome DNA is digested using a rare-cutting restriction enzyme, which
produces large DNA fragments. The unique band patterns, called pulsotypes, are
detected using pulsed-field gel electrophoresis (63).
REA This involves digestion of total genomic DNA by the Hindlll restriction enzyme
and using agarose gel electrophoresis to separate DNA fragments into unique
band patterns (64).
Toxinotyping Characterisation is done using variations in the Paloc region using PCR-

restriction fragment length polymorphism-based methods (65)

MLST, multilocus sequence typing; REA, restriction endonuclease analysis; PFGE, pulsed-field gel electrophoresis.



Typing and Epidemiology of C. difficile
C. difficile isolates responsible for outbreaks are typed as described in Table 2. PCR ribotyping
is the most common typing scheme used to describe strains isolated from patients, especially

during outbreaks (66, 67). The more prevalent C. difficile ribotypes are described in Table 3.

Table 3. Prevalent C. difficile ribotypes responsible for outbreaks

Ribotype Regions detected Features Host
027 North America, Europe (68- TcdA, TcdB and CDT-positive; tcdC Humans (68)
71) has 1bp frameshift deletion and
18bp deletion (68).
078 Europe, Asia (72, 73) TcdA, TcdB and CDT-positive; tcdC ~ Humans, animals (74, 75)

has 39bp deletion (74)

017 Asia, Europe, Africa (10, 76,  TcdA-negative and TcdB-positive Human (78)
77) (76)

Strains belonging to the epidemic PCR ribotype (RT) 027 have been associated with more
severe disease in some settings. RT 027 strains produce TcdA, TcdB and binary toxin. Some RT
027 strains have been shown to produce 16 times more TcdA and 23 times more TcdB than
other non-RT 027 strains in vitro (79). Several other RT 027 strains retain potent virulence even
with low toxin production indicating the role of other virulence factors (80). The hyper-
colonization phenotype observed in low-toxin producing strains suggests that lowering toxin
production is a fitness strategy that promotes efficient gut colonization (80). An in vivo study
by Vitucci et al. (81) tested the virulence of epidemic ribotypes (including RT 027 and RT 078)
and non-epidemic ribotypes in two animal models, namely murine and hamster models, and
they found that the epidemic ribotypes were more virulent than the non-epidemic ribotypes.
RT 027 strains have been associated with outbreaks in North America and Europe (68-71). The
United States has had a decrease in CDl incidence of 6% over the last decade (82), with RT 027
having 10% prevalence (83). Canada experienced a decrease in RT 027 prevalence from 25 to

9.4%. The current predominant ribotype in North America is RT 106 (83, 84).

In Europe, RT 014 and RT 078 are the most prevalent (85). While RT 014 is also the most

prevalent ribotype in Australia (86-90). Strains belonging to RT 014 and 078 have largely been



associated with animal disease, predominantly porcine and bovine animals, as well as in retail
meat products (75, 91, 92). Although reports of human disease caused by these strains have
been rising, the specific mode of transmission, whether through zoonotic transmission or the

food chain, remains unclear (74, 92).

The most frequently isolated RTs in the Middle East are RT 001, 002, 027, and 017 (93). While
RT 017 is the dominant ribotype Asia and is endemic to East and Southeast Asia (94), and is the
primary ribotype for non-outbreak cases (95). Isolates belonging to RT 017, are TcdA-negative
and TcdB-positive, and are occasionally involved in epidemics (96). RT 017 is also the primary
RT described in diarrhoeal patients from the Western Cape Province of South Africa (97), and
is the most prevalent RT in patients admitted to specialist TB hospitals (98). An Egyptian study
has reported that RT 097 and 078 were the most prevalent toxigenic strains, while RT 039 was

the prevalent non-toxigenic strain (99). Ribotype data from other African countries are lacking.

Zoonotic transmission

As stated before, C. difficile is typically found in the gastrointestinal tract of humans and other
mammals (100-104); and hence is ubiquitous in environments inhabited by them (102). Initial
studies of household pets observed that the majority of isolated strains were non-
cytotoxigenic, with higher carriage of isolates in animals that had recently undergone antibiotic
treatment (103). However, recent work reported known “human” ribotypes and drug resistant
isolates in animals (105, 106), which suggests a potential zoonotic risk of animal strains to pet

owners.

Prevention of Hospital Acquired CDI

Intercepting spore transmission with sporicidal agents in the hospital setting is crucial for
disease prevention. Spores are resistant to commonly used hard surface disinfectants, as a
consequence sporicidal agents must be used to combat spore longevity (107). Spores are able
to survive on hospital hard surfaces for up to five months (44), whilst vegetative cells, which
are shed alongside spores in the stool, survive up to 15 minutes (108). Transmission occurs via
the aforementioned hard surface contamination (109-111) and by the contaminated hands of
healthcare personnel (42, 107). Chlorine-based disinfectants have been shown to have
efficacious sporicidal activity, and are recommended by some governments (112), however
this has been proved to be ineffective when tested under more realistic practices (42). Medical
personnel can safely use alcohol-based hand sanitizers before and after handling patients

9



without the risk of transmitting spores, though handwashing with antimicrobial soaps is still

recommended (113).

CDI Therapy and Antibiotic Resistance

Recommended treatment

Vancomycin is the preferred antimicrobial agent for treating CDI. Previously metronidazole was
used for treatment of mild cases, while vancomycin was reserved for severe cases (114). It has
since been shown that vancomycin is a superior treatment option; it reduces the risk of
recurrence, substantially reduces 30-day all-cause mortality, and shows overall better rates of

clinical success (115-117).

Newer antibiotics

Fidaxomicin is a novel, narrow-spectrum, Food and Drug Administration (FDA)-approved
antibiotic for CDI treatment. It has been shown to be superior to vancomycin with less
recurrent episodes 25 days after treatment and causing less disruption to the microbiota (118).
This is a breakthrough in antibiotic treatment strategies, owing to the fact that 25% patients
are likely to develop a recurrence of CDI (4). This bactericidal agent works by inhibiting RNA
polymerase (118). The major disadvantage preventing fidaxomicin use from becoming
commonplace is its exorbitant price, which can be 3 times higher than other drugs used to

treat CDI (119).

Non-Conventional Therapy: Probiotics and Faecal Microbiota Transplantation (FMT)

The human gastrointestinal tract is populated by a complex ecosystem of immune cells,
epithelial cells, and microorganisms. The resident microbiota plays a vast array of roles in
human physiology, one of which is colonisation resistance, which is the phenomenon whereby
the resident microbiota inhibits colonisation by invading pathogens (120). The onset of disease

in CDI occurs with the disruption of the microbiota, usually as a result of antibiotic use (45).

Probiotics

The World Health Organization has defined probiotics as, “live microorganisms that, when
administered in adequate amounts, confer a health benefit on the host” (121). Regarding
treatment of CDI, it is believed that administration of the appropriate probiotics should aid in
restoration of the intestinal microbiota, thereby inhibiting C. difficile proliferation. However,

the certainty of this claim, and thus, the optimal probiotic mixture, is yet to be determined.
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Lawrence et al. (122), published the results of a placebo-controlled trial, and found that
probiotics containing Lacticaseibacillus rhamnosus GG (LGG), a strain commonly prescribed for
diarrhoeal treatment, has no beneficial effect on the host in preventing recurrence of CDI.
Older studies done in 1987 and 1995 have shown that LGG can successfully treat recurrent
CDI, however, both were open-label trials with small samples sizes (123, 124). A trial done by
Hickson et al. (125) shows a probiotic with the most potential for treating CDI. They used
probiotic mixtures containing Lacticaseibacillus casei Imunitass, Streptococcus thermophilus
and Lactobacillus delbrueckii subsp. bulgaricus. No patients receiving probiotic mixtures and
17% of patients in the control group developed CDI (4, 125). Many studies done on probiotics
as a CDI treatment method have small sample sizes and are done under conditions which might
have biases and may therefore be considered unreliable. Further randomized, double-blind,
placebo-controlled trials must be done with larger sample sizes to provide more accurate

results.

Faecal microbiota transplantation

FMT is a relatively new treatment method for CDI. As stated above, the onset of clinical disease
is induced by disruption of the native microorganisms of the GIT. Thus, the principal curative
factor of FMT lies in restoration of the indigenous microbiota by use of stool transplantation
from a healthy donor (126). Fresh or frozen FMT can be administered via colonoscopy, gastric
tube, and enema; with the latter being the most convenient and still yielding high cure rates

(127, 128). Total clinical success rates very between 80% and 90% (128-130).

There is no consensus on whether FMT should be done on immunocompromised patients. A
systematic review by Shogbesan et al. reported that, out of 303 immunocompromised
patients, two deaths occurred, both of which were post-transplantation patients (131). Success
rates of 88% for single FMTs and 93% for multiple FMTs in immunocompromised patients were
observed, thus suggesting similar efficacy and safety to that of immunocompetent patients.
DeFilipp et al. has reported 2 cases of bacteraemias following FMT in immunocompromised
patients (132). Both patients acquired strains of extended spectrum beta-lactamase (ESBL)-
producing Escherichia coli which was isolated from blood cultures. Both were treated with
carbapenems, however one patient succumbed to the infection. It was found that both
patients received stool capsules from the same donor, who had not been screened for ESBL-

producing microorganisms since at the time it was not routinely tested for (132). Hyun et al.
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investigated the efficacy and safety of FMT in elderly patients with CDI, which yielded a success
rate of 66.7%. However, there were two patient deaths, one of which may have been
associated with either CDI or FMT, but the exact cause cannot be definitively determined (133).
In a recent systematic review, Marcella et al. investigated the adverse effects of FMT from
2000 to 2020 and reported five deaths associated with the procedure (7). They also report that
four of the five deaths occurred when FMT was delivered via the upper gastrointestinal tract,
but a review by Wang et al. reports a higher incidence of severe adverse effects via the lower
gastrointestinal tract (6). Further research must be done to identify the safest route of FMT

administration and to determine whether FMT is suitable for high-risk patients.

PART B. BACTERIOPHAGES, BACTERIAL PREDATORS POTENTIALLY USEFUL TO TREAT
CDI

Phages are viruses that infect bacteria and archaea, and can be lytic or lysogenic, shaping the
diversity of microbes in natural environments. Although often described as the natural
predators of bacteria, a mutualism between phage and host is not uncommon, as phages may
confer benefits to the host, such as virulence factors, or antimicrobial resistance genes, whilst
the bacterium provides the machinery for idle replication when in the latent phase. That is until
unfavourable conditions arise, and the virus assembles and replicates within the host, whereby
mature virions lyse the bacterial cell, resulting in host cell death. Phages are typically highly
specific to their hosts, targeting a particular strain or species, although some rare phages are

known to infect more than one genus (134, 135).

History of Phage Therapy

The first phage plagues were observed by Frederick Twort in 1915, but it was Felix d’Herelle
who discovered that viruses — which he named bacteriophages — were responsible for the
bacterial lysis, presenting as clear spots (lysed bacterial cells) on bacterial lawns. He saw their
potential for therapy, and successfully used phages to treat four cases of bacterial dysentery
(136). Using phages as a therapy resulted in numerous complications that were not fully
understood at the time, including the host innate immune response eliminating phages (137).
Scientific understanding of the biological and physiological processes of phages were largely
hindered by technological limitations of that era. This resulted in the abandonment of phage
trials following the discovery of the antibiotics in the 1940s (138, 139). However, phage therapy

continued in some Eastern European countries. Of late, research into phage therapy has
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skyrocketed as Western scientists search for alternatives to antibiotics in order to combat
antimicrobial drug resistance and the possibility of a return to the “pre-antibiotic era” (Table

4).

Table 4. Successful phage-based treatments reported in the literature.

Infectious disease Organism Reference
Pneumonia Pseudomonas aeruginosa (140)
Osteomyelitis Staphylococcus aureus (141)
Urinary tract infection Pseudomonas aeruginosa (142)
Prosthetic joint infection Staphylococcus aureus (143)
Prosthetic valve endocarditis Staphylococcus aureus (144)
Pneumonia Achromobacter xylosoxidans (145)

An overview of temperate phages

Phages typically have two life cycles, lytic or lysogenic, and while those exhibiting both life
cycles are known as temperate phages (139). The lytic infection is a productive infection
resulting in the death of the host cell, while the lysogenic infection the phage is integrated into
the host genome as a prophage. The accepted definition of a temperate phage is given by its
ability to lysogenize (146). However, this definition includes all phages displaying lysogenic
cycles, regardless of whether they are released by host cell lysis (lytic infection) or those that
are chronically released (chronic infection). As this study’s focus is on Caudoviricetes, and given
that the latter is typically seen in filamentous phages, henceforth the term “temperate” will
refer to phages that are released from the host cell via lysis and have the ability to lysogenise

(147).

The temperate phage’s ability to switch between lysogenic and lytic states are controlled by a
gene regulatory circuit, or a genetic switch (148). Unlike the lytic phase, which is a productive
infection producing mature virions, the lysogenic state is passive and does not threaten
viability of the host (149). In the lysogenic state, the phage, which is now called a prophage,
has its genetic material integrated into the host chromosome, or less commonly it may exist as
a plasmid within the host (150). When integrated, the prophage replicates passively alongside
the host, and it remains stable in this state until triggered by external stressors (150, 151). As

seen in Escherichia coli lambda phage, the lysogenic state is maintained by the expression of
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the Cl protein, a structural homologue of the bacterial LexA protein (152), which represses
transcription of early lytic genes (153). This state will persist until Cl is inactivated, a switch that
occurs during the host SOS response induced by DNA damage or other stressors. This thereby
triggers the irreversible switch into development of the lytic phage, this process is known as
‘induction’” (152). Laboratory experiments typically carry out prophage induction using UV
irradiation or a chemical mutagen. The best studied temperate phage is the lambda phage of
E. coli, and the genetic switch between lytic and lysogenic phases in lambda phages is well
described. The RecA protein is activated and interacts with the phage Cl repressor to undergo
self-cleavage (154, 155). Low Cl protein levels allows expression of Cro, a regulatory protein
that represses the lysogenic promotor Prm from which Cl is expressed, thereby inhibiting
recovery of Cl levels. This results in expression of protein Q, which stimulates transcription of
lytic genes (156, 157). As a result, the viral genome is excised from the bacterial chromosome
and new viral particles are produced. Endolysins accumulate in the cytosol and holins
accumulate in the cell membrane. At a time pre-determined by the holin, the membrane will
become permeable to the endolysins, and the cell membrane will rupture, releasing the

mature virions (158).

The newly leased free phages will go on to infect new host cells. Once infection is established,
the phage must decide whether to remain lytic, or to enter the lysogenic phase. This decision
is determined by the levels of Cll protein, whereby Cll levels exceeding threshold will drive

lysogeny, and insufficient levels will shift the phage into the lytic cycle (159).

Phage Taxonomy

Recent changes of phage taxonomy have been made by the International Committee on
Taxonomy of Viruses (ICTV). Previously, all tailed phages belonged to the order Caudovirales.
The three families of tailed phages included Siphoviridae, Myoviridae, and Podoviridae, and
their classification was based on their morphology. However, numerous studies had shown
that classification based on morphology was misleading, as members of the same families were
considerably diverse and with no shared evolutionary history (160-162). The ICTV thereby
abolished the order Caudovirales and its families Siphoviridae, Myoviridae, and Podoviridae
(163). A binomial naming format is now employed, using a genus and species name. All tailed
phages now belong to the class Caudoviricetes, and while new orders and families have been

established, many subfamilies and genera have not been assigned higher ranks. As of this
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ratification, morphology-based identifiers are still acknowledged, but they have been deemed
to lack taxonomic significance. While many C. difficile phages have been assigned at the levels
of genus and species, family and order ranks have not yet been established. C. difficile phages
relevant to this study are listed in Table 5, with their current names, former name, and former
family. Although aware of the changes in taxonomy, historical phage names were used to

remain consistent with the literature.

Table 5. Taxonomic changes of C. difficile phages relevant to this study.

Current name Historical name Former family*

Lubbockvirus CD119 phiCDHM19 Myoviridae
Sherbrookevirus COHM11 phiCDHM11 Myoviridae
Sherbrookevirus COHM 14 phiCDHM14 Myoviridae
Yongloolinvirus C2 phiC2 Myoviridae
Yongloolinvirus MMPO1 phiMMPO1 Myoviridae
Colneyvirus CD27 phiCD27 Myoviridae
Colneyvirus MMPO2 phiMMP0O2 Myoviridae

*Morphology-based taxa

Morphology of C. difficile Phages

In 1983 Sell et al. developed the first typing scheme for C. difficile phages when they isolated
the first C. difficile phages (164). All described phages of C. difficile were tailed phages with
icosahedral capsids and double-stranded deoxyribonucleic acid (DNA) genomes, and therefore
belonged to the now obsolete order Caudovirales (currently classified as part of the class
Caudoviricetes). Myoviruses and siphoviruses were found to be present in C. difficile (165-167).
Myoviruses have a long, non-flexible contractile tail which can range from 70 to 250nm and
capsids ranging from 50 to 73nm in diameter. Siphoviruses have non-contractile tails which are
longer on average (168), ranging from 190 to 432nm and capsids between 50 and 64nm in

diameter (169, 170).

Phage specificity

C. difficile phages have a narrow host range, and several are suggested to be strain specific
(139, 171). Host specificity can be attributed to various factors, such as the presence of specific
receptors on the surface of the host cell, also CwpV superinfection exclusion system which

blocks phage DNA injection, and antiphage systems such as Clustered Regularly Interspaced
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Short Palindromic Repeats (CRISPRs) (172-175). Interestingly, specificity is also determined by
spatial and temporal pressures, but this likely because the circulating host strains directly
influence the phage population (176). Furthermore, it has been shown that phages of a
particular geographical region showed little infectivity when used against hosts from a
different region (177, 178). Host specificity is beneficial in CDI, as it limits the damage done to
the indigenous microbiota of the gut. However, this specificity implies that knowledge of
phages circulating in particular geographical locales is needed in order to select the
appropriate phages for use in therapy. Known phages isolated from C. difficile are described

in Table S3.

Table 6. Geographic distribution of characterised C. difficile phages

Region Myovirus Siphovirus

Thailand ®HR24, dHN10, bHN16-1, dHN16-2, None (170)
dHNS50

Germany/Canada None phiCD211 (phiCDIF129T)* (179, 180)

Singapore ®C2, $630-1, $630-2 None (181)

UK ¢ CD27; phiCDHM2, phiCDHM3, phiCDHM5,  None (182-184)
phiCDHMES;
¢ CD1801, $08011, $p418, $2301

Ireland None ®CD6356, $CD6365 (165)

USA ¢ CD119, phiCDMH1 None (174, 185)

Australia ®CD2, $CD5, $pCDY dCD6 (186)

Canada $CD481-1, $CD481-2; $CD505, $CD506, ¢CD111, $CD146; (166, 187-
$CD508; dCD24-2, HCD526; ®CD8-1, $CD8-2, $CD24, 189)
dMMP02, bMMPO4; $CD5, pCD52, HCD630  $CD38-1,

Iraq CDKM15, CDKM9 (190)

Costa Rica None phiCD5763, phiCD2955 (191)

China JD032 None (192)

Poland phiCDKHO1 None (193)

*|dentical phage independently isolated and characterised by different researchers

Proponents of phage therapy suggests treatment can be administered as a monophage
therapy, or a combination of phages called a phage cocktail. Monophage therapy requires
precise identification of the offending pathogen on the strain level and determining what the
corresponding phage may be (194). In contrast, phage cocktails consist of various different
phages which increases the possibility that the target bacteria will fall within the host range

(195). Therefore, phage cocktails might compensate for the limitation conferred by narrow
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host ranges. However, all C. difficile phages identified so far are lysogenic, which potentially
poses a problem due to superinfection exclusion systems. Nevertheless, studies have shown
that cocktails using lysogenic phages are effective in batch fermentation and animal models

(183, 196).

