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ABSTRACT

Characterization of Clinically Isolated Clostridioides difficile Strain LC5624

Avery Young
Department of Biology
Texas A&M University

Research Advisor: Dr. Joseph Sorg
Department of Biology
Texas A&M University

Clostridioides difficile is a Gram-positive, anaerobic, spore-forming pathogen. Due to, in
part, the highly transmissible spore morphotype, C. difficile infections (CDI) frequently occur in
cycles of recurring disease that are accompanied by progressively severe symptoms.
Unfortunately, viable treatment options have not increased in proportion to morbidity, making
investigations into individual strain phenotypes necessary in the pursuit of suitable therapies.

The focus of this research was to characterize a recently-identified C. difficile clinical
isolate (LC5624). Assessments of growth curves and sporulation, germination assays, and
analyses of genome editing by previously generated CRISPR-Cas9 plasmids have been compiled
to form a detailed physiological profile of C. difficile LC5624.

Bridging a molecular understanding of laboratory physiology to clinical disease severity
aids scientific research leveled at eliminating this human pathogen. Correlating phenotypes of
actively circulating strains to levels of disease severity leverages a greater understanding of the
pathogen in its community evolution, and increases the success of treatment techniques

employed by medical professionals facing infection in patients.
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CHAPTER1

INTRODUCTION

Clostridioides difficile, one of the major pathogenic clostridia, has gained notoriety as a
nosocomial pathogen due to its highly infectious spore morphotype, toxin production, and
antibiotic resistance. Notably, in some areas of North America, C. difficile infections (CDI) have
surpassed methicillin resistant Staphylococcus aureus (MRSA) as the top nosocomial pathogen
[5, 6]. C. difficile begins cycles of infection in the colon, and transmits between hosts, as heat-
resistant spores, via fecal-oral transmission. Essential for the pathogenesis of the vegetative form
are two closely-related toxins, toxins A and B (TcdA & TcdB, respectively) [7, 8]. Clinical
manifestations of CDI range from asymptomatic carrier states to potentially life threatening
pseudomembranous colitis and toxic megacolon [5, 8]. Typical signs and symptoms of acute
CDI include watery diarrhea, anorexia, nausea, and mild cramping.

Historically, C. difficile has been responsible for significant morbidity and mortality in
individuals who are hospitalized, >65 years old, and with recent antibiotic exposure [8].
Occurrences in the geriatric populace are disproportionally high, such that 92% of all annual CDI
deaths occur within this population [5, 9]. These patients are at particularly high risk due to
disruption of the normally-protective colonic microbiome brought on by broad-spectrum
antibiotic treatment (often for unrelated conditions) [10-12] and diminished immune response
associated with age and medical comorbidities [13, 14]. While the substantial correlation
between age and risk predicts an average 2% increase in risk a year for persons over the age of
65 [5, 15], this age demographic has been expanding in recent years. Epidemiologic profiles

show increasingly pathogenic strains circulating not only in hospitalized geriatric populations,



but younger populations as well. Though generally asymptomatic, newborns, born without an
established gastrointestinal microbiome, are at high risk for C. difficile colonization. This trend is
observed in children without previous exposure to antibiotics or extensive stays in healthcare
facilities [16, 17]. In addition to an expanding age range deemed at high risk, C. difficile also
threatens populations across a number of continents. Long identified as a risk in North American
and European healthcare communities, recently it has established a foothold in Asia. The current
uptrend in C. difficile prevalence in North American and European populations likely heralds a
similar pattern in Asian communities over time [8].

This increasingly global health risk has made C. difficile the target of novel antibiotic and
non-antibiotic therapies, and has driven the innovation behind many unique avenues of research.
Characterization of phenotypes seen in C. difficile clinical isolates confers an understanding of
the pathogen faced by physicians and patients in healthcare today. Insight into the current
evolutionary state of this pathogen objectively aids development of therapies and serves to
curtail potential increases in pathogenicity and virulence.

General Physiology and Metabolism

Comprised of approximately 180 validly described species, the genus Clostridioides is
one of the largest bacterial genera to date [18]. Within this genus, C. difficile is one of only a few
species that is pathogenic to humans. C. difficile is phylogenetically divided into 6 clades based
upon PCR-ribotyping, with pathogenic strains dispersed throughout each clade. Presently,
approximately 300 different C. difficile PCR ribotypes are known to circulate among humans and
animals [19]. Historically, endemic outbreaks in clinical settings consist of one prevalent
ribotype, such as the ribotype 027 [17, 19]. As other strains begin to circulate clinically, it

becomes imperative to characterize various ribotypes; different strains are associated with



varying degrees of pathogenicity and can present across a wide distribution of illness severity. C.
difficile strain LC5624 was recently isolated and belongs to ribotype 106, which has recently
surpassed ribotype 027 as the most frequently identified ribotype in US hospitals [19].