A Spanner in The Works: Bacterial Immunity Against Phages

Bacteria have developed a complex immune system to protect against phage infection. The
most common anti-phage defence mechanisms include the restriction-modification (RM)
system, abortive infection (Abi), and the CRISPR (clustered regularly interspaced short

palindromic repeats)-Cas (CRISPR-associated) systems.

The RM system targets and eliminates invading DNA using two types of enzymes, a restriction
endonucleases (REase) and a methyltransferases (MTase) (197). The MTase modifies host DNA
sequences, which are identical sequences found on the foreign DNA. The modification of these
sequences allows for discrimination between self and non-self DNA by the REases, which will
then target and cleave the invading DNA (197). Following this, the RecBCD complex is recruited
to digest the foreign DNA starting from the breaks done by the REases (198). RecBCD then

interacts with Chi (Crossover hotspot instigator) to initiate the RecA DNA repair process (198).

The Abi system involves a programmed cell death, which is activated when other defence
systems fail at eliminating the invading phage (199). Abi is initiated when the RexA sensor
protein identifies protein-DNA complexes arising from phage infection. RexA will then
stimulate RexB, which induces the formation of ion channels, leading to a rapid loss of
membrane potential and depletion of ATP, ultimately resulting in the death of the infected cell
(200, 201). This cellular suicide occurs before the invading phages can spread to other bacterial

cells (201).

The CRISPR system, comprising the CRISPR and cas genes, which are upstream of the leader
sequence, confers adaptive immunity against invasion of phages and foreign DNA (202). A
CRISPR array contains short repeating palindromic sequences which are separated by variable
sequences known as spacers; the latter consists of DNA fragments acquired from previous

phage infections (203). Spacers enable bacterial recognition and subsequent destruction of
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incoming genetic material from infecting bacteriophages. Exposure to new viruses adds new
spacers to the CRISPR array (204). New spacers are added downstream of the leader sequence,

thereby arranging the spacers in chronological order (204, 205).

The CRISPR system works in three steps: Adaptation, expression, and interference. Briefly, in
the adaptation step, a short viral sequence, called the protospacer, is inserted into the CRISPR
locus as a new spacer. In the expression phase, CRISPR genes are transcribed into long
precursor CRISPR RNA (pre-crRNA) and following expression of cas genes, are processed into
mature short crRNAs and subsequently form a crRNA-Cas complex. In the final phase, the

crRNA-Cas protein complexes target and destroy the invading genetic material (204, 206).

Phages developed several counterattacks to CRISPR-Cas systems. The simplest counter system
is evasion of CRISPR-Cas immunity by mutation of the regions recognized by the CRISPR-Cas
system, which includes the complementary region between the crRNA and the protospacer
(207, 208). A single nucleotide mutation is enough to evade recognition by CRISPR-Cas
immunity (207, 209). Phages also encode their own CRISPR arrays and destroy the genomic

regions for host innate immunity (210).

Notable Observations Regarding Phage Infection

In vivo phage induction

A study by Meessen-Pinard et al. has shown that induction of C. difficile phages occurs in vivo
(189). The researchers initially aimed to isolate free phages from stool samples, but instead
discovered spontaneously formed plaques when culturing C. difficile isolates from stool.
Certain phages were also observed to be more susceptible to induction than others.
Interestingly, they found that these clinical C. difficile lysogens released a higher phage titre

than the laboratory generated counterparts.

Bacterial host phenotypic changes after phage infection
Changes in toxin production have been observed in C. difficile isolates infected with phages.
These changes were first described by Goh et al. (211), and although similar phenotypic

changes have been reported (188), it is still to be fully understood.

This has important implications for the use of phages as a therapeutic option since phage
integration during therapy may lead to unintended changes in strain virulence. Goh et al.

studied the effects of infecting five toxigenic C. difficile strains with four different phages (211).
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When TcdA levels were determined, only one lysogen had a two-fold increase during bacterial
toxin production, with the remaining lysogens showing no change. One lysogen showed
increased tcdA transcription, yet there was no detectable change in TcdA production. On the
other hand, 66% of lysogens had a significant increase in TcdB production yet there was no
change in tcdB transcription. Additionally, the authors found that lysogenization of non-
toxigenic strains did not change non-toxin producers into toxigenic C. difficile. The authors
speculated that because most changes were not at the transcriptional level, phage infection
might instead function by altering the amount of toxin that was released from the bacterial
cell. For example, it is known that tcdE encodes a phage holin-like protein (212), and this might
assist with toxin release, and this could explain the increased toxin release following
lysogenization (211). Holins are thought to form channels that are large enough to allow TcdB
(266kDa) to pass through, but not the larger TcdA (308kDa) (211). While the size of the holin
channels can vary (158), they could still contribute to the increase of TcdB toxin levels.
However, the above observations were contrasted by a study from Govind et al., who found
that transcription was downregulated in all PaLoc genes within C. difficile isolates lysogenized
with $CD119 (213). Amongst these changes, they found a 50% reduction in TcdA secretion
when compared to parent strains. Lysogenization of $CD119 in several other strains produced
similar results and thus these changes were not considered strain-specific. The authors found
that the phage regulator protein, RepR, was expressed in C. difficile-pCD119 lysogens. RepR
downregulates the promoters of tcdR and tcdA, and by inhibiting tcdR, transcription of tcdA
and tcdB are consequently downregulated. Thus, it was concluded that RepR was responsible
for the transcriptional changes in C. difficile-pCD119 lysogens.

Sekulovic et al. showed that the amount of TcdA and TcdB found extracellularly increased by
1.6-fold and 2.1-fold, respectively, upon introduction of $CD38-2, a siphovirus (188). This was
found in an isolate which embodied all characteristics of a ‘hypervirulent’” NAP1/027 isolate
and contained an additional myovirus. However, these results could only be replicated in one
other isolate, which belonged to RT 027. Three other isolates belonging to PCR ribotypes 014,
035 and 027 failed to show a significant increase in extracellular toxin levels. They speculate
that the reasons for the increase in toxin production are complex and might involve phage-
phage interactions or other mechanisms.

The impact of phage infection on toxin production seems to be dependent on both the phage

and host characteristics, and while variable effects have been observed, further research is
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necessary to understand factors at play.

Phage therapy for CDI

When compared with antibiotic therapy or FMT, there are a limited number of reports that
describe treatment of CDI using phage therapy (183, 214). Various in vitro assays have shown
the use of phages to successfully clear C. difficile. One study employed batch fermentation
models to evaluate the use of $CD27 as a treatment option (215). The researchers
demonstrated the efficacy of phage administration for both prophylactic and remedial
treatment. A follow-up study used an in vitro colon model system to study the potential of
®CD27 administration as prophylactic treatment for CDI over a 35 day period (216). The
researchers found a substantial reduction in C. difficile cells, toxin levels, and no adverse effects
on the gut microbiota, however, they noted an increase in Enterobacteriaceae, Lactobacillus
spp., Bacteroides spp., and aerobes. More recently, Nale et al. showed that a combination of
phages, known as a phage cocktail, was able to alleviate disease symptoms and reduce
bacterial burden of C. difficile in hamster models (183). In another study by Nale et al., using a
Wax Moth model, phage application reduced the bacterial burden and improved longevity
(217). It was also found to be successful in prophylaxis against CDI. Furthermore, the
researchers reported the prevention of biofilm formation and successful penetration of

biofilms in the Wax Moth models (217).

The first animal model using a phage (CD140) to treat CDI was done by Ramesh et al. using
hamster models (218). Three groups (1a, 1b, and 1c) of six each were challenged with C. difficile
then administered with CD140 suspension. Group la received a single dose, and 1b and 1c
were administered phage suspension every 8 h for 48 h and 72 h, respectively. Only one phage-
treated hamster died. Interestingly, autopsy revealed that the C. difficile isolate it carried was
resistant to CD140. This study highlights the efficacy of phage therapy in treating CDI. Both
single and multiple doses of treatment were shown to confer protection against CDI. However,
there were limitations. Phage therapy was shown to not prevent future infections, as after
phage treatment, as all hamsters died when they were administered with clindamycin and
challenged again with C. difficile two weeks after the initial experiments. This is expected, as
the host cells would be eliminated, and continued colonization of phages would not be possible

due to lack of hosts. One major drawback of phage therapy is host strain susceptibility, as
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resistant C. difficile will not be protected against CDI. However, this can be circumvented by
using a cocktail of phages to increase the host range. This was done by Nale et al. using a batch
fermentation model (196). This study investigated the effectiveness of phages for prophylactic
and remedial regimens. The prophylaxis group was administered phages 2 h prior to C. difficile
infection, while the remedial group received phages 5 h after C. difficile infection. Both groups
successfully cleared C. difficile until the experiment conclusion (72 h). This study shows that
phage cocktails are effective for prevention and treatment of CDI (196). To date, the literature
shows that phage therapy is efficacious in in vitro assays and in vivo animal models, but human

trials are yet to be evaluated.

Studies have shown FMT as a highly effective means to treat CDI. At present, it is unknown
which element of the microbiota transplant is responsible for infection resolution, as it may be
phages, virus-like particles (VLPs), bacterial debris, antimicrobial compounds, or metabolic
products (219). An open-label pilot study by Ott et al. (219) investigated the efficacy of using
sterile faecal filtrate in treating CDI in five patients. They found rapid resolution of symptoms
in 100% of treated patients, even six months — two years post-procedure. Transferring faecal
filtrates minimises the risk which comes with standard FMT, thus making it a safer alternative

for immunocompromised patients.

As demonstrated by the abovementioned study, live bacteria may not be the sole active agent
in FMT, and phage activity may play a role. Since the viromes of CDI patients and healthy
individuals are markedly different, it can be said that they display dysbiosis of the intestinal
virome (126). In a study by Zuo et al., an association was found between phage transfer during
FMT and the success of FMT treatment for CDI. Furthermore, they reported that successful
FMT treatment was more likely when donors had a greater Caudovirales? richness than the
recipient (126). While the study findings clearly outline changes in the intestinal virome, it is
important to note that the presence of phages does not necessarily indicate their role in the
success of the treatment, as they could instead serve as a marker of a more resilient bacterial
community. Since the researchers purified virus-like particles (VLPs) and not infectious phages,
their results more accurately represent the bacteria present, rather than the phage activity.

Therefore, the increased diversity of Caudoviricetes most likely represent the increased

2 Currently reclassified as Caudoviricetes
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diversity of bacteria in the donor stools.

In South Africa, phage therapy is under investigation to treat infections in the veterinary, avian
and apian worlds (220-222). To date, there are no peer-reviewed publications regarding the
treatment of human infections using phage therapy in South Africa. However, a study by Van
Zyl and colleagues detailed phages on the skin of healthy human volunteers from Cape Town

(223).

Drug resistant C. difficile have been reported in South Africa (97, 98). FMT, as indicated earlier,
is risky in persons predisposed to opportunistic infections. South Africa has a large population
of people living with HIV, diabetes, and tuberculosis (224, 225). These conditions often require
antimicrobial therapy for infections for these immune compromised groups, predisposing
them to the development of antibiotic-associated CDI. Therefore, an alternative to FMT is
needed, for recurrent cases and in the absence of non-expensive (effective) drugs such as
fidaxomicin, or if vancomycin resistance (albeit rare) occurs. Phage therapy could be such an
alternative, but more knowledge on the regional prevalence of phages and associated

ribotypes must be acquired.

STUDY RATIONALE

C. difficile phages have been described in various countries across the globe, however South
African phages have not been described thus far. C. difficile phages are known for their narrow
host range (186-188, 190) and genetic data indicate that this specificity is further shaped by
the bacterial strains present in the immediate geographical region (177, 178). The literature
shows that RT 017 strains predominant in the Western Cape and are particularly prevalent in
tuberculosis patients treated in TB health care facilities in the region (226). These patients are
potential reservoirs of antimicrobial resistant (AMR) strains, increasing the possibility for
nosocomial and community infections. Alternative strategies, other than expensive
fidaxomicin and potentially harmful FMTs (for immunocompromised individuals), are needed.
As such, phage cocktails, from local C. difficile isolates, may be useful to eliminate CDI in

persons who have drug resistant CDI, but who cannot receive FMT.

The presence of prophages has been described in most sequenced C. difficile genomes (196).

We, therefore, expect to find prophages in the collection provided. The knowledge gap
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regarding phages from South African C. difficile isolates will be addressed in this study via
molecular characterisation of prophages from a local collection of C. difficile isolates. These
isolates and their genomes were obtained from a previous study on C. difficile in Cape Town
diarrhoea patients. The ribotype and genome sequences are available for some of the isolates.
This study will thus inform on C. difficile phage types present in South Africa, data which is

currently lacking completely.

AIMS AND OBJECTIVES

This study aimed to isolate and characterise bacteriophages from a collection of South African

C. difficile isolates. To achieve this aim, the objectives were to:

i. Screen for lytic C. difficile phages circulating in sewage water sourced from the
greater Cape Town area.

ii. Determine the prevalence of prophage sequences in South African C. difficile RT
017 strains through a bioinformatic analysis of a set of sequenced genomes from a
local C. difficile collection, specifically searching for phage DNA signatures in the
genomes as well as previously described putative anti-phage mechanisms.

iii. Induce phage lysis from C. difficile isolates identified to harbour prophages using
media containing a DNA damaging agent.

iv. Isolate and identify phages from plaques using PCR and sequencing.

23



CHAPTER 2

RAW SEWAGE SCREEN FOR LYTIC PHAGES

SUMMARY

C. difficile has been isolated in various natural and manmade environments either directly
inhabited by mammals or where mammalian contamination could have occurred.
Consequently, the wastewater system is an ideal environment for C. difficile to reside. Given
the predatory nature of phages on their bacterial host, and their specificity to their hosts, it is
likely that an environmental sample with the presence of the host population, would also
contain their associated phages. Currently, the literature regarding C. difficile phages largely
deals with those isolated through induction, and free phages from environmental sources are
not commonly reported. Given the difficulty in isolating phages by induction, a reservoir of free
phages would be advantageous. This chapter aimed to identify phages with lytic activity in pre-
treated wastewater. Double agar overlays and phage spot test assays were performed to
identify phage plagues. Conventional PCR was done to confirm presence of phages. While the
double agar overlay assay suggested the presence of a plaque, it was not possible to amplify

phage holin genes from the plaque material.

Introduction

Phages are found in all environments across the globe and are considered the most abundant
and ubiquitous biological entity, with an estimated population of 103° particles in the biosphere
(175, 227). They are ubiquitous, and globally the most abundant phages are tailed phages,
which belong to the class Caudovirocetes (previous taxonomically classified as order
Caudovirales) (228, 229). Phages can be found in any environmental niche populated by their
host, and because of their host predation strategies, any changes in host abundance and
diversity will likewise affect the respective phage population (149, 230). This is not limited to
geographical environments, as phages form part of the microbiota found in various systems in
the human body, including, but not limited to the skin, oral cavity, respiratory system,
gastrointestinal tract, and more (231-234). Therefore, provided that the host is present, these

environments may serve as reservoirs for phage isolation.
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The current literature has only a few reports of successful C. difficile phage isolation from the
environment, and these include soil, sediment, and environmental estuarine samples (190,
235). Isolation methods typically involve enriching the environmental sample with the host
strain and incubating them for an extended period. Although this shows that environmental
isolation is possible, it introduces a bias toward phages with activity against the particular strain

used in the amplification.

To date, only a limited number of studies have attempted to isolate free C. difficile phages from
sewage samples. Meessen-Pinard et al. tested 30 sewage samples and 59 faecal samples (189).
They found six faecal samples contained phages infecting their selected C. difficile test strains.
Comparative genomic analyses of C. difficile isolates and phages from the same faecal samples
suggested that these phages were induced from the host bacteria in vivo and excreted in the
human faeces. Although these temperate phages were free of the host, they were not strictly
lytic. The authors did not find free phages in the sewage samples. Others have also attempted
to isolate strictly lytic phages from sewage samples and faecal samples, albeit without success
(165, 186). Since Meessen-Pinard et al. (189) have shown that C. difficile phages have been
found in stool samples, it is possible that phages may exist free of their host in the sewage

system.

Despite the potential role of sewage as a reservoir for C. difficile phages, the current literature
on their presence in sewage samples is limited (165, 186, 189). To address this knowledge gap,
this chapter aimed to isolate locally circulating C. difficile phages from sewage samples in the
greater Cape Town area. Local South African C. difficile clinical isolates were used as indicator
strains to detect free phages, which is crucial given that phages typically exhibit a narrow host
range that may have evolved to target locally circulating strains. This study contributes to the
current body of knowledge on the prevalence and diversity of phages in sewage, and its

potential as a reservoir for C. difficile phages.
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METHODS AND MATERIALS

Ethics statement

Ethical approval for this study was obtained from the Human Research Ethics Committee
(HREC) at the Faculty of Health Sciences, University of Cape Town, under reference numbers
764/2020. Additionally, authorization was secured to utilize isolates collected from a project

with ethics approval number 310/2008.

Sewage sample collection and processing

Treated wastewater samples from a Cape Town wastewater treatment plant were used. An
initial filtration step to remove solid faecal material was done using paper filters followed by a
second filtration using 0.8um membrane filters (MilliporeSigma, Darmstadt, Germany).
Samples were then centrifuged (Eppendorf AG, Hamburg, Germany) at 10,000xg for 5 minutes
and underwent a final filtration using 0.22um membrane filters (MilliporeSigma, Darmstadt,

Germany). Presumptive phage filtrates were stored at 4°C.

Bacterial culture media and growth conditions

C. difficile isolates were routinely cultured at 37°C in anaerobic jars containing gas-generating
sachets (AnaeroPack®, Mitsubishi Gas Chemical, Tokyo, Japan), and cultured in brain heart
infusion (Bacto™, Thermo Fisher Scientific, Massachusetts, USA) (BHI) broth containing 0.05%
(w/v) L-cysteine hydrochloride (Glentham Life Sciences, Corsham, England) and 0.5% (w/v)
yeast extract (Merck, Wadeville, Gauteng, South Africa). BHI was supplemented with 10mM
MgCl, (Merck, Wadeville, Gauteng, South Africa) and 10mM CaCl, (Merck, Wadeville, Gauteng,
South Africa) (BHIS) to increase stability of phages. Agar (Scharlau, Barcelona, Spain) was added
to solidify media as needed, with final concentrations of 1.5% and 0.67% (w/v) for normal and
soft agar, respectively. Media were pre-warmed and pre-reduced in an anaerobic environment

for a minimum of 12 hours before use.
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Detection of phages from sewage filtrate using plaque assays

To identify phage plaques and purify phages from sewage filtrate, spot test assays and double
agar overlays were performed using C. difficile SA05842529 and SA221002 as indicator strains,
both of which were isolated from CDI patients attending a large tertiary hospital in Cape Town,

South Africa (97, 98).