C. difficile is a Gram-positive, strictly anaerobic, rod-shaped bacterium that forms
metabolically dormant spores in response to unknown cues. Genomic analyses of various C.
difficile strains has revealed that the majority encode Type IV pilus genes [2, 20], genes
associated with the production of surface-associated fimbriae [21, 22] and flagella [23]. Flagella
are important for C. difficile pathogenesis because they have been shown to play an active role in
adherence to intestinal tissue [2, 21, 22]. Moreover, as observed in other bacteria, C. difficile
flagella have been implicated in the development of biofilms, an extracellular matrix that
protects the bacterial community from environmental stresses and enables more efficient
colonization [24].

C. difficile colonizes the gut and obtains many of the nutrients required for growth from
the host’s diet, mucosal secretions and/or other resident (or dietary) microbes [17, 25]. In a study
done by Scaria, Chen and Useh [17], phenotype microarrays (PMs) were used to elucidate the
complete nutritional profile of six endemic C. difficile isolates, R20291 (ribotype 027) included.
Analyses comparing these nutritional and chemical phenomes showed that while simple sugars
(maltotriose, maltose, a-D-glucose, D-fructose, and D-mannose) are metabolically preferred by
all strains, additional complex carbohydrates such as pectin and arbutin are also consumed to
support high levels of growth [17]. When compared to other strains, R20291 presented with the
largest metabolic capability for the 760+ nutrient sources employed in the investigation [17]. In
particular, an expanded metabolic potential was revealed through a greater ability to utilize

tetrathionate, taurocholate, taurine, and a wide array of peptides [17]. Recently, Collins and



colleagues [26] found that isolates of ribotype 027 and 078 are able to utilize trehalose (a food
additive) at much lower concentrations than historic isolates, suggesting that there are important
differences in the metabolic requirements between strains.

The expanded metabolic potential of R20291 is likely correlated to its epidemic nature.
Numerous in vitro experiments have demonstrated that the levels of toxin production varies
several fold depending upon the type of nutrient found in laboratory growth medium [27], and
more recent investigations have shown there is a complex regulatory mechanism associated with
this phenomenon [28, 29]. An increase in toxin production has been specifically correlated to
cues of the gut, including temperature changes, existing C. difficile colony density, density and
metabolism of the host microbiome, and any significant reduction of available nutrients [28, 30].
Furthermore, the timing of toxin gene transcription has been correlated to the depletion of
nutrients in rich medium that occurs as cells enter the stationary phase of growth [30-32]. In
contrast, when other nutrients (e.g., glucose, proline, butanol, cysteine, biotin, and a mixture of

various amino acids) are in abundance, toxin synthesis is inhibited [30].
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Figure 1. Cellular intoxication mechanism of TcdA and TedB. Shown below is the domain structures of TedB. The pore forming
region (PFR) is indicated in red. Figure adapted from Awad [2].

While many aspects of the C. difficile infection cycle remain poorly understood, it is well
established that a large proponent of disease is the synthesis of TcdA and TcdB [33-35]. Of the
two toxins, TcdB is more active against tissue culture cell lines and all toxigenic strains, to date,
encode tcdB; most, but not all encode fcdA [8]. As demonstrated in animal models of CDI, the
absence of both of these toxins renders C. difficile avirulent [36].

As illustrated in Figure 1, the first step is receptor recognition and binding of the toxin to
intestinal cells, followed by endocytosis via a clathrin- and dynamin-dependent pathway [37].
Once the toxin is endocytosed, the endosome acidifies and the toxin undergoes a conformational

change. This conformational change results in the delivery domain forming a pore through which

the remainder of the toxin translocates. Cytosolic exposure results in the toxin binding to the host



cell metabolite, inositol hexakisphosphate [38]. This results in autocatalytic cleavage between
the cysteine protease and glucosyltransferase domains, releasing an active N-terminal
glucosyltransferase into the cytosol [39].

Both TcdA and TcdB are monoglucosyltransferases that target the Rho family of small
GTPases for inactivation through the covalent transfer of a glucose moiety [2]. The glycosylated
GTPases are locked into an inactive conformation, which causes a number of detrimental and
significant downstream events. Most critical is interference with the cell cytoskeleton.
Cytoskeletal disturbance results in a loss of cellular structural integrity, marked by a decline in
levels of F-actin [40], and characteristic “cell rounding” morphology that typically precedes
caspase mediated cellular apoptosis [2, 41]. The pathogenic advantage of intestinal cell
intoxication lies in the fact that colonic cell death disrupts the tight junctions of the intestinal
epithelium [2]. This disruption undermines the host epithelia’s protective function and increases
intestinal permeability. Apoptotic coloncyte death and intestinal inflammation subsequently
manifests as diarrhea, the hallmark symptom of CDI [35, 42].

In order to survive outside a host in the aerobic environment, C. difficile cells form hardy,
acid, heat and oxygen-resistant endospores through the process of sporulation. Spores are
metabolically dormant infectious particles shed easily in the feces of colonized organisms and
allow survival of the bacterium in an aerobic environment. As a significant agent of disease and
an essential component of the C. difficile infection cycle, the process and mechanisms of

sporulation warrant a detailed understanding.
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Figure 2. The main structural layers of a bacterial endospore, not drawn to scale.
Sublayers present in the exosporium and spore coat are also not depicted. Figure
adapted from Paredes-Sabjafl].

Endospores, widely-studied in the model organism Bacillus subtilis, are metabolically
dormant and dehydrated structures and these features are conserved across all endospore-forming
bacteria, C. difficile included. Each spore core contains a complete copy of the genome, as well
as RNA and proteins necessary for outgrowth upon germination [1, 43, 44]. Cores are also rich
in dipicolinic acid (DPA), which complexes with Ca*" ions and forms a chelate that replaces
water and contributes significantly to spore thermoresistance [18, 43, 45, 46]. As shown in
Figure 2, the core is surrounded by an inner spore membrane, a thin layer of peptidoglycan
(PTG), a thick cortex PTG, an outer spore membrane, layers of coat protein, and an exosporium
layer (which is present in C. difficile but not all endospore-forming bacteria) [43, 45, 46]. This
outermost exosporium layer is the first point of contact between C. difficile spores and their
environment, and has remarkable adherence properties [2]. The spore coat, in conjunction with
the cortex and DPA, protect spores against hostile environments.

In B. subtilis, the model organism for studying sporulation and germination, the general

sporulation process involves the formation of a swollen mother cell, and the forespore [18].

Sporulation is a tightly regulated process involving communication between the forespore and
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mother cell. This communication is achieved through a cascade of alternative RNA polymerase
sigma factor activation and subsequent gene expression [2, 46]. These alternative sigma factors
(6", 6", 6% and o) are conserved in all endospore-forming bacteria. Interestingly, though, C.
difficile was shown to lack the intercompartmental criss-cross communication between sigma
factors present in the B. subtilis paradigm [1, 47-49]. Although the C. difficile sporulation-
specific sigma factors undergo an alternate pathway of activation (Figure 3), Pereira [49]
demonstrated that the activation of these sigma factors is compartment-specific in a manner
similar to what is observed in B. subtilis. For example, activity of the 6" and ¢ sigma factors is
restricted to the maturing forespore and activity of 6~ and c* is restricted to the mother cell [1,

49].
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Figure 3. Models of B. subtilis and C. difficile cascading activation of four main sporulation specific sigma factors. Figure adapted
from Paredes-Sabja[l].
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Another notable variation from the mechanism of spore formation found in B. subtilis, is
the fact that C. difficile does not use a phosphorelay in the activation of sporulation master
regulator SpoOA [18]. Sporulation in C. difficile is alternately initiated by several orphan
histidine kinases that directly phosphorylate SpoOA [50, 51]. SpoOA, conserved in all endospore
forming bacteria [18, 52], is aptly named the master regulator of sporulation because genetic
deletion mutants of spo0A result in asporogenic phenotypes [2]. As such, spo0A mutants are
defective in host-to-host transmission [46]. It is well established that C. difficile sporulation
frequency and yields of spore density is strain-dependent [53], however, the precise external
signals necessary to initiate sporulation have yet to be definitively defined. However, it is
hypothesized these signals are likely related to environmental stimuli (e.g., quorum sensing or
nutrient limitation) [1, 51].