Growth optimization

Growth curves of twenty C. difficile isolates were established to determine growth kinetics.
Isolates included two RT 017 reference strains, M68 and CD630. Briefly, 200ul BHI broth was
inoculated using a single colony and incubated overnight (16 h) in the anaerobic chamber. The
following day, 1:10 and 1:20 dilutions were made using 20ul and 10ul culture into 180ul (1:10
dilution) and 190ul (1:20 dilution) fresh BHI media, respectively. Growth was monitored by
measuring the optical density at 600nm (ODeoo) at three-minute intervals using a plate reader
(Stratus, Cerillo, Charlottesville, USA). For each isolate, growth curves were conducted in
duplicate. The mean optical density and standard deviation were then calculated from the

duplicate values at each time point.

To determine the optimal growth of bacterial lawns in the spot test assays, three different ODs
of the indicator strains were inoculated into the top agar. Briefly, overnight cultures were
diluted 1:10 into BHI broth and incubated anaerobically at 37°C for four hours until the culture
reached the mid-log growth phase. Thereafter, three aliquots (1ml final volume) were made
into fresh BHI at 1:1, 1:2, and 1:3 dilutions. Each aliquot was added to 5ml top BHI agar (final
concentration 0.67% (w/v)) and poured onto a bottom agar plate (final concentration (1.5%
w/v)). Plates were allowed to solidify for 20 minutes (anaerobically) then inverted and
incubated overnight in the anaerobic chamber (Bugbox, Baker Ruskinn), under an atmosphere

of nitrogen (85%), carbon dioxide (10%), and hydrogen (5%), at 37°C and 60% relative humidity.

Spot test assays

Spot test assays were performed using a 1:10 dilution of overnight liquid culture into BHIS
broth that was incubated for 2-3 hours. Thereafter, 1ml of liquid culture was added into 5ml
BHIS top agar (final concentration 0.67% w/v), and immediately overlaid on a BHI bottom agar
plate (final agar concentration 1.5% w/v). Double agar overlays were allowed to set for 10

minutes at room temperature on the bench, then 5ul phage solution was pipetted in the centre
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of the plate and allowed to dry for an additional 5 minutes before being incubated overnight

at 37°C, anaerobically.

Double agar overlay plaque assays

Overnight liquid cultures were diluted 1:10 into BHIS broth to a final volume of 10ml and
allowed to grow for three hours to reach the early log phase. Thereafter, 50ul of phage filtrate
was added, and incubated for an additional 30 — 60 minutes to allow phages to adsorb.
Thereafter, 1ml of liquid culture was added into 5ml BHIS soft agar (final concentration 0.67%
(w/v)), which had been kept molten at 55°C in a water bath, and immediately overlaid on a BH|
bottom agar plate (final agar concentration 1.5% (w/v)). Double agar overlays were allowed to
set for 10 - 15 minutes at room temperature on the bench, then incubated overnight at 37°

overnight under anaerobic conditions.

Phage lysate storage media

Following phage double agar overlay and spot test assays, observed plagues were picked with
sterile pipette tip, and added to 1ml BHIS liquid media or SM buffer (100mM NaCl, 8mM
MgSQs4, 50mM Tris-Cl (pH 7.6), 0.001% (w/v) gelatine). The phage plague agar plugs were
crushed and allowed to diffuse out of the media at room temperature overnight (236). To
remove unlysed bacterial cells, the solution was centrifuged at 4000xg for 1 minute and filtered

through 0.22 um syringe filter membranes (MilliporeSigma, Darmstadt, Germany).

Phage DNA purification

Prior to phage DNA extraction, filtered material was treated with DNAse | to remove cell-free
host DNA. Digests consisted of 450ul phage filtrate, 50ul 10X DNase | buffer (New England
BioLabs, Ipswich, Massachusetts, United States), 1ul DNase | (1U/ml final concentration), and
1ul RNase A (39ug/ml final concentration) (New England Biolabs) and were incubated at 37°C
for 1.5h. DNAse | and RNAse A were inactivated with 20ul of 0.5M EDTA (20 mM final
concentration) and heated for 10 minutes at 75°C. Thereafter, phage capsid heads were
digested using 1.25ul of 20mg/ml proteinase K, incubated at 56°C for 1.5 hours, without
shaking. Proteinase K was heat inactivated at 90°C for 10 minutes. The resulting crude phage

DNA preparation was stored at 4°C.
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C. difficile Genomic DNA extraction

Genomic DNA extraction from cultured cells of C. difficile clinical isolate SA221002 was done
using the Quick-DNA Fungal/Bacterial Miniprep Kit (Zymo Research, Irvine, California, USA)
according to the manufacturer’s protocol. Briefly, an overnight liquid culture of C. difficile
SA221002 was centrifuged on a benchtop microcentrifuge at 10,000 x g for 5 minutes, the
supernatant discarded, and the pellet resuspended in 200ul PBS and 750ul Bashing Bead
Buffer. Cells were disrupted via mechanical lysis using bead beating (one cycle of 5 minutes on
the Vortex Genie2 instrument). The lysed material was centrifuged at 10,000 x g for 1 minute,
and 400ul supernatant transferred to a spin column fitted in a collection tube (provided in
extraction kit). This was centrifuged at 10,000 x g for 1 minute and 1.2ml genomic lysis buffer
was added. Half of this suspension was centrifuged at 10,000 x g for 1 minute at a time. The
flow-through was discarded and 200ul pre-wash buffer was added with a clean collection tube
and centrifuged at 10,000 x g for 1 minute. To this, 500ul wash buffer was added to the spin
column and centrifuged at 10,000 x g for 1 minute. Finally, the column was transferred to a
clean 1.5ml microcentrifuge tube and 50ul elution buffer was added and centrifuged at 10,000

x g for 30 seconds.

Detection of phage holin genes using PCR

To establish a positive control for phage holin PCRs, in silico PCR analysis first performed using
available genomes, previously published primers and FastPCR [(version 6.8.04) accessed 13
April 2022]. This was done to discern if published holin gene primers amplified the target
regions in host strains SA221002 and SA05842529. The in silico PCR targeted both the myovirus

and siphovirus holin genes of C. difficile using the primer pairs described in Table 7 (169).

Table 7. Primer pairs used in conventional PCR assays.

Genes Forward and reverse primer (5’ —3') Tm (°C) Size (bp) Reference
Myovirus CDHmyoF: TATACCAGAGCAGTTRCTRA 48 227 (169)
holin CDHmyoR: CMTCCTTCAAYTGTTTGTAA

Siphovirus CDHsiphoF: TTATGCGCTTTGCTRTTYAA 46 150 (169)
holin CDHsiphoR: MGTTTTCATTGCTCCCATTT

16S rRNA 27F: AGAGTTTGATCCTGGCTCAG 56 1500 (237)

1525R: AAGGAGGTGWTCCARCC

Tm, annealing temperature.
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Following this, conventional PCR reactions to amplify phage holins were made up using 1X
buffer (Green Go Taq Flexi Buffer, Promega, Madison, WI, USA), 3mM MgCl, (Promega,
Madison, WI, USA), 0.25mM dNTPs (New England Biolabs, Ipswich, Massachusetts), 1uM each
primer (Table 7), 0.0026U/ul Tag polymerase (GoTaqg G2 Flexi, Promega, Madison, WI, USA),
and 2ul template DNA, up to a final volume of 25ul. PCRs were performed using the 2720
Thermal Cycler (Applied Biosystems, Waltham, Massachusetts, USA), starting with an initial
denaturation of 94°C for 2 minutes. This was followed by 35 cycles of denaturation at 94°C for
45s, annealing for 45s at 48°C for myoviruses and 46°C for siphoviruses, then elongation for 1
minute at 72°C. A final elongation was done for 10 minutes at 72°C, followed by 1 minute of
cooling at 4°C. PCR products were run on 2% agarose gels (SeaKem LE Agarose, Lonza, Basel,
Switzerland) (stained with ethidium bromide) for 1h at 100V and visualized under UV
transillumination (GelDoc XR+ Molecular Imager, Bio-Rad, Hercules, California, USA) using
Image Lab (version 6.1.0). A 100 bp DNA ladder (Promega) was used to determine the band

size.

To detect residual bacterial DNA in purified phage solution, 16S rRNA PCR was done using
published primer pairs (Table 7) (237). PCR reactions of 25ul was prepared with 1X buffer
(Green Go Taq Flexi Buffer, Promega, Madison, WI, USA), 2mM MgCl, (Promega, Madison, W],
USA), 0.2mM dNTPs (New England Biolabs, Ipswich, Massachusetts), 0.2uM each primer,
0.0026U/ul Tag polymerase (GoTaq G2 Flexi, Promega, Madison, WI, USA), and 3l of template
DNA. PCRs were run with an initial denaturation at 94°C for 5 minutes, followed by 35 cycles
of 30s denaturation at 94°C, 30s annealing at 56°C, and 45s elongation at 72°C, and a final
elongation step of 5 minutes at 72°C. PCR products were run on 2% agarose gel as described

above, and a 1kb DNA ladder (New England Biolabs) was used.

RESULTS

Growth curve and growth optimisation

A growth curve was established to determine when C. difficile isolates reached the mid-log
growth phase. Two dilutions of overnight cultures were used (1:10 and 1:20 dilutions). Both
dilutions reached mid-log at similar time points of approximately 200 minutes (3.33 hours)

(Figure 2). Henceforth, all subsequent experiments requiring cultures to be in the mid-log
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phase (ODeo=0.3) were diluted 1:10 from overnight (16 h) cultures, and then incubated

anaerobically for 3 —4 hours.

Double agar overlays and spot test assays

To optimise the growth of the indicator strains in double agar overlays, various dilutions of the
indicator strains were prepared in the top agar layer. Cultures of indicator strains SA221002
and SA05842529 were prepared, with ODeoo values of 0.9 and 0.7, respectively. Three dilutions
of each were made and used in the top agar of the double agar overlays. Dense growth with
uniform distribution in the overlays was observed for all dilutions of both strains. However, 1:3
dilutions showed a subtle decrease in turbidity. Therefore, for all further experiments an initial

ODgoo of 0.3 was used.

Growth Kinetics of C. difficile over 24 Hours
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Figure 2. Effect of initial dilution on C. difficile growth kinetics. Twenty C. difficile RT 017 isolates were
grown anaerobically for 24 hours. ODego Values were recorded at three-minute intervals and average ODgoo
values were plotted. Cultures were grown in duplicate. Blue line represents the 1:10 dilution and orange
line represent the 1:20 dilution. Error bars represent standard error of the mean (SEM). Both 1:10 and
1:20 dilutions reached mid-log phase after approximately 200 minutes.
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Spot test assays and double agar overlay assays

To determine if the sewage filtrate contained phages that could infect the test strains, spot
test assays were performed. Spot test assays were optimised by pipetting 3, 5, and 10 pl
volumes of phage filtrate onto the solidified top agar layer. Despite these optimisations, spot

test assays did not produce any plaques.

Double agar overlays were performed, as this allows for phage amplification and adsorption. A
single, small (1 —2 mm), clear plague was observed on SA05842529 indicator strain (Figure 3).

This result was not reproducible and no other double agar overlays yielded plaques.

Figure 3. A potential plaque (red circle) formed on double agar overlay from sewage filtrate
using the SA05842529 host strain.

32



Phage holin gene PCR

A crude phage DNA preparation from the single identified plaque was carried out. To confirm
the absence of bacterial DNA in this preparation, the solution was used as template in a 16S
rRNA PCR amplification. As expected, no product was obtained for the crude phage DNA

preparation (Figure 4).

1500 bp

w ewage Pos NTC

Figure 4. 16S PCR of a sewage-derived plaque. No bacterial
amplification was observed. Mw, 1kb DNA ladder; Pos,
positive control; NTC, non-template control.

To generate positive controls for the holin PCRs, the SA05842529 and SA221002 indicator
strains underwent PCR using the myovirus and siphovirus primer pairs specific to the respective
holin genes. Both strains yielded a product for the myovirus holin PCR (Figure 5), but
unfortunately, it was not possible to amplify a siphovirus holin product from either strain.

Subsequent experiments used SA221002 as the positive control for the myovirus holin PCR.

To determine whether the putative plaque formed on the SA05842529 lawn contained phage
DNA, the crude phage DNA preparation described above was subjected to PCR amplification
using both holin primer pairs (Figure 6). Neither primer pair yielded a product despite several

PCR attempts.
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Figure 5. Phage-specific holin gene PCR of SA05842529 and SA221002. (Left)
Myovirus holin PCR amplified a band of 227bp on both host strains; (Right)
Siphovirus holin was not amplified from either strain. Mw, molecular weight
marker (100bp); NTC, non-template control.
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Figure 6. PCR of holin gene regions of myoviruses and siphoviruses for sewage
filtrates. A) No amplification for myovirus in sewage, the genomic DNA of test strain
SA221002 shows band of expected size B) No amplification for siphovirus PCR. Mw,
100bp molecular weight marker; gDNA, genomic DNA of SA221002; NTC non-
template control.
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Discussion

The recovery of C. difficile phages from environmental sources, such as wastewater systems,
could establish a reservoir of phages. It could potentially yield virulent phages, which would be
highly beneficial for phage therapy as virulent phages directly lyse their host cells, thus avoiding
the potential of integration into the host genome. Additionally, this would increase the
likelihood of obtaining a diverse range of phages from the host pool. Given that phages must
co-exist with their host, any phages isolated from environmental sources are likely to exhibit
host specificity ranges targeting circulating isolates. Therefore, C. difficile hosts isolated from
patients in Cape Town and representing the predominant strain types present in the region

(226) were used to screen for phages within the sewage samples.

Double agar overlay and spot test assays of sewage phage filtrates were largely unsuccessful.
Nevertheless, a potential plague was observed in the double agar overlay assay, and
experiments were done to assess whether this was a true plaque, or simply an artefact in the
agar. PCR amplification of the plaque was attempted using previously published primers to
conserved holin sequences. Amplification was unsuccessful, potentially due to low DNA
concentration within the plaque or DNA degradation during the crude DNA purification
process. Since repeat experiments failed to produce additional plagues, the most likely
possibility is that the zone of clearing was an artefact. Nevertheless, it is possible that the
plague was caused by a novel phage that harboured a divergent holin gene lacking the
conserved primer binding sites. However, given the lack of a positive control for at least one of
the holin primer pairs (siphovirus), further experiments will be needed to confirm this. Further
investigations could use rolling circle amplification on extracted phage DNA from the plaque,

followed by next generation sequencing to detect novel phage sequences.

The low salt concentration used in plaque assays could potentially have impacted the ability
of phages to form plaques. The addition of MgCl, and CaCl, enhance the stability and
attachment of phages (238). This study supplemented BHI with 10mM MgCl, and 10mM CacCl,
which is typically only used for liquid media. Plague formation could be improved by increasing

the MgCl, concentration in the soft agar to 1M (239).

35



An alternative explanation for the failure to produce a PCR product could be that the plague
resulted from the activity of a phage tail-like particle (PTLPs), a class of bacteriocin. These are
lethal, non-infectious, host-produced particles which structurally resemble a phage tail (240).
Upon attachment to receptors on the target cell, rapid membrane depolarization occurs,
resulting in cell death (241). Given that bacteriocins induce their lethal effects without causing
the host cell to lyse, they would not require holin or endolysins. A study by Gebhart et al. (242)
has annotated the open reading frames of C. difficile bacteriocins and noted the absence of
holin and endolysin genes. This could explain why the PCR did not produce a positive result for
the phage holin gene. Transmission electron microscopy (TEM) would provide evidence
whether the plaque contained PTLPs, however, this was beyond the scope of the chapter.
Therefore, it is possible that the plague was produced by the activity of a PTLP. Future research

could explore the possibility of PTLP activity by TEM.

The lack of lytic phages with activity against the two C. difficile strains in the tested sewage
samples likely reflects low overall abundances in the environment. C. difficile is an obligate
anaerobe that sporulates for survival in unfavourable conditions. When sporulated, the
bacterium enters a state of metabolic dormancy which enables aerotolerance (43). The
metabolically dormant state of the spore poses a challenge for strictly lytic phages as they
require a metabolically active host for replication. Instead, a temperate lifecycle would provide
an evolutionary advantage, as they can integrate and remain stable whether the host is in the
sporulated or vegetative state (150, 243). Furthermore, higher concentrations of phage
particles are exhibited in activated sludge liquor compared to raw sewage (244), thereby
emphasizing the importance of an active replicating host in fostering phage abundance.
Furthermore, lytic phages may not be able to attach to their hosts in their spore form, as
sporulation causes changes to the exterior surface of the host, and the spore coat and
exosporium may conceal surface attachment molecules, such as for attachment pili and S-layer
protein A (245-247). The ability of C. difficile to form spores could potentially lead to a selection
preference for temperate phages over strictly lytic phages. This, combined with the likelihood
that C. difficile found in the environment will be in its spore form, may explain the difficulty in

isolating free phages from wastewater samples.

C. difficile phage titres have been reported to rapidly decline, even within optimal storage

media and buffer (149). Consequently, the duration of phages circulating within the sewage
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system prior to sample may impact phage survival. However, it is not known how long the
phages were circulating in the sewage system before the sewage samples were collected.
Furthermore, factors like exposure to UV light, temperature and pH fluctuations, and the
presence of pharmaceuticals, personal care products and household chemicals may exert

adverse influences on phage abundance (248-252).

The sewage sample had undergone preliminary treatments and was not in its raw state. This
was a precautionary measure taken to limit exposure to SARS-Cov-2(253), as the sample was
collected during the CoVID-19 pandemic. Sewage treatment is likely to affect phage survival,

and future studies should be done on raw sewage.

The use of two indicator strains was a limiting factor in this study. As the phages present in the
sewage samples may have had a narrow host range, increasing the number of local indicator
strains could provide a broader range of potential hosts. While such phages may not be ideal
for monophage therapy, they can be evolved to broaden their host range. Additionally, the
indicator strains may have had integrated phages providing superinfection immunity or active
anti-phage defence systems inhibiting successful phage infection. Whole genome sequences
of C. difficile isolates can be screened for the presence of integrated phages and defence
mechanisms using bioinformatic tools. Furthermore, plague formation may have been

inhibited by the low salt concentration of top agar (239).

CONCLUSION

The attempt toisolate C. difficile phages from treated sewage samples was largely unsuccessful
and this is consistent with previous failed attempts by other authors. The absence of virulent
phages may be partially explained by the spore-forming nature of C. difficile and the selection
of temperate phages over strictly lytic phages. Therefore, we decided to examine the presence
of integrated prophages within the genomes of a collection of C. difficile strains that were
isolated from patients with CDI attending hospitals within the greater Cape Town area and the

results of these analyses are presented in the next chapter.