High rates of CDI reoccurrence are due, in part, to ingestion of spores, which are
ubiquitous in the environment of infected individuals. In animal models of CDI, C. difficile
infected shed in excess 10® C. difficile spores per gram of feces [54]. Abiotic sampling confirms
high levels of spore persistence in health care environments, which is unsurprising because
spores demonstrate a remarkable adherence to stainless steel, a common material in hospitals [2,
55].

Spores found within the contaminated environment enter new hosts through oral
ingestion. The exosporium and spore coat protect the core from the acidic environment of the
stomach, which can range from pH 1.5 in humans to pH 4.3 in other mammalian hosts [56].
Under appropriate environmental conditions, spores germinate to the actively growing, toxin-
producing, vegetative form. In most spore forming bacteria, e.g., B. subtilis and Clostridium

perfringens, germination is triggered upon activation of Ger-type receptors embedded in the
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spore inner membrane by species-specific germinants [1, 46]. In contrast, C. difficile lacks
orthologues of these classic ger-type germinant receptors, and instead initiates germination in
response to bile acid germinants using a pseudoprotease, CspC [57]. With its partner proteins,
CspB and CspA, CspC promotes the proteolytic activation of SleC, a spore cortex degrading
enzyme that is packaged into spores as a zymogen [46, 57]. Activation of pro-SleC leads to
degradation of cortex PTG, which coincides with release of monovalent ions (H', Na’, K") and
DPA from the core [1, 18, 58, 59]. Also timed with the release of monovalent cations and cortex
hydrolysis is the protease-mediated breakdown of a and 3 type small acid soluble proteins
(SASP) [60], which saturate the genomic DNA found in the core and contribute to spore
dormancy [1, 18]. This entire process culminates in the rehydration of the core, resumption of
metabolic activity, and spore outgrowth [18].

C. difficile germination is initiated by certain bile acids germinants and certain amino
acid co-germinants [43]. As such, a large portion of spore fate in the colon depends on the
secretion of specific bile acids into the duodenum by the liver and gall bladder. Bile acids are
small steroid acids that aid in the absorption of fats and cholesterol [61]. There are two families
of bile acids: cholic acid derivatives and chenodeoxycholic acid derivatives (CDCA) [46].
Commonly, these primary bile acids are conjugated with either a taurine (taurocholic acid, TA)
or a glycine (glycocholic acid or glycochenodeoxycholic acid) [61]. The distinction between the
cholic acid class and CDCA class of bile acids is significant. Sorg and Sonenshein [62 {Sorg,
2009 #102]} demonstrated that C. difficile spore germination is activated by cholic acid
derivatives and inhibited by CDCA derivatives. In fact, most spores derived from clinical C.
difficile isolates reach maximum germination rates only in the presence of cholic bile acid

derivative TA and amino acid co-germinant glycine [63]. Cholate-containing bile salts are
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usually degraded by the normal gut microflora, but upon disruption of the natural microbiome,
TA concentrations persist in the colon and serve as a potent spore germinant [64]. This effect is
augmented by the fact that CDCA derivatives, competitive inhibitors of TA-mediated
germination, are reabsorbed by the gut more rapidly than are pro-germinatory cholic acids [2,
62]. It is also appropriate to note that historical ECsy values of TA are in the low millimolar
range, while ECsy values of CDCA are in the high micromolar range.

Whilst it is understood that C. difficile spore germination requires additional amino acid
co-germinants, the specific amino acid spore germinant receptor still remains under investigation
[43]. Regardless of the receptor, glycine has proven to be the most effective amino acid co-
germinant in all strains investigated thus far [65]. This is possibly due to its small, simple size,
which likely promotes diffusion through spore layers, as well as the fact that glycine is utilized in
metabolic Stickland reactions. Stickland reactions generate energy for some anaerobic bacteria
that primarily rely on amino acids for sources of carbon and nitrogen [3]. Glycine functions as an
electron acceptor during Stickland’s oxidative decarboxylation and deamination of amino acids,
which results in NADH and ATP [3, 30]. Additionally, glycine is easily available in host colonic
environments, and can be derived from the host bile acid glycocholate through a deconjugation
reaction of glycine and cholate [43, 61, 66]. Shrestha and Sorg [43], in their study of the
hierarchy of amino acid co-germinants, characterized the efficiency with which various amino
acid co-germinants, and their enantiomers, influenced germination. Through the calculation of
ECsp values, derived from nontraditional enzyme kinetics since germination is a multi-enzyme
process, a quantitative measure of amino acid co-germinant effectiveness was established. Based
on ECsp data, the authors concluded that after aspartic acid, branched side chain amino acids such

as valine, leucine, and isoleucine, and D-alanine, are the poorest co-germinants [43]. The precise
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hierarchy of amino acid co-germinants varies by strain, but general trends suggest that a majority
of both D and L-amino acids are recognized as co-germinants [64].
CRISPR-Cas9 Technology

Contemporary strides in the field of molecular biology include the advent of CRISPR-
Cas9 site directed mutagenesis. An overview mechanism of CRISPR mediated genetic exchange

defense is modeled in Figure 4. Clustered regularly interspaced short palindromic repeats
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T TN, ——>

* .

.
.

- .
-
. e
/ * 4 [] Creation of a novel spacer
Inactivation of viral DNAs

-

. CRISPR Array \
Targeting of viral DNA
Transcription

T L A

oo @f — 3@

.%mﬂA -— "B — &
& Processed crRNAs

Figure 4. Overview of the CRISPR/Cas mechanism of action. After insertion of foreign DNA from phages or plasmids, a Cas
complex recognizes foreign DNA and creates and inserts a novel repeat-spacer into the CRISPR array. The CRISPR repeat-spacer
array is transcribed into a pre-crRNA that is processed into mature crRNA, which is used as a guide by a Cas complex to restrict
the invading nucleic acid. Figure adapted from Horvath and Barrangou [4].

(CRISPR), in conjunction with CRISPR-associated (Cas) systems, function analogously to
bacterial immune systems, allowing cells to adapt to foreign genetic invaders such as
bacteriophages [35]. Native CRISPR systems have been shown to exist in approximately half of
all sequenced bacterial genomes, C. difficile included [67]. The native C. difficile CRISPR
system 1is likely an evolutionary response to the rich bacteriophage community of the host colon

in which colonization occurs [35].
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Genomic CRISPR loci, also referred to as CRISPR arrays, are organized such that
conserved repeat sequences, approximately 30 bp long, are separated by similarly sized
sequences called spacers [35]. Spacer sequences are variable, and are identical copies of viral or
plasmid DNA encountered by the cell in a prior invasion event. These spacers are often
described as past “memories” of C. difficile encounters, as new protospacers are sequentially
added to CRISPR arrays as encounters occur. The process through which a new spacer is
generated and integrated into the CRISPR loci is known as adaptation; it is this adaptive process
that confers the cell with immunity from future invasions [35].

An entire CRISPR array is transcribed as single, pre-crRNA, which is then processed into
smaller segments consisting of one spacer and its associated flanking repeats. These processed
transcripts are referred to as CRISPR RNAs (crRNAs) [35]. Mature crRNAs associated with type
5 endonucleases effectively function as guide RNA (gRNA) [68]. Often, it is Cas9 that
complexes with a gRNA, using sequence homology to induce restriction of the invading nucleic
acids [3]. The extent of base pairing between the Cas complex and the targeted genetic material
is critical to successful interference; in many bacterial CRISPR systems, C. difficile included,
precise base pairing at the first position of the spacer is necessary for effective restriction [69,
70]. Another critical feature of the CRISPR defense system is its ability to discriminate between
self and non-self. This identification is accomplished through the presence of protospacer-
adjacent motifs (PAMs) located at either the 5° or 3° end of the invading sequence [71]. The 2-6
base pair PAM sequences are absent in CRISPR loci, thus ensuring that Cas complexes do not
degrade the DNA sequence encoding the guide RNA transcripts.

C. difficile strain R20291 encodes nine active CRISPR arrays, and recognizes a 5’-CCW-

3> PAM sequence (W denotes either an adenine or thymine base) [3, 35]. Additionally, the nine
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CRISPR arrays of this strain are classified as subtype I-B [35]. Governing definitions of
CRISPR-Cas subtype classifications are constructed through their specific restriction
mechanisms and Cas protein composition, as well as specific PAM sequence recognition [3, 68].
A growing list of molecular biological tools has directly increased our understandings of C.
difficile physiology and pathogenesis, but the search is never ending for more efficient
techniques. Historically, TargeTron/ClosTron technology (mobile group II introns) has been
most widely used in C. difficile genetic experimentation. However, TargeTron, and the other
associated techniques (single crossover integrations of unstable plasmids, allelic-coupled
exchange via pyreE and codA systems, and mariner transposition) are not without their
shortcomings [3]. TargeTron technology, for example, is limited in the sense that it only creates
insertion mutations, often leading to polar effects on genes downstream [3]. The advent of a
CRISPR-Cas9 mutagenesis system takes advantage of the precision of the innate bacterial
immune system to rapidly and efficiently introduce site specific mutations. Using this method,
insertions are effectively introduced at a 20-50% rate of mutagenesis, and future development