37



CHAPTER 3: BIOINFORMATIC PROPHAGE SEARCH

SUMMARY

Many challenges are faced when inducing and isolating phages from their hosts. However, this
task has become easier with the rise of metagenomics, as many tools have become available
for identification of phage genomes from sequence data. The PHASTER webserver was used to
screen the genomes of 58 C. difficile clinical isolates for prophages and the qualities of
predicted genomes were assessed using CheckV. Prophage carriage was predicted for 54
isolates, with a total of 98 prophage genomes detected. However, CheckV showed that only 5
were high-quality complete genomes, while the remaining isolates were classified as genome-
fragments. Distance trees based on Mash distances between phage genomes identified groups
of similar phages and the functional modules for representatives from each group were
investigated further by alignment with the closest reference phage identified by PHASTER.
Finally, Defense-Finder was used to identify antiphage resistance mechanisms across the
isolates (including M68 and CF5), and identified several systems, including CRISPR-Cas types I-
B and VI-A, abortive infection systems and restriction modification systems, some of which

have not previously been described in C. difficile.

INTRODUCTION

The methods for isolating phages in the laboratory have remained mostly unchanged since
their establishment in the 1900s, but the current era provides us with culture-independent
approaches for identifying phages. Next generation sequencing (NGS) technology has made it
possible to efficiently gather large amounts of genome data from a diverse range of samples
(254). As a result, it is now possible to mine bacterial genomes and environmental
metagenomes for evidence of prophage sequences. This has contributed enormously to the
discovery of novel phages, resulting in a rapid expansion in the number of complete phage

genomes in public databases (255).

Today there exist several tools dedicated to the identification of phages such as PHASTER (256),
VirSorter (257), VirSorter2 (in early-access at the time this study was initiated) (258), PhiSpy
(259), VirFinder (260), and Prophet (261). There are differences in the approaches used by
these tools with some relying on genomic feature comparisons to reference databases,

whereas others utilise machine-learning based methods to identify potentially novel phages.
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In this chapter, the PHASTER (Phage Search Tool — Enhanced Release) webserver was used for
phage identification (256). The webserver offers a user-friendly interface, and the upgrade
from its predecessor, PHAST (262), has enabled rapid and accurate identification of phages,
making it a popular choice for preliminary screening of bacterial genomes. When given raw
sequence data, PHASTER uses methods built into its pipeline to employ rapid ORF prediction
and translation, and genome annotation. PHASTER has a custom, self-updating database of
phage protein sequences collected from the National Center for Biotechnology Information
(NCBI) and the phage database established by Srividhya et al. (263). These databases are used
to perform BLAST searches for protein identification and phage sequence identification. The
pipeline uses tRNAscan-SE (264) and ARAGORN (265) to identify tRNA and tmRNA sites and
extract information for attachment sites. PHASTER assigns a ‘completeness’ score to identified
phage regions based on the proportion of phage genes and/or matches to known reference
phage genomes. The scores are graded as intact (score > 90), questionable (score 60 - 90), or
incomplete (less than 60). PHASTER also outputs the phages in the reference database that

have the highest number of genes with similarity to the identified region.

To date, no phages with activity against South African C. difficile strains have been isolated or
characterized. RT 017 has been reported as the predominant ribotype circulating in the
Western Cape region of South Africa (98). M68 and CF5 are well described RT 017 reference
strains, and there is evidence that the genomes of these isolates harbour prophage regions,
but there is no evidence of any of these being inducible (266). There is a scarcity of information
regarding C. difficile phages in South Africa. Therefore, a bioinformatic analysis was done to

identify potential phages from the genomes of South African C. difficile strains.

METHODS AND MATERIALS

C. difficile WGS

A total of 58 draft genome assemblies for C. difficile isolates belonging to a collection of South
African clinical samples were provided by B. Kullin (98). Of these, ten were assembled from
data generated in a previously published study (267) [ENA Accession numbers: ERR340646-
ERR340655] and the remaining 48 from data generated by Prof Thomas Riley and Dr Daniel
Knight.
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C. difficile genome evaluation and quality control

Overall C. difficile genome assembly metrics were assessed using QUAST (Quality Assessment
Tool for Genome Assemblies) (version 5.1.0rcl1) (accessed 26 April 2022) (268). Genome
completeness and contamination were estimated using CheckM (version 1.2.1) (269). To rule
out assembly contamination with phiX174 sequences prior to any analyses, a BLAST (Basic
Local Alignment Search Tool) analysis (270) was carried out using the phiXx174 genome (NCBI
accession number NC_001422.1).

Prophage search of sequenced C. difficile isolates
The PHASTER webserver was used to determine the presence of putative prophages in the
genomes of sequenced C. difficile strains (accessed 23 March 2021) (256, 262). Genome

sequence data in FASTA format were used as input to the web server (https://phaster.ca,

accessed 20 May 2022) and the option for multiple separate contigs was selected. C. difficile
RT 017 strains CF5 and M68 (GenBank accession numbers NC_017173.1 and NC_017175.1,
respectively) were included in the analysis.

All 58 C. difficile genomes were screened for prophages using VirSorter2 (258). Parameters
were set to identify double-stranded DNA prophages with a minimal length of 5000 bp. The
resulting sequences underwent quality control and host region trimming using CheckV. These
trimmed sequences were then re-analysed with VirSorter2, and then annotated with DRAMv
(version 2.2.4) for manual curation (271).

Assessing the quality of prophage genomes

A quality control assessment was done on the 98 intact prophage genomes identified by
PHASTER. CheckV (version 1.01) was used to assess the genome quality by estimating

completeness and contamination scores of phages detected by PHASTER (272).

Prophage and C. difficile genome analysis

Minimum hash distances between predicted phage genomes was determined using Mash
(version 2.3) (273) and the resulting distance matrix visualised by hierarchal clustering. The
tree was visualized using Interactive Tree of Life viewer v6 [date accessed: 5 February 2023]
(274). Phage genomes clustering within groups were assigned a group number (Group 1 — 6).
Representative phages were selected, and the genomes were aligned and mapped according

to a reference phage. Phage genome organization maps were constructed using CLINKER
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(version 0.0.27) (275). A conserved domain search (NCBI, accessed 19 February 2023) analysis
was done to predict the function of genes that showed no similarity to the reference phage

genome.

Core genome phylogeny was done on RT 017 isolates. Genes belonging to the core genome of
RT 017 were identified using Panaroo (version 1.3.0) (276) and aligned using MAFFT (version
7.510) (277). To construct a maximum likelihood tree, the best fit models for each gene
partition in the alignments was determined using ModelTest-Ng (278) and used to generate

bootstrapped maximum likelihood trees (n = 1000) using IQ-Tree2 (version 2.2.0) (279).

Known anti-phage systems were screened for in all C. difficile genomes (including the reference

M68 and CF5 genomes) using Defense-Finder (version 1.0.9) (280, 281).

Statistical analyses

An Independent-Samples Kruskal-Wallis test was done to compare the genome sizes between
the three completeness categories (intact, questionable, incomplete) and pairwise
comparisons of completeness were done and adjusted using Bonferroni correction. All statistic

calculations were done using IBM SPSS Statistics (version 28.0.1.1 (15)).

RESULTS

C. difficile genome assembly quality control

High levels of genome fragmentation and/or assembly incompleteness and contamination can
affect the ability of phage prediction algorithms to detect prophages. Therefore, the qualities
of C. difficile genome assemblies were assessed using QUAST and CheckM. Overall, genome
assemblies showed a relatively low level of fragmentation (median N50 and L50 values of
183,615 bp and 8, respectively), with a median of 81 contigs of 500bp or larger (Table 8). All
assemblies were classified by CheckM as having high completeness (>90%) and low
contamination (<5%). No phiX174 contaminating sequence was detected in any of the

assemblies. Thus, C. difficile draft genomes used in this study were of high quality.
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Table 8. Metrics summary for 58 C. difficile genome assemblies

Metric Median (Range)

Genome size (bp) 4,343,441 (4,118,749 - 4,403,195)
Number of contigs 81 (48 - 349)

GC% 28.66 (28.42 - 28.79)

N50 183,615 (26,385 - 239,860)

L50 8 (5-53)

Completeness (%) 98.96 (97.68 - 98.96)
Contamination (%) 0.6 (0.38 —3.84)

PHASTER Screen of clinical C. difficile collection

The PHASTER webserver was used to identify putative prophages in the genomes of C. difficile
isolates (Table S1). Almost all isolates (54/58, 93.1%) were predicted to harbour intact
prophages. PHASTER did not detect prophages in isolates SA221002, SA231012, SA242006 and
SA514119. Overall, a total of 98 intact, 75 questionable, and 456 incomplete prophage regions
were identified (Figure 7). Most isolates were predicted to harbour either one (22/58, 37.93%
of isolates) or two intact prophages (23/58, 39.66% of isolates) per genome with a median of
two intact prophages per host. A further 12.07% of isolates (7/58) were predicted to harbour
three intact prophages in their genomes, while the final two isolates were predicted to harbour

four and five prophages, respectively.

PHASTER infers the most closely related phage in the reference database based on the highest
number of gene hits. The most identified closest relative was phiCDHM19 (68/98, 69.39% of
predicted intact prophages) and every time phiCDHM19 was detected, it was consistently the
highest hit. Other commonly found best matching reference phages were phiMMPO02 (14/98,
14.29% of predicted intact prophages) and phiMMPO1 (7/98, 7.14% of predicted intact
prophages), the latter is also present in the C. difficile M68 genome. The remaining predicted
intact prophages were predicted to most closely match phiCDHM11 (5/98, 5.10%),
phiCDHM14 (3/98, 3.10%) and phiCD27 (1/98, 1.02%) reference phages. C. difficile CF5 had
one intact phage which shared the highest number of genes with the phiMMPO3 reference

phage.
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PHASTER predicted genomes between 14 and 73kb, with a median of 27.2kb (Figure 8).
Published C. difficile phage genome sizes typically range between 30 and 60kb in length (282)
(Table S3). An independent samples Kruskal-Wallis test and pairwise comparisons were done
to compare the phage genome sizes between the three completeness categories. Overall,
there was a statistically significant difference between the genome sizes in the completeness

categories (p < 0.0001, adjusted using Bonferroni correction for multiple tests).

VirSorter2 comparison

VirSorter2 was used as a secondary tool used to confirm the presence of prophages in C.
difficile genomes. Out of the 58 genomes screened, a total of 2078 prophage genomes were
detected. All prophage genomes detected by PHASTER were also detected by VirSorter2,

therefore, VirSorter2 supported PHASTER’s results.

Table 9. Genome metrics of high-quality phages

Phage Length (bp) Viral genes Completeness (%)  Contamination (%)
SA05842529 phagel 55107 41 99.63 0
SA06148880 phagel 57742 38 97.86 6.34
SA122025 phagel 73413 42 100 20.18
SA122025 phage2 66276 41 100 13.48
SA424047 phagel 57981 39 98.29 6.32

CheckV analysis

To estimate ‘completeness’ of the predicted phage genomes, intact prophage genomes
detected by PHASTER were subjected to a viral genome quality assessment using CheckV,
which assigns completeness and contamination scores and MIUVIG classifications. Most
prophage genomes (68/98, 69.39%) were classed as medium-quality genomes, predicted to be
50-90% complete. Only 5/98 (5.10%) (Table 9) of the predicted phage genomes were predicted
to represent high-quality genomes (290% complete), while the remaining phage genomes
(25/98, 25.51%) were classed as low-quality genomes (<50 complete). Of the 5 high-quality
viral genomes, 4 had highest similarity to the reference phage phiMMPO1, while SA122025 had
highest similarity to phiCDHM19. Two high quality phages came from the same host
(SA112025). Two high-quality genomes had 100% completeness scores, and the remaining 3
scored 97.86%, 98.29%, and 99.63%.
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Figure 7. Number of intact, questionable and incomplete prophages per C. difficile genome. Bubbles
represent PHASTER’s estimate of the number of phages per genome. Horizontal bars indicate the
median C. difficile isolates per host genome.
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Figure 8. Genome size of 629 putative prophages regions identified in C. difficile genomes.
Black points indicate the outliers. Upper and lower horizontal bars represent the 25™ and 75"
interquartile range; thick horizontal bars represent the median. Tips of vertical bars indicate
the 10th and 90th percentile. Independent-Samples Kruskal Wallis test was done and pairwise
comparisons between genome sizes and completeness categories, followed by Bonferroni
correction where ** represent p-value of <0.0001.
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Phage genome organisation
Six phage groups (groups 1 — 6) were identified (Figure 9) and features of the genomes were
mapped (Figure S1) based on genome annotations. Individual phages for each group are

indicated in Figure S2.

Group 1 (Figure S1 (A)) consisted of a single phage entity (SA111045 phagel) which displayed
some similarity to phiCDHM19. This group exhibited distinct functional modules pertaining to
tail morphogenesis and lysogeny control. However, several open reading frames (ORFs)
encoded proteins of unknown function. A conserved domain search was able to predict
functions of numerous ORFs belonging to modules associated with DNA replication, DNA

packing and capsid morphogenesis.

Group 2 phages (Figure S1(B)) consisted of three phages and were most closely related to
phiMMPO1 (NC_028883) by Mash analysis. Each predicted prophage exhibited various
functional modules, including DNA packaging, capsid morphogenesis, tail morphogenesis, and
lysis modules. Notably, the tail morphogenesis module contained five additional genes
compared to the reference. A conserved domain search identified two of these genes to have
functional domains associated with the terminase large subunit and the terminase ATPase
subunit. Despite the absence of similarity between the putative phage genomes and the
reference phage’s DNA replication region, conserved domain searches successfully predicted
the functional roles of several proteins involved in lysogeny, lysis, capsid morphogenesis, and
DNA packaging. Furthermore, an abortive infection (Abi)-like protein was identified across all
phages within this group. SA122025 phage2 and SA05842529 phagel were identified within

the middle portion of large contigs.

Group 3 (Figure S1(C)) consisted of three similar phages that were most closely related to
phiMMPO2 (NC_019421). DNA packaging and tail morphogenesis modules were largely similar
to phiMMPO2, except for an additional gene inserted into the tail morphogenesis module of
all three predicted prophages. The functional role of this gene could not be determined. The
putative phage capsid morphogenesis modules did not show similarity to the reference.
Similarly, the DNA packaging module in the putative phages did not match the reference, but
it did contain genes with predicted large terminase subunit domains. The phage genomes
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lacked modules for lysis, lysogeny control, and majority of the DNA replication module, but the

genomes were located at the end of contigs.

Group 4 (Figure S1(D)) had three similar phages with homology to phiCOHM11 (NC_029001).
The DNA packing, capsid morphogenesis, and tail morphogenesis functional modules in the
putative phages were highly similar to the reference phiCODHM11 phage, however the lysis and
DNA replication modules were absent. While the genome of SA122111 phage2 spanned the
entire contig length, SA231004_phage3 and SA122111 phage3 initiated at contig positions
188 bp and 153 bp, respectively, and extended until the respective contig termini. This
observation raises the possibility that modules could have been overlooked at either extremity

of the contig for all three phages.

Group 5 (Figure S1(E)) consisted of 10 phages, all of which were most closely related to
phiCDHM19 (NC_028996). Predicted functional modules for DNA packing, capsid
morphogenesis, and tail morphogenesis were present in all predicted prophages. However, in
all 10 phages, many tail morphogenesis ORFs were absent, and it must be noted that this
module was located at the end of the contig. Furthermore, lysis, lysogenic conversion, lysogeny
control, and DNA replication modules were not present in all genomes. A conserved domain
search predicted the function of several genes involved lysogeny control of SA122025_phagel.
However, these genes were scattered and did not seem to form a distinct module.
Furthermore, this module was not observed in the remaining nine isolates. Conserved domain
searches predicted the functions of ORFs involved in DNA replication, and these modular
regions were identified on the genomes of SA122025 phagel, SA714001 phagel,
SA211016_phage3, and SA06148880. The genomes of SA122025 phagel and
SA714001 _phagel were more than twice the size of the other eight phage genomes. All Group
5 phages, except for SA122025 phagel, were located at the ends of contigs, while three phage
genomes (SA242017 phage2, SA06148880 phage3, and SA714001 phagel) spanned the

entire contig they were detected on.

Group 6 consisted of five phages of different sizes, that showed some similarity to phiCDHM19
(NC_028996). While there was some similarity in the predicted phage functional modules to
the tail morphogenesis and capsid morphogenesis modules in the reference phage, there was
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little similarity to the rest of the reference phage genome. However, possible modules with
similar function were observed for the predicted phages. For example, a putative DNA
packaging functional module, harboured a gene encoding a product with a terminase small
subunit. A few genes of the lysogeny control module were found scattered and upstream to
the reference, and there was similarity to a single ORF associated with the DNA replication
module, which was also upstream. The lysogenic conversion and lysis functional modules were
absent. Around half of the phage genomes had hypothetical proteins with unknown function.
The phage genomes of SA122108 phagel and SA05864722 phagel covered nearly the full
length of their respective contigs. However, for SA714043 phage2, the genome started at
position 1856bp of the contig. While the genomes of SA122111 phagel and
SA211024 phagel began at contig positions 9,473 bp and 10,072 bp, respectively, they
extended until the contig’s terminus. As a result, the possibility remains that certain modules

could have been missed due to potential truncation.
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Figure 9. Phylogenetic analysis based on Mash distances of 96 phage sequences derived from 56 C.
difficile isolates. The Mash distance tree revealed the genetic relatedness among the analysed
prophages, grouping them into six distinct clusters (Groups 1 - 6). Group 1 (black), Group 2 (red), Group
3 (orange), Group 4 (pink), Group 5 (blue), Group 6 (purple). Group 1 contains one phage
(SA111045 phagel), which did not cluster with other groups and, shows genetic divergence. Group 6
contains majority of the putative phages.

Anti-phage systems

All 58 C. difficile genomes and two reference strains, M68 and CF5, were screened for anti-
phage systems. In total, 10 different anti-phage systems were identified (Figure 10). All isolates
contained AbiD, AbiU, types |-B and VI-A CRISPR-Cas systems, Lamassu, and RM types | and IV.
All isolates contained one gene which was identified as potentially belonging to VI-A CRISPR-
Cas systems, but other mandatory genes were absent. All isolates had low system wholeness
and system scores of 0.333 and 1, respectively. The Gajiba system was only found in 1 isolate.
Most isolates (68.33%) contained the PD-A-1 system and 61.67% of isolates did not carry the
Kiwa system. The Lamassu and RM type | systems were the only systems which had two copies,
as was seen in 96.6% and 90% of isolates, respectively.
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Figure 10. Core genome phylogeny and anti-phage defence systems of C. difficile RT 017 isolates. A) Maximum -
likelihood phylogenetic tree of C. difficile core genome. Bootstrap values are indicated by colour, ranging from
70% (red) to 100% (blue). B) Coloured blocks represent the presence (M) or absence () of anti-phage systems,
predicted reference phages, and number of phages.
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DISCUSSION

The first step towards phage therapy is to identify potential lysogens and the phages which
they carry. Since phages are highly specific to their hosts, and since the distribution of strains
may vary depending on the geographical area, it is therefore important to understand the
phage carriage among circulating strains. Currently, South Africa lacks knowledge regarding
phages infecting the local C. difficile population. This chapter aimed to address this knowledge
gap by screening a collection of South African RT 017 clinical isolates for evidence of prophage

carriage.

C. difficile genome assembly and phage genome quality

QUAST determined N50 and L50 statistics, which informs about the length of the shortest
contig found at 50% of the total assembly length, and the number of contigs that cover 50% of
the assembly, respectively. All C. difficile genome assemblies were roughly the same length and
ranged between 4,118,749 — 4,403,195 bp, with a median size of 4,343,441 bp, and are
therefore comparable in size. C. difficile typically has a genome size ranging between 4 Mb and
4.4 Mb, while the two well-characterized RT 017 reference strains CF5 (GenBank accession no.
NC 017173.1) and M68 (GenBank accession no. NC_017175.1) have genome sizes of
4,159,517 bp and 4,308,325 bp, respectively. Therefore, all C. difficile genome sizes were

within the expected size range and were of high-quality for further analyses.

The quality of the genome assembly affects phage identification, as bioinformatics tools and
algorithms used for phage detection may be compromised by genome fragmentation.
Prophages which lie at the edge of a contig may be missed, incorrectly labelled as
“incomplete”, or parts of the putative phage genome may not be identified. Although high-
quality C. difficile genomes were used, eight assemblies had N50 values smaller than 132kb,
which is smaller than the largest C. difficile phage genome. Given that this means that 50% of
the genomic data is present on contigs of < 132kb, it is possible that phages have been missed
or labelled as incomplete in these genomes. Interestingly, 4/8 of the isolates with N50 < 132kb
were detected as carrying no intact phages, though there is insufficient evidence to confirm
whether the small contig sizes resulted in PHASTER missing potential intact phages.
Resequencing and/or generation of closed genomes using hybrid long-read sequencing

approaches could potentially improve phage detection for these assemblies but were,
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however, beyond the scope of the study. Genome incompleteness and the presence of
contaminating sequences from other organisms could lead to under- and overestimation of
the number of prophages, respectively. CheckM has been developed to assess the quality of
metagenome-assembled contigs and estimates the bacterial genome completeness and
contamination based on the copy number of marker genes, which it defines as single-copy
genes identified in 297% of genomes. All assemblies in the current analysis were above the
thresholds for high quality draft genomes suggesting that incompleteness and contamination
were unlikely to have affected the ability of PHASTER to detect prophages in the dataset.
Phage detection

According to PHASTER analysis, almost all C. difficile strains were predicted to carry prophages.
However, it is uncommon to find such a high proportion of prophage carriers in a set of C.
difficile isolates. Phothichaisri et al. investigated 73 clinical C. difficile isolates for the presence
of phages by detecting the phage holin gene via PCR and found 66 isolates to carry the holin
gene (170). However, phage induction (using mitomycin C) of these lysogens were successful
in only 32.8% of isolates. This indicates that majority of these isolates were not carrying intact
phages. Similarly, efforts made by Nale et al. to induce prophages from 91 C. difficile isolates
were successful in only seven isolates (167), despite testing two antibiotics and varying

concentrations.

PHASTER predicted multiple phage carriage in 59% of isolates, however, many of these may be
non-functional, as carriage of more than one prophage is uncommon. Although PHASTER
reported these phages as intact, it may be that a large proportion of them were not intact but
rather defective phages. Defective phages, which differ from phage tail-like particles as they
have a capsid head containing the viral genome, are widely distributed inducible particles that
are unable to infect the target bacterium (167, 283-285). It should also be mentioned that it
has been reported that PHASTER has a higher rate of false positive compared to its
predecessor, PHAST (262). Given this, it is possible that PHASTER identified defective phages
and reported a large proportion of them as intact phages, resulting in an overrepresentation
of intact phages. Previously, Nale et al. observed dual phage carriage in only one isolate out of
the set of 91 (167). Additionally, three isolates carried both intact and defective phages.

Therefore, although carriage of multiple prophages (intact or otherwise) is known to exist, our
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study supports previous studies that suggest that carriage of multiple intact phages is relatively

uncommon in C. difficile isolates.

Given that multiple small prophages per genome were found, it is possible that PHASTER had
separated larger prophages into multiple smaller prophages, as this is a known limitation (262).
CheckV found that the majority (69.4%) of the medium-quality phage genomes are smaller
than 50 kb and they were reported as genome fragments. It is then possible these are
fragments of larger phage genomes that had been split. Although high-quality C. difficile draft
genomes were used, an additional analysis using a phage search tool such as VirSorter
(updated to VirSorter2) would be useful (257, 258). These tools were designed for phage
detection in draft genomes, and they operate especially well using fragmented data, too. A
known limitation of PHASTER is that the DBSCAN algorithm assumes an even distribution of
phage genes, which is not true in practise, further affecting results (285, 286). To minimize the
amount of overreported intact phages, analyses should be done using multiple phage
detection tools, with the intersecting results being considered for further bioinformatic

analyses.

Prophage search of reference strains

The PHASTER analysis performed on CF5 and M68 found one intact phage and two intact
phages, respectively. The phages with the highest hits for CF5 and M68 were phiMMPO03, and
phiMMPO1 and phiCDHM19, respectively. At present, though there is evidence of prophage
carriage (266), the literature contains no data on these strains producing inducible, functional

phages.

CheckV: Genome sizes of intact phages

PHASTER reported the genome sizes of the 98 intact phages to range from 14,620 and 73,412
bp, with a median value of 27,221 bp. This indicates more than half were below 30 kb in size,
which is interesting considering they are below the size of the smallest C. difficile phage
genome of 31,394 bp (184). CheckV was used to assess the phage genome quality. CheckV is a
bioinformatic tool designed to identify metagenomic viral contigs. CheckV identifies and
removes host regions, and subsequently estimates genome completeness by comparing
average amino acid identity (AAl) or hidden Markov Model (HMM) profiles against a database
of complete viral genomes (version 0.6). CheckV assigns an in-house quality score which aligns
with the Minimum Information about an Uncultivated Virus Genome (MIUVIG) standards
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(287). Completeness scores were estimated and used to assign a corresponding quality score
which align with the MIUViG classification (287). High-quality CheckV completeness scores (>
90%) aligns with high-quality MIUViIG genomes. CheckV completeness values scoring below
90% are designated as genome fragments by MIUViG standards. CheckV found 25 low-quality
genomes with sizes between 14,620 and 26,246 bp, 68 were medium quality with genome
sizes from 25,967 to 48,540 bp, and 5 were high-quality with genome sizes from 55,107 and
73,413 bp. The phages identified by CheckV as high-quality phage genomes were
SA05842529 phagel, SA06148880 phagel, SA122025 phagel, SA122025 phage2, and
SA424047 phagel, all having completeness scores ranging between 97.86 and 100%, strongly
suggesting these are intact phage genomes. This shows a trend of larger phage genomes likely
producing intact phages. However, at the time of writing, the smallest C. difficile phage genome
belongs to phiCD08011, with a size of 31,394 bp (184). In fact, there are eight other published
phages with genome sizes < 40kb. Typically, C. difficile phage genome sizes range from ~30 —
~60 kb(282), except for the big phages, phiCD211 (phiCDIF129T), phiCD5763 and phiCD2955,
which have genome sizes of 131.3 kb, 132.5 kb, and 131.6 kb, respectively (179, 180, 191)
(Table S3). This suggests that C. difficile phages with a genome size below 30 kb are not likely

to be complete.

Genomic organisation of phages

Using Mash distances of predicted phage genomes, a tree was constructed, and the phages
were clustered into six groups. The reference phage for each group was assigned and the
genomes were mapped based on gene annotations. Overall, phage genomes matched the
reference genomes, but there were several absent modules which commonly occurred
towards the end of the contig. The genomes used for PHASTER contained several short contigs,
and therefore it is possible that not all genes were identified due to assembly truncation.
Alternatively, this could reflect genuine loss of these modules in the putative prophages.
However, using the present sequence data, it could not be confirmed whether assembly

truncation occurred or if the functional modules were lost.

Group 1 contained one phage (SA111045 phagel) which did not cluster with any other
phages, and it showed little similarity to the reference phage. This suggests genetic divergence
and a possibility of a unique phage.

All phages within Group 2 had high-quality genomes, as confirmed by CheckV predictions.

54



Notably, in comparison to the reference phages, these phages harboured five additional ORFs
in the tail morphogenesis module. While the function of three ORFs could not be determined,
the remaining two displayed domains associated with tail morphogenesis. The presence of an
Abi-like protein suggests its role in preventing superinfection of other phages. Considering that
SA122025 phage2 and SA05842529 phagel were identified within the middle portion of large
contigs, it becomes less likely (though not entirely ruled out) that the absent modules were
prematurely truncated during the assembly process.

Group 3, 4 and 5 phages had absent modules, but several of the genomes were located at the
end of contigs. Additionally, Group 5 and 6 contained phages whereby the entire contig was
identified as a phage. This suggests a possibility of assembly truncation, but it cannot be
confirmed due to the limited data. In contrast, one phage (SA122025 phagel), which belonged
to Group 5, did not occur at the contig edge. This suggests the possibility that the absent

modules were genuinely lost and could potentially result in a non-functional phage.

C. difficile genome analyses

Bacteria have an arsenal of tactics to defend against phage attacks, most notably is the
adaptive immunity provided by CRISPR-Cas systems. While all analysed C. difficile isolates were
predicted to harbour type I-B CRISPR-Cas systems, the presence of VI-A systems were not
convincing. Not only did these isolates lack mandatory genes, but they yielded notably low
system and wholeness scores. Furthermore, the published literature does not support this
prediction, as type VI-A systems has not been reported to be carried in C. difficile, only type I-
B CRISPR-Cas systems have been reported (173, 174). Taken together, this suggests that the

type VI-A system was likely misidentified.

CRISPR-Cas systems are divided into two classes based on their effector modules. Class 1
systems have intricate complexes with multiple Cas protein subunits, while Class 2 systems
have a single, large, multidomain and multifunctional effector protein (288). Class 1 includes
types |, lll, IV, and Class 2 includes types Il, V and VI, each of which can be further classified into
various subtypes (289). The presence of Class 1 type I-B in all isolates is consistent with previous
studies (173, 174, 290, 291). Single copies of this CRISPR array were found, except for isolate
SA714001 which carried two copies of Class 1 subtype I-B. This finding contrasts with previous
reports of C. difficile isolates having multiple sets of CRISPR arrays (290, 291). Additionally, class

2 subtype VI-A systems were identified in all isolates. However, each system was missing
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important functional components and is unlikely to be functional. Up until now, subtype VI-A
CRISPR-Cas system has not been described in C. difficile. Briefly, type | loci have the signature
cas3 gene which encodes a large protein with a helicase and the I-B effector complex is
encoded by the cas8b1, cas’7 and cas5 genes. Cas6, which is found upstream of the effector
operon, is involved in pre-crRNA processing into mature crRNAs, which then interacts with the
effector complex to locate the protospacer (foreign DNA sequence complementary to the
spacer) (292, 293). Cas8 recognizes the protospacer adjacent motif (PAM) and induces binding
of the effector complex to its target, forming an R-loop between crRNA and dsDNA. The Cas3
nuclease then cleaves target region downstream of PAM and the opposite strand is degraded
(292, 293). On the other hand, the subtype VI-A system has effector protein (Casl3a) is
encoded by casl3a, has two HEPN (Higher Eukaryotes and Prokaryotes Nucleotide-binding)
domains which enables targeting and cleavage of ssRNA phages (289, 294). Unlike other
subtypes of type VI systems, VI-A has genes for both cas1 and cas2 (292). Interestingly, Cas13a
has co-lateral RNase activity, resulting in non-specific mRNA cleave, which impairs growth of
the bacteria and leads to cell death or dormancy (295). In silico studies have identified CRISPR
arrays in C. difficile and C. difficile prophages, often carrying multiple copies of the array (174).

Biological experiments have not been done to confirm the functionality of these findings.

AbiD and AbiU systems were present in majority of isolates, including M68 and CF5. Abi is a
common resistance strategy against phage infection which is reserved as a last line of defence
if other resistance mechanisms fail (201). The system is tightly regulated, and the mechanism
for cell death is only activated when sensor proteins detect phage infection (296). Complete
Abi systems have not been identified in C. difficile. An AbiF protein has been identified on the
$C2 genome and has been speculated to be involved in preventing superinfection, modulating
®C2 replication, and may play a role in low levels of free phage isolation (181, 214).
Additionally, an Abi-like protein has been identified in $027, which is present on in RT 027
isolates (297).

Restriction modification (RM) systems Type | and Type IV were identified. RM systems modifies
and protects self-DNA through the action of methyltransferase (MTase) which recognizes
specific sequences known as recognition sites and adds a methyl group. Unmethylated

recognition sites, such as those found in foreign DNA, will be recognized and cleaved by
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restriction endonucleases (REases) (298). CdiCD6Il RM systems have been identified in C.

difficile, but experimental evidence of the activity is lacking (299).

The Lamassu, Kiwa, and Gajiba systems were identified; they are recently discovered systems
that are not yet fully characterised, nor have they been identified in published studies. Lamassu
is a two-gene system consisting of a structural maintenance of chromosomes (SMC) gene
(ImuB) and ImuA encoding an effector protein having an N-terminal Cap4 dsDNA endonuclease
domain (300, 301). It has been found in 1.3% of sequenced genomes, and showed protection
against siphoviruses in Bacillus cereus VD014 and Bacillus sp. NIO-1130 (302). The Kiwa system
has two genes, kwaA encoding a transmembrane protein and kwaB encoding a protein with
the DUF4868 domain. The Kiwa system has shown protection against certain siphoviruses in
Escherichia coli 055:H7 RM12579. The Gabija system consists of gajA which encodes a
sequence-specific DNA nicking endonuclease protein (303), and gajB which encodes a helicase
(302). Gabija systems has been found in 8.5% of sequenced bacterial and archaeal genomes,
and shows protection against myoviruses in B. cereus VD045 and B. cereus Hub5-5 (302). The
PD-Lambda-1 (PD-A-1) system was detected in most isolates and was absent in CF5 and M68.
The PD-A-1 system operon has been predicted to encode proteins that contain a
transmembrane domain, DUF4041 domain, and a GIY-YIG-nuclease domain. PD-A-1 confers
robust protection against lambda phages in Escherichia coli, and up until now, this resistance

mechanism had not been observed in C. difficile (304), and requires further investigation.

Various mechanisms enable phages to infect bacteria even when anti-phage defence systems
are carried. These include anti-CRISPR proteins [304], phage-encoded CRISPR-Cas arrays [165,
184], gene mutations that prevent Abi system activation [305], RM evasion strategies such as
base modification or decreasing the number of restriction sites [306, 307], and more. Since all
bacterial isolates in this study carried numerous defence systems, it suggests that the success
of phage infections may rely more on the phage’s ability to evade host defences rather than
their absence. The current literature offers limited insight into C. difficile antiphage systems
and most in silico predictions lack experimental validation. Therefore, further studies are
crucial to validate the predictions presented here and confirm the functionality of these
potential antiphage systems. Furthermore, future research must be done to understand the
interplay between host defence systems and phage evasion strategies, and their implications

for phage therapy.

57



CONCLUSION

Using a bioinformatic approach, a diverse population of phages was identified in majority of C.
difficile isolates. However, only a small portion of phages were predicted to have high-quality
genomes. Mash values were used to construct a distance tree, whereby six distinct groups of
phages were established, and a genetically divergent phage was identified, indicating a
potentially unique phage. Genomic features, based on genome annotations, were mapped for
each phage group. This study also investigated C. difficile isolates for potential defence systems
and reported a wide repertoire of anti-phage systems. Future studies utilising in silico phage
detection methods should employ bioinformatic tools better equipped for screening draft
genomes. Furthermore, phage genomes should be analysed to identify genes involved in host
immune evasion strategies and superinfection immunity. Subsequent biological experiments

are required to validate the bioinformatic predictions.

CHAPTER 4: PROPHAGE INDUCTION AND OPTIMIZATION

SUMMARY

Prophages are bacteriophages that have integrated into the host bacterial genome. These
prophages can be triggered to produce viable phages, resulting in the lysis of its host.
Temperate phages have been reported in C. difficile and have been shown to be induced by
various agents. An in silico analysis, in Chapter 3, described the presence of prophages in a set
of clinical isolates investigated in this study. In this chapter, the in silico observations were
validated by inducing phages from a subset of South African C. difficile isolates by means of
exposure mitomycin C, a DNA-damaging agent. A subset of 20 isolates were induced in liquid

assays, and the phage lysates of 29 isolates were tested in double agar overlay and spot test
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assays. PCR assays were performed to classify phages as myoviruses or siphoviruses. Four
isolates (20%) were induced in liquid assays, while 7 different isolates produced plaques
(24.1%). Subsequent conventional PCR assays successfully characterised the lysate of one

isolate (SA06148880) as a myovirus.

INTRODUCTION

Phage life cycle

Temperate phages can exist in either a lytic or both lytic and lysogenic lifestyles (139). Phage
infection occurs by binding to surface receptors on the target bacterium, followed by insertion
of phage genetic material (139). Lysogenic phages integrate their genetic material into the host
genome and the phage genetic material, now known as a prophage, replicates with each host
cell replication cycle (305). This phase persists until phage induction occurs, leading to
production of viral particles and bacterial cell lysis. In the lytic cycle, phages take over the host
replication machinery to produce the next generation of virions, which lyse the bacterial cell
to release mature viral particles. Phages capable of replicating in both the lysogenic and lytic
phase are known as temperate phages. Switching from the lysogenic to lytic phase is known as

phage induction (139).

C. difficile harbours temperate phages belonging to the class Caudoviricetes. At the time of
writing, with the new taxonomic guidelines, C. difficile temperate phages have not been
assigned into families, previously they were assigned into the now obsolete families Myoviridae
(having contractile tails) and Siphoviridae (having long, non-contractile tails). Further
morphological characterisation under transmission electron microscopy (TEM) has identified
different morphotypes for each family (167, 169). Although C. difficile phages are usually
isolated following induction (commonly done using mitomycin C, norfloxacin, and UV
irradiation), free phages have been isolated from faecal samples of CDI patients, indicating in
vivo induction (189). In vivo prophage induction demonstrates the possible effect phages play
on the microbial ecosystem within the gut and its potential implication in disease related to

dysbiosis of the gut, a hypothesis which requires further exploration.

Isolation of temperate phages from host bacteria involves induction of prophages by non-lethal
DNA damage, typically using antibiotics (167), ultraviolet light irradiation (306), or mitomycin

C (307). The subsequent host lysis can be observed as plague formation in double agar overlays
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or as clearing in liquid media. However, this process presents challenges, as phage induction
varies on the inducing agent and its concentration (167), which could also differ between
different host strains. Therefore, identifying the preferred inducing agent and its optimal

concentration beforehand is crucial for successful isolation of temperate phages.

In South Africa, RT 017 is the dominant strain circulating in hospitals, particularly in TB
hospitals, yet no knowledge is available relating to the phages infecting C. difficile. This research
will contribute to the current pool of knowledge regarding phages and will provide

foundational material for further research into South African phages.

METHODS AND MATERIALS

Clinical C. difficile sample collection, growth media and culturing conditions

C. difficile clinical samples used.

A collection of 58 C. difficile clinical isolates, hosted in the Division of Medical Microbiology and
collected in a previous study from patients with CDI (HREC ref 310/2008) was used. Isolates
within this collection have been previously characterised. Metadata associated with the
deidentified isolates were provided by the research project co-supervisor, who generated data
during post-doctoral studies. This consisted of antimicrobial susceptibility profiles, whole
genome sequence data, tcdA, tcdB and cdtAB toxin profiles, ribotype and multilocus variable-
number tandem-repeat analysis (MVLA) data. These data have been reported in previous
publications (97, 98, 226). A manageable subset of 29 isolates was used for double agar overlay
plaque assay and spot test assays. All isolates included in the subset were revived from spore
stocks using brain heart infusion agar (BHI) (Thermo Fisher Scientific, Massachusetts, USA),
then stored in BHI broth containing 50% glycerol at -80°C. Gram stains were done to confirm

pure cultures of Gram-positive rods.

Culture media and growth conditions
Culturing, media used, and culture conditions were as described in Chapter 2 (Bacterial culture

media and growth conditions).
Prophage induction using Mitomycin C
Mitomycin C concentration titration

Titration experiments were done to determine the sublethal concentration of mitomycin C

(MMC) against the C. difficile isolates used in this study. The concentrations of MMC used were

60



1, 2,4, and 5 ul/mg. Briefly, isolates were streaked from frozen stocks and grown as described
in Chapter 2 (Bacterial culture media and growth conditions). Overnight liquid cultures were
diluted 1:10 into BHIS broth and grown for 3 hours to reach mid-log phase. Thereafter, 500yl
culture and MMC (at final concentrations of 1, 2, 4, and 5ul/mg, respectively) added to
separate screw-cap glass tubes containing 5ml molten 0.8% BHIS agar, which was kept molten
at 50°C in a water bath. This molten mixture was poured onto a 1.5% BHI plate and allowed to

set before being incubated overnight under anaerobic conditions (described in Chapter 2).

Mitomycin C induction

Liquid MMC phage induction assays was performed using a previously described protocol
(239). Briefly, C. difficile isolates were revived from frozen stocks and cultured as described in
Chapter 2. To obtain lysates, overnight cultures were diluted (1:10 dilution) into fresh BHIS
broth and grown for 3 - 4 hours to reach mid-log phase (239). MMC was added to achieve a
final concentration of 3ug/ml (167, 189) and cultures incubated for another 16-18 hours
(overnight) at 37°C in an anaerobic jar containing an anaerobic sachet (AnaeroPack, Mitsubishi
Gas Chemical, Japan). The following day, lysates were centrifuged at 3000 x g for 10 minutes
(Centrifuge 5420, Eppendorf), whereafter supernatants were filtered through 0.22 um syringe
filters (MF-Millipore) to remove unlysed host cells or debris. Phage lysates were stored at 4°C
in both original culture media (containing 10 mM each of MgCl, and CaCl;) and SM buffer
(100mM NaCl, 8mM MgSQ4, 50mM Tris-Cl (pH 7.6), 0.001 % (w/v) gelatine) (166, 239).

Phage amplification and precipitation
To enrich for possible phages, two host strains SA221002 and SA05842529 were exposed to

crude phage filtrates.

Briefly, 1ml overnight cultures of host strains were diluted 1:10 into 10ml BHIS broth and
incubated for 3 hours anaerobically at 37°C. These log phase cultures were exposed to 100ul
crude phage filtrates; incubation was done overnight (16 h) at 37°C, in anaerobic jars with
AnaeroPacks® (Mitsubishi Gas Chemical, Japan). Cultures were centrifuged at 20,000xg
(Centrifuge 5420, Eppendorf), filtered using syringe and 0.45um membrane filters
(MilliporeSigma, Darmstadt, Germany). Two aliquots of filtrates were stored: One aliquot was
stored the original media at 4°C (308), a second aliquot was precipitated and stored in SM

buffer (100mM NaCl, 8mM MgS0O4, 50mM Tris-Cl (pH 7.6), 0.001 % (w/v) gelatine).
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Phages were precipitated using a modification of a previously described method (309). For this,
1.5ml crude phage filtrate was transferred to a clean 2ml Eppendorf tube and mixed with 375l
of a PEG solution (20% (w/v) polyethylene glycol (PEG)-8000, 2.5M NacCl). This was mixed gently
by inversion and incubated at 4°C overnight to improve phage precipitation. The following day,
the phage solution was centrifuged at 13,000xg (Centrifuge 5420, Eppendorf) for 10 minutes
at 4°C. The supernatant fraction was removed except for 100ul; the latter was resuspended in
500ul BHI broth. Residual PEG was removed by a second centrifugation at 13,000xg for 10
minutes at 22°C. The supernatant was carefully transferred to a clean 2ml Eppendorf tube and
topped up to 500ul BHI. To increase stability of phages in culture media, MgCl, and CaCl, were

added to a final concentration of 10mM each, and the phage lysate was stored at 4°C.

Double agar overlay

Ten millilitres of overnight liquid cultures were diluted 1:10 into fresh BHIS broth and grown
for 2 hours to reach early log phase. Thereafter, 200ul concentrated phage solution was added
and incubated for one hour to allow phages to adhere to the host cells. After incubation, 1ml|
was transferred into 5ml 0.8% BHIS molten agar and poured over 1.5% BHI agar plates.
Overlays were solidified on the bench at room temperature for 10 minutes and incubated 20

— 24 hours anaerobically at 37°C.

Double agar overlay of serially diluted phage-bacteria solutions

Briefly, 200ul phage solution was added to 10ml early log phase C. difficile culture grown in
BHIS broth. The solution was incubated for 1h to allow the phages to adhere to host cells.
Thereafter, 200ul was serially diluted into 5 glass bottles containing 9ml BHIS broth. To each
tube, a further 800ul aliquot of cultured C. difficile was added, giving a final volume of 10ml.
From this, Iml was used in double agar overlay assays (as described above) and incubated for
24h in an anaerobic chamber (BugBox®, Baker Ruskinn) under an atmosphere of nitrogen

(85%), CO2 (10%), and hydrogen (5%), at 37°C and 60% relative humidity.

Phage spot test assay

Spot test assays were done to test if prepared lysates contained viable phages that are capable
of forming plaques. Growth conditions, media and double agar overlays preparation was done
as described in Chapter 2. Briefly, overnight liquid cultures were diluted 1:10 into fresh BHIS
broth and incubated for 3 hours. After incubation, 1ml was transferred into 5ml 0.8% BHIS
agar, which was kept molten in a water bath at 50°C and poured over 1.5% BHI agar plates.
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Overlays were allowed to set on the bench at room temperature for 10 minutes, then 5ul
phage solution was spotted onto the plate. When dry, plates were inverted and incubated 20

— 24 hours anaerobically at 37°C.

Phage lysate media and processing

Following phage double agar overlay or spot test assays, plaque were picked with sterile
pipette tip, and added to 1ml BHIS liquid media or SM buffer (100mM NaCl, 8mM MgSQOa,
50mM Tris-Cl (pH 7.6), 0.001 % (w/v) gelatine). Phage plaque agar plugs were crushed and
allowed to diffuse out of the media at room temperature overnight (236). To remove unlysed
bacterial cells and debris, the solution was centrifuged at 4000xg for 1 minute and filtered
through 0.22 um syringe filters (MF-Millipore). Filtrates were stored at 4°C until used for other
procedures (phage precipitation, induction experiments, PCR verification of phage DNA and

classification).

Monitoring optical density following high-throughput prophage induction

Isolate selection

A subset of clinical C. difficile isolates was used for a high throughput mitomycin C induction,
with a total of twenty isolates (Table S2). The isolates selected included four prophage-free
isolates (as determined by PHASTER in Chapter 3), sixteen isolates carrying prophages which
were selected based on in silico confirmed prophage diversity, and two RT 017 reference
strains, M68 and CD630 (GenBank accession numbers NC 017175.1 and NC_009089,

respectively)

Establishing C. difficile growth curve in microtitre plates

To determine when early-log phase was reached, growth curves were established for each C.
difficile isolate. Growth was initiated by inoculation of single colonies into BHI broth, in 96-well
plates. Cultures were incubated overnight in an anaerobic workstation (Concept Dual 1000
Anaerobic Workstation, Baker Ruskinn), under an atmosphere of nitrogen (85%), CO2 (10%),
and hydrogen (5%), at 37°C and 60% relative humidity. On Day 2, flat bottomed, 96-well plates
were set up as shown in Figure 11, with 180ul and 190ul BHI aliquoted into wells of each half
of the plate. Aliquots of 20ul and 10ul of overnight cultures were inoculated into wells
containing 180ul and 190ul BHI, respectively, generating 1:10 and 1:20 dilution starter
cultures. Growth determinations were done in duplicate. The 96-well plate was placed in a
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plate reader (Stratus, Cerillo, Charlottesville, USA), generating optical density values read at a
600nm wavelength (ODsoo) every three minutes. The mean ODeoo values (from 2 replicates)

and standard deviations were plotted using Excel (Microsoft Corporation, version 2306).

High-throughput mitomycin C induction in liquid culture

A high-throughput induction with mitomycin was done as described by Phothichaisri et al
(170), with modifications as follows: Cultures were set up as described in the above section.
The plate was incubated for 195 minutes in an anaerobic chamber, whereafter 5ul of 123ug/ml

mitomycin C (3ug/ml final concentration) was added to all experimental replicates and 5ul BHI

A
Replicate 1 Replicate 2

1 2 3 4 5 6 7 8 9 10 11 12
A S1 s9 517 S1 S9 517
B S2 s10 518 52 510 518
C S3 511 519 S3 511 519
D sS4 S12 520 54 512 520
E S5 513 - 55 513
F S6 S14 - S6 514
G S7 515 - 57 515
H S8 516 - S8 516

B
Induced Uninduced

1 2 3 4 5 6 7 8 9 10 11 12
A S1 59 517 51 S9 517 51 59 517 51 s9 S17
B S2 s10 518 S2 510 518 52 510 518 s2 510 518
C S3 511 519 S3 S11 519 S3 S11 S19 S3 S11 519
D sS4 S12 520 s4 512 520 sS4 512 520 54 512 S20
E S5 513 - S5 513 - S5 513 - S5 513
F S6 s14 - S6 s14 - S6 514 - S6 514
G s7 515 - S7 515 - S7 515 - s7 S15
H S8 S16 - 58 516 - 58 516 - 58 516

Figure 11. Set up of 96-well plate for growth curves. (A) Pre-experimental set up, to
establish baseline growth parameters prior to induction. (B) Experimental set up for
prophage induction, done in duplicate, including uninduced controls. Blanks indicated by
minus sign.
to replicates of the uninduced controls. The plate was incubated overnight under anaerobic
conditions and the growth was recorded by measurement of the optical density at 600nm

wavelength (ODgoo) using a plate reader (Stratus, Cerillo, Charlottesville, USA). OD values were

recorded at three-minute intervals.

Phage DNA purification
Residual bacterial DNA was removed from lysates by DNAse | treatment. Reaction mixtures
contained 450ul phage filtrate, 50ul DNase | buffer (10X, New England Biolabs), 1ul DNase |

(1U/ml, New England Biolabs), and 1ul RNase A (20mg/ml, New England BioLabs). Samples
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were incubated at 37°C for 1.5h on a heat block. DNAse | and RNAse A were inactivated with
20ul of 0.5M EDTA (20 mM final concentration) and heated for 10 minutes at 75°C. To obtain
phage DNA, viral capsid heads were digested using 1.25ul of 20mg/ml proteinase K, incubated
at 56°C for 1.5 hours, without shaking. Proteinase K was heat inactivated at 90°C for 10

minutes. Crude phage DNA solutions were stored at 4°C.

Conventional PCR assays to verify absence of residual bacterial DNA in phage lysate

To identify host C. difficile DNA from phage lysate samples, amplification of the bacterial 16s
rRNA gene PCR was done using previously published primer pairs: forward primer, 27F (5'-
AGAGTTTGATCCTGGCTCAG-3’), and reverse primer, 1525R (5-AAGGAGGTGWTCCARCC-3’)
(237). PCRs were carried out in 2720 Thermal-Cycler (Applied Biosystems, California, USA).
Reaction mixtures (25ul total volume per reaction) contained 5ul 5X Go Taq Buffer (Promega),
2mM MgCl, (Promega), 0.2mM dNTPs (New England Biolabs), 0.2uM each primer, and Taq
(Promega) at a concentration of 0.026U/ul. PCRs were run with an initial denaturation at 94°C
for 5 minutes, followed by 35 cycles of 30s denaturation at 94°C, 30s annealing at 56°C, and
45s elongation at 72°C, and a final elongation step of 5 minutes at 72°C. PCR products were
run on 2% agarose gel (SeaKem LE Agarose, Lonza, Basel, Switzerland) (stained with ethidium
bromide (0.5ug/ml)) electrophoresis for 1h at 100V and visualized under UV transillumination
(GelDoc XR+ Molecular Imager, Bio-Rad, Hercules, California, USA) using Image Lab (version
6.1.0 build 7). The QuickLoad 1 kb DNA ladder (New England BiolLabs) was used to establish

band size.

Conventional PCR assays to classify obtained phages

PCRs targeting the myovirus and siphovirus holin genes were performed using published
primers (169) were done as described in Chapter 2. PCR products were assessed and visualized
agarose gel electrophoreses and UV transillumination as described above. A 100 bp DNA ladder

(Promega) was used to determine band size.

PCR products were subjected to commercial Sanger sequencing (IngabaBiotech, Pretoria,
South Africa) from both ends using the same primers used for amplification. The results of the

sequences were analysed using the NCBI database using the BLAST algorithm (270).
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RESULTS

Optimization of prophage induction using mitomycin C

Titration of Mitomycin C in double agar overlays

Although published data exists regarding the concentration of MMC to use against C. difficile,
local isolates may differ in sensitivity. Thus, to determine the optimal sub-lethal concentration
of MMC to be used for induction, a titration of MMC was done using concentrations 1, 2, 4,
and 5 ug/ml. At concentrations of 1pg/ml, bacterial lawns were present, but when the
concentration was increased to 2pg/ml, the lawns thinned out. At 5pg/ml, the bacterial growth
was too poor to be used for plaque assays. Henceforth, induction was done using a MMC
concentration of 3ug/ml, as the dose did not severely affect C. difficile growth and this

concentration is routinely used for C. difficile prophage induction (167, 169, 170).

Optimization of double agar overlay and prophage induction.

To obtain the most confluent bacterial lawn required for plaque observation in overlays,
various methods were tested. To determine the optimal growth phase to start prophage
induction, a 1:10 dilution of overnight culture was grown for 3, 4, 6 and 8 hours prior to
addition of mitomycin C. No visible difference was observed in the lawn thickness, and
therefore induction was started after 3 — 4 hours of incubation, as the cells would be in the
early log phase. To determine the optimal time required for induction, isolates were induced
for 6h, overnight, and 48 hours. No observable difference was noted among the different

induction times and thus overnight induction was employed in subsequent experiments.

Following this, different amounts of culture and soft agar, using 0.5ml culture in 3ml soft agar,
0.5ml soft agar in 5ml soft agar, or 10ml culture in 100ml soft agar, or 15ml in 100ml soft agar.
Overall, it was found that optimal growth (more confluent lawns) was seen when 10 -15ml
liguid culture was added to 100ml soft agar. This mixture was poured and plaque spot assays

done. This was time saving and minimized oxygen exposure time.
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Plaque detection by double agar overlays and spot test assays

Double agar overlay (DAO) and spot test assays were done. Two and seven isolates produced
plagues using SA05842529 and SA221002 as host strains, respectively (Table 10). Spot test
produced large (2-5mm) zones of lysis while DAO produced small Imm plaques. Phages

induced from lysogen SA122111 produced plagues in both host strains.

Figure 12. Turbid plaques identified on spot test assays and double agar overlay assays. A) Wells 1,
2 and 4 show large turbid plagues produced on host strain SA221002. Phage lysate for wells 1, 2,
and 4 originated from induction of lysogens SA211016, SA231022, SA242003, respectively. B) Large
(4mm) zone of lysis observed following spotting of phage lysate from lysogen SA05824693 onto host
SA221002.
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Figure 13. Phage titres were quantified by performing a fifty-fold dilution series on double
agar overlays from 507 to 50 dilutions. Host strain SA05842529 was infected with a phage
solution originating from induction of lysogen SA06098043. A — C) High phage titres caused
excessive amounts of bacterial lysis on plates. D and E) Phage titres for 50* and 50° plates
were established to be 5.5x108 and 1.6x1010 PFU/ml, respectively.
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Figure 14. Plaque presence on double agar overlay assays using host strain
SA05842529 A) Host strain was infected with phage $SA06148880 and produced
a single plaque (blue arrow). B) The host strain was infected with phage
$SA06098043, resulting in a high plaque formation.
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Table 10. Plague production in double agar overlay and spot test assays.

Phage lysate origin

SA05842529

SA05806999
SA05824693
SA05842529
SA05845556
SA05845567
SA05864722
SA05865760
SA06098043
SA06148880
SA122105
SA231004
SA242003
SA122108
SA242007
SA613110
SA221014
SA414113
SA122118
SA211015
SA211016
SA231021
SA231022
SA242017
SA314020
SA122111
SA221002

+, plaques observed
-, no plagues observed

Plaques produced in C. difficile host strains SA05842529 and SA221002 infected with phage lysate solutions

induced from 26 C. difficile isolates.
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Observing prophage induction by monitoring host cell density

Establishing C. difficile growth curve

A high-throughput MMC prophage induction was done to determine if the results obtained in
Chapter 2 can be experimentally proven. The list of isolates used is provided in Supplementary
material (Table S2). The average of the ODsoo values for each replicate were plotted (Figure
15). Out of the twenty isolates, four (SA05806999, SA06098043, SA06148880, and SA122111)

evidence of induction.

Isolate SA06148880 had ODeoo = 0.32855 at the point of induction, and its highest OD was
0.42045 which was reached at 300 minutes, and slowly dropped to 0.3266 at 600 minutes. At
300 minutes, the SA06148880 uninduced control had OD600 of 0.8673, and reached its highest
point at 360 minutes with 0.9092 ODsoo.

SA06098043 had OD = 0.15305 at 195 minutes, maximum OD was found at 420 minutes
0.36135, and dropped to 0.30205 at 600 minutes. SA06098043 uninduced control had lower
OD at 195 minutes, 0.0455 ODeoo, but had a higher maximum OD of 0.50035 at point 510
minutes. At 420 minutes, the control had already surpassed SA06098043, with OD 0.4829.
Isolate SA122111 and SA122111 uninduced control had similar OD at the point of MMC
addition, 0.3229 and 0.32805, respectively. 285 minutes SA122111 had its highest OD of
0.45015, at this time the control had OD 0.58155, which increased to reach a maximum of
0.58985 at 360 minutes.

At 195 minutes, SA05806999 had an OD of 0.1438, and its respective uninduced control had
OD =0.05555. By 330 minutes SA05806999 had reached maximum optical density of 0.31155,
where it plateaued, while the control had a lower OD of 0.2935 at that time. The SA05806999
uninduced control spiked and reached a maximum OD of 0.56075 at 450 minutes.

Most isolates had a lower lag phase ODsgo than the uninduced control, but these differences

in OD do not indicate induction of isolates.

Detecting conserved holin genes in Myoviridae and Siphoviridae using conventional PCR

Conventional PCR was done to identify phages from the isolates showing phage induction and
reported in Table 12. The PCR primers target C. difficile myovirus and siphovirus holin genes,
with expected amplicon sizes of 227 bp and 150bp, respectively (169). A positive PCR for a
myovirus was obtained from one isolate, SA06148880, with an expected amplicon size of 227

bp (Figure 16) Myovirus PCR on phage lysates derived from isolates SA06098043, SA122111
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and SA05806999 were negative. All isolates were negative for holin genes from the
siphoviruses. Genomic DNA from SA221002 was used as the positive control, as it contains the
PCR target gene as determined by in silico PCR analysis. Myovirus PCR on genomic DNA showed
a clear band, and siphovirus showed non-specific binding, with bands of varying size. The

absence of bacterial DNA was confirmed by absence of 16S rRNA PCR amplicons (Figure 17)

Myovirus holin-specific PCR products of SA06148880 and SA221002 lysate solutions were
subjected to Sanger sequencing and the generated sequences were analysed using BLAST
analysis of the NCBI database (270, 310). BLAST analysis revealed strong homology to C. difficile
phage holin proteins (between 86.89% and 82.32% identity) on C. difficile genomes and phage

genomes.
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Table 11. Detection of phage induction via plaque assays and liquid induction assays.

Plaque assay

Liquid induction

Induced isolate SA05842529 SA221002
SA05806999 - -
SA05824693 - +
SA06098043 + +
SA06148880 + -
SA122105 - +
SA242003 - +
SA211016 - +
SA231022 - +
SA122111 + +

-, holin gene not detected;

+, holin gene detected.

Table 12. PCR amplification of C. difficile Myoviridae and Siphoviridae holin genes in plaque-producing

phage lysates.

Isolate Myoviridae Siphoviridae
SA122111 - -
SA05806999 - -
SA06098043 - -
SA06148880 + -

-, holin gene not detected;

+, holin gene detected.
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Figure 15. C. difficile growth after phage induction in liquid cultures. Optical density, representing bacterial cell
density measured at 600nm wavelength (ODego) were monitored before and after induction using mitomycin C
(3ug/ml). Blue curves represent induced isolate; orange curves represent uninduced controls. Growth curves
plotted using the mean ODego. Error bars represent the standard deviation, which was determined using the
ODsao for each replicate. Arrows indicate time point at which mitomycin C was added (190 minutes).
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DNA SA05806999 SA06098043 SA06148880 SA122111  gDNA NTC DNA
ladder ladder

DNA SA05806999 SA06098043 SA06148880 SA122111 gDNA NTC DNA
ladder ladder

Figure 16. Agarose gels of phage holin gene PCR amplicons of C. difficile clinical isolates induced with
mitomycin C. A) PCR for siphovirus-specific holin gene; no bands were observed of the expected 150 bp
size; gDNA, SA221002 genomic DNA showed non-specific bands; DNA ladder, 100 bp molecular weight
marker; NTC, non-template control. B) PCR for myovirus-specific holin gene; C. difficile SA06148880
showed a visible band with expected size of 227 bp; gDNA, C. difficile SA221002 genomic DNA, had a
visible band of 227 bp.
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DNA SA05806999  SA06098043 SA06148880 SA122111  gDNA NTC DNA
ladder ladder

Figure 17. Confirmation of the absence of bacterial DNA. Agarose gel showing lack of 16s rRNA DNA
amplification in DNAse | treated phage lysates. gDNA, C. difficile SA221002 genomic DNA as positive
control; NTC, non-template control; DNA ladder, 1kb molecular weight marker, black arrow
indicates region of expected band size of 1500 bp.

DISCUSSION

In this study, phage induction using Mitomycin C generated plaques in one third of C. difficile
isolates. Two different plague morphologies were noted: small clear plaques and large opaque
plagues. However, as only one inducing agent was tested, isolates that did not produce plaques
should not be dismissed as non-phage carriers, as previous studies demonstrated that different
inducing agents and varied concentrations of the same reagent may induce different phages
in C. difficile (167, 169). Therefore, isolates tested in this study might produce phages if induced
by a different agent, or different concentrations of the inducing agent. Besides mitomycin C,
ultraviolet (UV) irradiation at 302nm and norfloxacin are other agents used in phage induction
studies (167, 169, 187, 188, 239). Nale et al. (167) demonstrated the impact of induction
efficacy with mitomycin C and norfloxacin at varied concentrations (0.3, 1, 3, 6 and 9 pg/ml).

Although one isolate produced the highest abundance of phages at 6ug/ml, they reported
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3ug/mlI MMC was the optimal concentration required for induction. It was also observed that
61% of prophages were induced upon exposure to both MMC and norfloxacin, whereas 31%
were only induced by induction with norfloxacin, and a further 8% from only mitomycin C
exposure. Additionally, norfloxacin exposure resulted in production of phages with different

morphologies (167). This highlights the impact of different inducing agents on phage induction.

A limiting factor in this study is the number of hosts used for phage induction, as only two test
strains were used as suitable as hosts. This is relevant as C. difficile phages are reported as
being strain specific (182, 311, 312). Using two test isolates could therefore have resulted in
selection bias for the phages infecting the test strains. Further investigation must be done using
a greater range of indicator isolates and using other inducing agents. When phages are induced
from a set of strains, extensive screening for a suitable host must be done, and therefore the

isolated phages are not an accurate representation of the true phage population (165, 211).

Phage induction and plague morphology

Zones of lysis observed in DAO and spot test assays were variable; either large (2-5mm) and
turbid (Figure 12), or small (~1mm) and clear (Figure 13 - 14). Turbid plaques were observed
in both DAO and spot test assays, while clear plaques were only seen in DAO assays. It was
postulated previously (313) that clear plaques are typically produced by virulent phages, whilst
turbid plaques are generally produced by temperate phages. However, C. difficile studies
typically produced temperate phages (165-167, 169, 179, 186, 187, 193, 239). When turbid
plaques previously were observed in studies, phage tail-like particles (PTLPs) were isolated
from plaques (240). PTLPs are a class of bacteriocins, observed in various bacteria including C.
difficile (166, 167, 240-242, 314). Two types of bacteriocins exist, R-type and F-type are known
and encoded by the bacterium and resemble phage tails from myoviruses and siphoviruses
(314). PTLPs are induced using the same methods as phage induction (166, 167, 169, 242). To
date, C. difficile phage-tail like R-type bacteriocins, called diffocins, have been reported to be
induced from most strains of C. difficile (167, 240) and shown to exhibit bactericidal activity
against other strains of the same species (242). Diffocins have been shown to produce both
partial and complete zones of clearing in non-producer C. difficile isolates. Interestingly, when
non-producer C. difficile strains were challenged with diffocins, partial or total zones of clearing

on bacterial lawns were seen (240). In our study, the two host isolates did not produce plagues
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when infected with their self-derived lysates. This raises the possibility that the turbid plagues

were produced by the activity of PTLPs.

Liquid induction and identification of phages using holin-specific PCR assays

Phage induction was done in liquid cultures, using a subset of 20 isolates. Four isolates
(SA05806999, SA06098043, SA06148880, SA122111) exhibited reduction in optical density
following prophage induction, suggesting cell lysis and induction. Of these isolates, three
(SA06098043, SA06148880, SA122111) also produced plaques previously. Isolates showing
evidence of phage activity were subjected to conventional PCR targeting the holin genes which
discriminates between the myovirus and siphovirus holin genes. Only one isolate
(SA06148880) produced a positive PCR band corresponding to the amplicon size of a myovirus-
specific holin gene. However, no amplicons were detected in the other isolates. A possible
explanation for this could be that lysis was due to PTLPs, as the DNA encoding these proteins

often lack holin genes (242, 314).

A limitation of liquid induction was the OD at which MMC was introduced. Induction was
initiated at 195 minutes, but not all isolates had the same OD, and it ranged from 0.1 to 0.6.
This can be improved by standardising the initial inoculum, to ensure all isolates are at the
same OD at the timepoint when MMC is added. Furthermore, induction should be done at an
OD of 0.15 — 0.1 to yield optimal results (239), otherwise the observed induction may be low
or absent. Furthermore, plaque assays and spot tests should have been done as a confirmatory
experiment for liquid inductions to validate the induction results. Future work should include
MIC assays of different MMC concentrations to determine the optimal concentration for each

isolate.

C. difficile strain relatedness
C. difficile strains used in this study were characterised previously (97, 98, 267). From earlier
MLVA data and unpublished work (provided by B Kullin via personal communication), two
clusters of isolates which showed evidence of induction were identified as clonal (98, 267, 315).
One cluster contains three isolates (SA122105, SA05806999, and SA06098043) and another
contains two (SA231022 and SA242003). All isolates within the clusters produced the same
induction results as other isolates within the cluster. Given that they are clonal, it is plausible
that the induced phages (or PTLPs) are identical. In contrast, isolates SA08524693,
SA06148880, SA122111, and SA211016 did not cluster with other induction-positive isolates,
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and each clinical sample was collected from a separate hospital. Of these, only SA06148880
generated a phage PCR band. Although the genomes of SA06148880 and SA122111 indicate
close relationship, these isolates produced different results; whereby only SA06148880
produced a PCR band for a myovirus. This divergence in outcomes suggests that genetic
variation between isolates may contribute to the observed differences in phage carriage.
Future work should be done to verify that of the nine isolates showing lytic activity when
induced, five were genetically distinct, and potentially harbour five different temperate

phages.

CONCLUSION

Among the C. difficile isolates tested, one-third displayed MMC-induced phage activity. Of
those, most isolates showed induction in either the plaque or liquid induction assay, while only
a few exhibited activity in both assays. Subsequent PCR assays could only successfully verify
and characterise one phage as a myovirus, originating from the lysate of SA06148880. While
other isolates showed evidence of phage activity, additional confirmatory testing is needed.
Additionally, the remaining phages could not be characterised. Furthermore, the presence of
PTLPs was not ruled out. Future studies should include TEM to verify the presence of phages
in lysates showing lytic activity, while also using additional inducing agents and a wider

selection of host isolates.

CHAPTER 5: GENERAL CONCLUSIONS

The rise in antibiotic resistance necessitates the development of newer drugs or alternative
therapies such as phage therapy. Phages characterised by strict virulence are often considered
ideal for therapy due to their assured lytic activity and the decreased chance of transduction
of virulence or antibiotic resistance genes (316). However, it is worth noting that many C.
difficile phages are known to be temperate (317). Despite this, temperate phages have

demonstrated efficacy in clearing CDI in both monophage therapy (215, 216) and phage
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cocktails (183, 196). Though efficacious in gut and animal models (183, 215, 217), more

research must be done to advance to human clinical trials.

Treatment with temperate phages requires further research to understand the relationship
between phages and their human host, bacterial host specificity, the potential for transfer of
genetic material, and in vivo conditions that modulate the switch between lysogeny and lytic
phases. The approach of engineering temperate phages to become lytic has shown success
and could be adapted for C. difficile phages to treat CDI (318). Notably, studies must be done
to understand the human immune response to phages and potential mass lysis of bacterial

cells; such studies are essential to ensure safety in use.

In the context of C. difficile, several areas still require deeper understanding. Firstly, disparities
observed owing to the geographical distribution of C. difficile ribotypes, combined with the
limited phages host range, imply that locally sourced phages would likely provide the most
effective approach for CDI treatment in a specific population. Achieving this would require
studies to be done across various geographic regions to understand the phage-host
distribution, diversity, and specificity of isolates within the locale. This study sought to bridge

this information gap, focusing specifically on the sub-Saharan region, particularly South Africa.

The primary goal of Chapter 2 was to ascertain the presence of phages within local wastewater
systems, potentially serving as a local phage repository. This was attempted through analysis
of a single wastewater sample, although it’s important to acknowledge that this was not the
central focus of this study. A single plaque was observed, and while attempts were made to
replicate it, efforts were unsuccessful. Furthermore, PCR validations of the plaque yielded
negative results. The absence of lytic phages observed in this study is in line with the existing
body of knowledge, given that C. difficile reported in the current published literature are
temperate. The anaerobic and spore-forming characteristics of C. difficile are inclined to favour
lysogenic cycles over lytic ones, thus likely promoting the prevalence of temperate phages
(186, 216, 319). Considering C. difficile’s propensity for sporulation, the isolation of free phages
from the environment becomes less likely. Additionally, the study utilised only two C. difficile
host isolates, a limitation that potentially introduced a bias toward these hosts, possibly
impeding phage detection. While our investigation of sewage samples offered preliminary
indications of phage activity in local sewage systems; these findings were inconclusive and
require validation. Consequently, additional studies are required, using raw sewage collected
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at different points and incorporating a larger pool of host isolates. TEM should be included to
confirm that plaque production resulted from the activity of phages. Moreover, incorporating
multiple rounds of amplification before doing overlay assays and utilizing rolling circle

amplification for PCR assays.

A high-throughput bioinformatic approach was employed to identify integrated phages within
the genomic sequences of a representative set of South African clinical C. difficile isolates
(n=58). Using PHASTER, prophages were identified in majority of isolates (n=54). Cross-
validation of PHASTER’s predictions against VirSorter2 vyielded complete concordance,

corroborating the presence of all prophages identified by PHASTER.

Multiple bioinformatic tools were utilised to increase robustness of bioinformatic predictions.
PHASTER employs a signature-based approach which and compares genomic features to a
database of known prophages (256). VirSorter2, designed for draft genomes and fragmented
metagenomes, excels at identifying diverse viral groups, including novel types potentially
missed by PHASTER’s database dependence (258). Its multi-classifier and modular design allow
for adaptation and expansion (258), while PHASTER relies on a single classifier and a fixed
database. This illustrates the value of a combined approach ideally using complementary tools
that have different underlying detection methods to determine the presence of prophages

within bacterial hosts.

Predicted phage genomes were clustered into six distinct groups. Notable variations were
evident, with certain functional modules lacking in some groups. Overall, only modules for DNA
packaging, capsid morphogenesis, and tail morphogenesis were universally present. When
compared with completed genome maps of C. difficile phages, all genes can be categorized
into functional modules (packing, structural, attachment, lysis, lysogenic conversion or
lysogeny control, DNA replication) (180, 185, 193, 266, 320). However, due to limited sequence
data, it could not be determined whether the absent modules resulted from assembly
truncation, or if they were genuinely absent in specific phage groups. Challenges such as these
may arise when working with draft genomes. While closed genomes are ideal, their creation
demands additional resources and labour. Nevertheless, ongoing progress in sequencing
technologies and phage identification tools is being made, and such limitations will present as

less of a challenge in future.
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C. difficile isolates were shown to display a diverse repertoire of anti-phage systems, including
the adaptive immunity conferred by CRISPR-Cas type I-B which has been previously reported
(174, 290). Additional systems were identified, including the AbiD and AbiU, RM type | and IV
systems, alongside other recently discovered systems, namely Kiwa, PD-A-1, Lamasu, and
Gabija systems. However, many of the systems predicted have not been experimentally
confirmed in C. difficile. The two host isolates displayed distinct repertoires of anti-phage
systems, potentially contributing to differences in sensitivity. Further research is needed to
validate the outcomes of the bioinformatic analysis, and to understand the underlying
mechanisms of these systems, given their potential to influence susceptibility to phage
infection. In addition to this, screening the phage genomes for the presence of bacterial
countermeasures would provide insight on the interplay between host and phage. These may
include anti-CRISPR proteins (321), phage-encoded CRISPR-Cas arrays (173, 210), gene
mutations that prevent Abi system activation (322), RM evasion strategies such as base
modification or decreasing the number of restriction sites (323, 324), among others. Since all
bacterial isolates carried defence systems, it is possible that the infection of the host strain is
more dependent on the phage’s ability to evade host immunity, rather than the host’s lack of

defence systems, but this possibility requires investigation.

Biological experiments were conducted to validate the outcomes of the bioinformatic analysis.
To this end, subsets of isolates were utilised in plaque assays and liquid induction assays.
Among the induced isolates, the majority displayed evidence of phage induction in either of
the two assays, with a smaller portion exhibiting induction in both plaque and liquid induction
assays. Two distinct plague morphologies were observed: small clear plaques and large opaque

plagues.

Although the study originally aimed to employ TEM for phage morphological characterisation,
sufficient phage titres were not obtained, and TEM was therefore abandoned. Despite this,
future investigations might still consider TEM for exploration of morphological features, but

also the potential presence of PTLPs.

While conventional PCR targeting the holin genes of myoviruses and siphoviruses was
employed to confirm phage presence in plagues and lysates, conclusive characterisation was
only achieved for one isolate, identified as a myovirus. The limited success of PCR amplification
in other isolates requires further investigation. Lack of primer homology with target regions in
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these isolates and potentially insufficient phage DNA could be possible explanations. Notably,
the absence of a positive control for siphoviruses hinders definitive conclusions. Without
confirmation of their presence, the possibility of siphoviruses being present cannot be
excluded, but neither confirmed. Moving forward, including a siphovirus positive control,
optimizing primers, exploring alternative targets, and employing multiple rounds of phage

amplification offer more comprehensive results.

The biological experiments aligned with PHASTER’s predictions of the isolates deemed phage-
free. However, most of the isolates which PHASTER identified as prophage carriers did not
show evidence of induction. Nonetheless, this does not discredit PHASTER’s accuracy; as only
a one inducing agent and two host strains were used, which potentially limited the outcome
of biological experiments. The narrow host range has been reported before, where
Phothichaisri et al screened four phages against a panel of 92 C. difficile test strains, and found
the six susceptible isolates (6.5%) (170), Sekulovic et al had tested the host range of ®CD38-2
on 207 C. difficile isolates, and found that 48% was susceptible to infection (188). Similar

findings regarding the host ranges have been reported in other studies (166, 167, 169, 192).

Further experiments are needed to show whether these phages are induced using other
inducing agents, such as UV irradiation or antibiotic treatment. Liquid induction experiments
should be conducted with a lower starting OD of 0.1 - 0.15. Furthermore, due to the narrow
host range of phages, number of test isolates should be expanded to include a diverse range

of isolates belonging to RT 017.

The work presented in this thesis allows for future research into the use of phages and phage-
based therapeutic interventions to treat CDI. It informs on the potential of treated sewage as
a phage reservoir. It also identified a diverse phage population of within South African C.
difficile RT 017 isolates, and clustered them into distinct genetic groups, and explored the
potential mosaic structure of each group. Furthermore, the anti-phage systems present in C.
difficile isolates were investigated and shown to display a diverse arsenal of defence systems.
Additionally, this study provides preliminary evidence for a possible novel phage as well. Future
studies should explore this potential novel phage, as well as the bacterial defence systems
observed in local isolates. Furthermore, this study reports on MMC for phage induction using

double agar over assays, spot test assays, and liquid induction assays. This would contribute
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knowledge towards development of phage collections, with characterised phages potentially

valuable for CDI phage therapy.

SUPPLEMENTARY MATERIAL

Table S1. C. difficile strains regions containing identified prophage with respective reference phages.

Strain Reeon Star_t. ] el Phage (No. matching NCBI Accession
position genes) number
phiCDHM19(15) NC_028996
9 9473 45656 phiCD119(11) NC_007917
phiMMP02(23) NC_019421
SA111031 phiCD27(22) NC_011398
10 51 29616 phiCD505(21) NC_028764
CDKM9(20) NC_048642
CDKM15(19) NC_048643
phiCDHM19(15) NC_028996
SA111045 8 9971 46552 ohiCD119(12) NC_007917
phiCDHM19(15) NC_028996
1 2
SA111146 9 3658 phiCD119(12) NC_007917
phiCDHM19(26) NC_028996
7 21742
SA122009 9 8 phiCD119(21) NC_007917
phiCDHM19(53) NC_028996
1 1992
3 318580 39199 phiCD119(35) NC_007917
phiMMPO01(31) NC_028883
phiC2(29) NC_009231
132 127604
SA122025 6 61325 60 phiMMP03(27) NC_028959
CDMH1(25) NC_024144
phiCDHM19(15) NC_028996
10 9473 46054 phiCD119(12) NC_007917
phiCDHM19(28) NC_028996
SA122029 8 216 21910 ohiCD119(21) NC 007917
phiCDHM19(15) NC_028996
SA122032 8 9971 46552 ohiCD119(12) NC_007917
phiCDHM19(15) NC_028996
SA122033 9 9971 46552 ohiCD119(12) NC_007917
phiCDHM19(17) NC_028996
731 47
SA122034 8 3 299 phiCD119(13) NC_007917
10 733 71888 phiCDHM19(28) NC_028996
phiCD119(21) NC_007917
phiCDHM19(15) NC_028996
SA122048 8 8465 45046 phiCD119(12) NC_007917
10 216 11910 phiCDHM19(28) NC_028996
phiCD119(21) NC_007917
phiCDHM19(16) NC_028996
SA122105 9 9698 48039 ohiCD119(11) NC_007917
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Start

Phage (No. matching

NCBI Accession

Strain Region oy End position Peret number
phiMMP02(22) NC_019421
phiCD27(21) NC_011398

10 154 30031 phiCD505(20) NC_028764
CDKM9(20) NC_048642
CDKM15(18) NC_048643
phiCDHM19(17) NC_028996

9 731 47599
SA122108 phiCD119(13) NC_007917
11 216 51910 phiCDHM19(28) NC_028996
phiCD119(21) NC_007917
phiCDHM19(16) NC_028996

8 9473 48388
phiCD119 (11) NC_007917
phiCDHM11(18) NC_029001
phiCDHM14(18) NC_048665
11 153 15768 phiCD506(15) NC_028838
phiCDHM13(15) NC_029116

SA122111 phiMMPO04(14) NC_019422
phiCDHM11(19) NC_029001
phiCDHM14(19) NC_048665

12 3 14622 phiCD506(16) NC_028838
phiCD481_1(15) NC_028951
phiCDHM13(14) NC_029116
phiCDHM19(15) NC_028996

SA122118 9 8682 44868 phiCD119(11) NC_007917

1 116 24000 phiCDHM19(27) NC_028996
phiCD119(22) NC_007917
phiCDHM19(15) NC_028996

4 4504

SA122128 9 8465 >046 phiCD119(12) NC_007917

11 )33 71888 phiCDHM19(28) NC_028996
phiCD119(21) NC_007917
phiCDHM19(15) NC_028996

47 46054

SA131136 9 9473 605 phiCD119(12) NC_007917
phiCDHM19(15) NC_028996

SA131144 8 9473 46054 phiCD119(12) NC_007917

10 533 »1888 phiCDHM19(28) NC_028996
phiCD119(21) NC_007917
phiCDHM19(15) NC_028996

SA141139 9 9443 46024 ohiCD119(12) NC 007917
phiCDHM19(15) NC_028996

SAZ11015 9 ! 36582 phiCD119(12) NC_007917
phiCDHM19(15) NC_028996

9 449 36635 phiCD119(11) NC_007917
phiMMP02(24) NC_019421
phiCD27(23) NC_011398
phiCD505(23) NC_028764

11 2

653 34246 CDKM15(22) NC_048643

SA211016 CDKM9(20) NC_048642
CDMH1(13) NC_024144
phiMMP02(24) NC_019421
phiCD27(23) NC_ 011398

12 188 34039 phiCD505(23) NC_028764
CDKM15(22) NC_048643
CDKM9(20) NC_048642
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Start

Phage (No. matching

NCBI Accession

Strain Region oy End position Peret number
CDMH1(13) NC_024144
phiMMPO01(24) NC_028883
phiMMPO03(23) NC_028959

13 4310 31824 phiC2(23) NC_009231
CDMH1(22) NC_024144
phiCDHM19(15) NC_028996

9 1 36582

SA211023 phiCD119(12) NC_007917
phiCDHM19(15) NC_028996

9 10072 46653

SA211024 phiCD119(12) NC_007917
phiCDHM19(14) NC_028996

9 731 35915
phiCD119(11) NC_007917
phiMMP02(22) NC_019421

SA211027 phiCD27(21) NC_011398

10 154 30031 CDKM9(20) NC_048642
phiCD505(20) NC_028764
CDKM15(18) NC_048643
phiCDHM19(15) NC_028996

SA211035 9 9473 46054 ohiCD119(12) NC_007917

SA221002 No intact phages
phiMMPO02(23) NC_019421
phiCD27(22) NC_011398

SA221014 5 51 30233 phiCD505(21) NC_028764
CDKM9(20) NC_048642
CDKM15(19) NC_048643
phiCDHM19(16) NC_028996

1

8 93 39100 phiCD119(11) NC_007917
phiCDHM14(18) NC_048665
phiCDHM11(18) NC_029001
phiCD506(15) NC_028838

11 1561

3 >618 phiCDHM13(15) NC_029116

SA231004 phiMMPO04(14) NC_019422
phiCD481 1(12) NC_028951
phiCDHM14(19) NC_048665
phiCDHM11(19) NC_029001

12 188 14807 phiCD506(16) NC_028838
phiCD481_1(15) NC_028951
phiCDHM13(14) NC_029116

SA231012 No intact phages
phiCDHM19(15) NC_028996

SA231021 9 ! 36582 phiCD119(12) NC_007917
phiCDHM19(15) NC_028996

1 2

SA231022 9 3658 phiCD119(12) NC_007917

phiCDHM19(15) NC_028996
1071 47294

SA231040 9 0713 9 phiCD119(12) NC_007917
phiMMP02(23) NC_019421
phiCD27(22) NC_ 011398

SA242003 7 3 30038 phiCD505(21) NC_028764
CDKM9(20) NC_048642
CDKM15(19) NC_048643

SA242006 No intact phages
phiCDHM19(15) NC_028996

9 9852 46433

SA242007 phiCD119(12) NC_007917
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Start

Phage (No. matching

NCBI Accession

Strain Region oy End position Peret number
phiCDHM19(28) NC_028996
1 233 21888 phiCD119(21) NC_007917
phiCDHM19(15) NC_028996
SA242017 9 9473 46054 phiCD119(12) NC_007917
1 1 26246 phiCDHM19(34) NC_028996
phiCD119(25 NC_007917
phiCDHM19(35) NC_028996
4 233 28947
SA242037 phiCD119(27) NC_007917
phiCDHM19(15) NC_028996
8 1 36582
SA242038 phiCD119(12) NC_007917
10 533 23663 phiCDHM19(30) NC_028996
phiCD119(23) NC_007917
phiCDHM19(16) NC_028996
8 93 39100 phiCD119(11) NC_007917
phiCDHM14(18) NC_048665
phiCDHM11(18) NC_029001
phiCD506(15) NC_028838
1 153 15768 phiCDHM13(15) NC_029116
SA251026 phiMMPO04(14) NC_019422
phiCD481_1(12) NC_028951
phiCDHM11(19) NC_029001
phiCDHM14(19) NC_048665
12 3 14622 phiCD506(16) NC_028838
phiCD481_1(15) NC_028951
phiCDHM13(14) NC_029116
phiCDHM19(15) NC_028996
1 47 46054
SA251042 0 9473 605 phiCD119(12) NC_007917
11 485 53613 phiCDHM19(27) NC_028996
phiCD119(21) NC_007917
phiCDHM19(15) NC_028996
47 46054
9 9473 605 phiCD119(12) NC_007917
phiCD27(24) NC_011398
phiMMP02(22) NC 019421
SA314020 10 764 32071 CDKM9(22) NC_048642
phiCD505(22) NC_028764
CDKM15(20) NC_048643
phiCDHM19(30) NC_028996
12 371 23792 phiCD119(23) NC_007917
phiCDHM19(14) NC_028996
SA414113 10 731 35915 phiCD119(11) NC_007917
13 216 92000 phiCDHM19(27) NC_028996
phiCD119(22) NC_007917
phiCDHM19(15) NC_028996
1 44 46024
SA414130 0 9443 60 phiCD119(12) NC_007917
phiMMPO01(30) NC_028883
phiMMPO03(27) NC_028959
1
93 >8073 phiC2(27) NC_009231
CDMH1(24) NC_024144
SAA24047 8 449 48382 phiCDHM19(18) NC_028996
phiCD119(13) NC_007917
phiMMP02(26) NC_019421
11 653 36072
CDKM15(25) NC_048643
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Start

Phage (No. matching

NCBI Accession

Strain Region oy End position Peret number
phiCD505(24) NC_028764
phiCD27(23) NC_011398
CDKM9(20) NC_048642
phiCDHM11(18) NC_029001
phiCDHM14(18) NC_048665
phiCD506(15) NC_028838

13 3 15618
phiCDHM13(15) NC_029116
phiMMPO04(14) NC_019422
phiCD481_1(12) NC_018951
phiCDHM11(19) NC_029001
phiCDHM14(19) NC_048665

14 188 14807 phiCD506(16) NC_028838
phiCD481_1(15) NC_018951
phiCDHM13(14) NC_029116

SA514119 No intact phages
phiCDHM19(15) NC_028996

SA613110 10 ! 36582 phiCD119(12) NC_007917

1 620 24365 phiCDHM19(27) NC_028996
phiCD119(22) NC_007917
phiCDHM19(32) NC_028996
phiCD119(25) NC_007917

A714001 6 1 45912

5 00 CDKM15(19) NC_048643
phiMMPO03(18) NC_028959
phiMMP01(30) NC_028883
phiC2(27) NC_009231

2 744 22944

SA714043 274405 6229 phiMMPO03(27) NC_028959
CDMH1(24) NC_024144
phiCDHM19(17) NC_028996

1 4

8 856 8586 phiCD119(14) NC_007917
phiMMP01(30) NC_028883

4 196750 945289 ph!l\/ll\/lPO3(27) NC_028959

SA814041 phiC2(27) NC_009231
CDMH1(24) NC_024144
phiCDHM19(15) NC_028996

8 ! 36582 phiCD119(12) NC_007917
phiCDHM19(14) NC_028996

SA05806999 9 528 35712 ohiCD119(11) NC 007917
phiCDHM19(14) NC_028996

8 334 35518 phiCD119(11) NC_007917
phiMMP02(23) NC 019421

SA05824693 phiCD27(22) NC 011398

9 3 29328 phiCD505(21) NC_028764
CDKM9(20) NC_048642
CDKM15(19) NC_048643
phiMMPO01(31) NC_028883
phiC2(29) NC_009231

19661 25172

SA05842529 3 96618 51724 ohiMMPO3(27) NC_ 028959
CDMH1(25) NC_024144
phiCDHM19(15) NC_028996

242

SAOS845556 / 26 3624 phiCD119(11) NC_007917

10 144 »1838 phiCDHM19(28) NC_028996
phiCD119(21) NC_007917
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Start

Phage (No. matching

NCBI Accession

Strain Region oy End position Peret number
phiCDHM19(14) NC_028996
/ >28 35712 phiCD119(11) NC_007917
phiMMP02(22) NC_019421
SA05845567 phiCD27(21) NC_011398
8 1 29326 phiCD505(21) NC_028764
CDKM9(20) NC_048642
CDKM15(18) NC_048643
phiCDHM19(14) NC_028996
SAO5864722 / >28 35712 phiCD119(11) NC_007917
9 3 59328 phiMMP02(23) NC_019421
phiCD27(22) NC_011398
phiCDHM19(15) NC_028996
/ 334 36843 phiCD119(12 NC_007917
phiMMP02(21) NC_019421
CDKM9(19) NC_048642
SA05865760 8 2 25968 phiCD27(19) NC_011398
phiCD505(18) NC_028764
CDKM15(15) NC_048643
phiCDHM19(28) NC_028996
9 144 21838 phiCD119(21) NC_007917
phiCDHM19(14) NC_028996
8 9238 44422 phiCD119(11) NC_007917
phiMMP02(22) NC_019421
SA06098043 phiCD27(21) NC_011398
9 82 29959 phiCD505(20) NC_028764
CDKM9(20) NC_048642
CDKM15(18) NC_048643
phiMMP01(29) NC_028883
phiC2(27) NC_009231
4 270577 628318 phiMMPO03(27) NC_028959
CDMH1(24) NC_024144
SA06148880 phiCDHM19(16) NC_028996
9 334 38672 phiCD119(11) NC_007917
phiCDHM19(36) NC_028996
10 2 29150 phiCD119(26) NC_007917
CDMH1(11) NC_ 024144
phiCDHM19(15) NC_028996
8 334 36520 phiCD119(11) NC_007917
phiCD506(7) NC_028838
phiMMP02(23) NC 019421
SA06163233 phiCD27(22) NC_011398
9 3 29328 phiCD505(21) NC_028764
CDKM9(20) NC_048642
CDKM15(19) NC_048643
CF5 4 1707633 1763916 phiMMP03(30) NC_028959
phiC2(30) NC_009231
phiMMPO01(30) NC_028883
CDMH1(29) NC_024144
M68 4 1686755 1741861 phiMMPO01(32) NC_028883
phiC2(29) NC_009231
phiMMPO03(28) NC_028959
CDMH1(27) NC_024144
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Start

Phage (No. matching
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Strain Region Vs End position
position genes) number
9 4244938 4303101 phiCDHM19(21) NC_028996
phiCD119(16) NC_007917
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Figure S1. Genomic organisation of phages. Representative phages were selected based on diversity within
groups of similar phages. Reference phages were selected based on PHASTER's best hit reference phage.
Functional modules colour-coded as DNA packaging (blue), capsid morphogenesis (red), tail morphogenesis
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hypothetical proteins and protein of unknown function indicated in white, non-homologous genes indicated in
grey. Gene direction indicated by arrow orientation. A) Group 1 displayed no similarity to other putative phages;
B) Group 2, C) Group 3, D) Group 4, E) Group 5, F) Group 6.
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Figure S2. Similarity of 98 prophage genomes based of MinHash values. Phage groups
colour-coded accordingly: Group 1 (black), group 2 (red), group 3 (orange), group 4 (pink),
group 5 (blue), and group 6 (purple). Group 1 consists of only SA111045 phagel.



Table S2. C. difficile isolates used in high throughput mitomycin C induction.

Isolate MMC induction

SA221002* -

SA242006* -

SA514119* -

SA231012* -

M68 -

CD630 -

SA211016 -

SA122118 -

SA05865760 -

SA122105 -

SA122111 +

SA231004 -

SA314020 -

SA122108 -

SA242007 -

SA05842529 -

SA05806999 +

SA05824693 -

SA06098043 +

SA06148880 +

*Phage-free isolate (as detected by PHASTER)



Table S3. Genome sizes of C. difficile phages and predicted prophages

GenBank accession

Phage name Family” Genome size (bp) No. Reference
phiCD119 Myoviridae 53,325 NC_007917.1 (185)

phiC2 Myoviridae 56,538 NC_009231 (181)
PhiC630-1 Myoviridae 55,850 NS (181, 325)
phiC630-2 Myoviridae 49,178 NS (181, 325)
phiCD27 Myoviridae 50,930 NC_011398 (182)
phiCD6356 Siphoviridae 37,664 GU949551.1 (165)
phiCD6365 Siphoviridae 50,000 NS (165)
phiCD38-2 Siphoviridae 41,090 NC_015568.1 (188)
phiMMPO02 Myoviridae 48,396 NC_019421 (189)
phiMMPO0O4 Mpyoviridae 31,674 NC_019422 (189)
phiCDHM1 Myoviridae 54,279 HG531805 (320)
phicD211" Siphoviridae 131,326 NC_029048.1 (180)
phiCDIF129T* Siphoviridae 131,326 CP011970.1 (179)
CDKM15 Myoviridae 50,606 NS (190)
CDKM9 Myoviridae 49,822 KX228399 (190)
phiCD5763 Siphoviridae 132,500 NS (191)
phiCD2955 Myoviridae 131,600 NS (191)

JD032 Mpyoviridae 35,109 MK473382 (192)
phiCDKHO1 Myoviridae 45,089 MN718463 (193)
phiCD1801 Mpyoviridae 44,363 MW512570 (184)
phiCD08011 Myoviridae 31,394 MW512572 (184)
phiCD418 Mpyoviridae 53,311 MW512573 (184)
phiCD2301 Mpyoviridae 38,695 MW512571 (184)
phiCDHM13 Myoviridae 33,596 HG796225.1 (266)
phiCDHM14 Mpyoviridae 33,596 LK985321.1 (266)
phiCDHM19 Myoviridae 54,295 LK985322.1 (266)
phiCD24-1 Siphoviridae 44,129 LN681534.1 Unpublished
phiCD111 Siphoviridae 41,560 LN681535.1 Unpublished
phiCD146 Siphoviridae 41,507 LN681536.1 Unpublished
phiMMPO1 Myoviridae 44,461 LN681541.1 Unpublished
phiMMPO03 Mpyoviridae 52,261 LN681542.1 Unpublished
phiCD481-1 Myoviridae 32,846 LN681538 Unpublished
phiCD505 Myoviridae 49,316 LN681539.1 Unpublished
phiCD506 Myoviridae 33,274 LN681540.1 Unpublished
phiCDHM11 Myoviridae 32,000 HG798901.1 Unpublished
phiSemix9P1 NS 56,606 KX905163.1 Unpublished

NS; not specified

Boldface indicates siphovirus morphology
tphiCD211 and phiCDIF129T are identical phages

*Morphology-based taxonomic classification, before taxonomic re-classification
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