holds the potential for targeted point mutations [3].
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Figure 5 depicts a model CRISPR-Cas9 mutagenesis plasmid. The components
necessary for a functional system include a Cas9 protein, gRNA, and a region of donor DNA,
which is used to create the desired mutation [3, 68, 72]. The gRNA has homology to a targeted
DNA sequence and is required to induce a double stranded DNA break catalyzed by Cas9. The
spliced target sequences are then vulnerable to homologous recombination that can result in both

genetic deletions and insertions.
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CHAPTER 1T

MATERIALS AND METHODS

Growth Conditions

C. difficile strains LC5624 and R20291 were routinely grown in a Model B anaerobic
chamber (Coy Laboratories ) with an atmosphere of >3% H,, 5% CO,, 85% N) at 37° C in brain
heart infusion supplemented with 5 g / L yeast extract and 0.1% L-cysteine (BHIS), as described
previously [46].
Growth Curves

C. difficile growth was monitored as previously outlined [73]. Single colonies were
suspended in 5 mL liquid BHIS medium and grown overnight (~16 hours). The following day,
the cultures were diluted into 20 mL of fresh BHIS media to optical density (OD) of 0.05.
Growth was measure every 30 minutes for 8 hours.
Preparation of Spores

C. difficile spores were generated as previously described [43, 65]. C. difficile strains
were inoculated onto BHIS agar medium. Strains were grown for 4-5 days before isolating
growth by suspending in 1 mL sterile water. To promote release of the spores from the mother
cells, spore suspensions were stored overnight at 4 °C. The suspensions were then washed five
times (centrifuged and supernatant removed) with sterile water to remove cell debris. The spores
were separated from the debris by centrifuging at 4,000 x g for 20 min in a bed of 60% sucrose.
After centrifugation, the sucrose was removed, and the concentrated spores at the bottom of the
tube were isolated and again washed five times with sterile water to remove the sucrose. The

spores were >99% pure and heat-activated at 65 °C for 30 min before use.
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Spore densities were calculated using a Petroff Hausser Counting Chamber and the
manufacturer’s recommend protocol [43, 74], and the final OD of the spore suspension
determined.

Germination Assays

The efficiencies of germination were determined as described by Shrestha et. al. (2018)
[43, 65]. Briefly, spore germination was analyzed at 37 °C using both DPA release and optical
density assays. All assays were carried out in 100 pL total volume and performed in triplicate for
each strain. As previously described, the release of DPA was monitored using a final spore
density of OD = 0.5 in 50 mM HEPES buffer, pH 7.5, 250 mM NaCl, and 250 uM of TbCls [65].
TA and glycine were added where indicated and their concentrations varied between 0 mM and
10 mM and 0 mM and 30 mM, respectively. A 96-well plate reader at low PMT settings
(excitation at 270, emission at 545 nm) was used, as described previously [75]. The optical
density-based germination assay was also carried out using a plate reader at 595 nm with final
0.5 optical density spores under the conditions listed above without TbCls'.

Total DPA content of concentrated spore samples were collected according to
procedures outlined briefly [75]. Spore solutions of OD = 0.5 were prepared and then 50 pL of
each sample was heated for 20 minutes in a water bath at 95 °C. Subsequently, 87.5 uL sterile
water was added to an opaque 96 well plate, along with 1 pL of 25 mM TbCls, 10 puL of the
boiled spore’s supernatant were added to the well and read as described above. The total DPA
content was run in triplicates for each strain.

To determine the effective concentration 50% values (the concentration that achieves half
maximum germination rate; ECsg) values for glycine, TA, and TA in the presence of the inhibitor

CDCA, the kinetics of DPA release assay was monitored and the ECsy determined as described
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previously [43]. Briefly, spores were germinated as described above The respective rates of
germination were determined using slopes of the linear portions of germination plots. Because
germination is a multi-enzyme process, data analysis resembles, but is not identical to that of
single enzyme kinetics. The data was reported as the averages from independent experiments
with the standard error of the mean.
Conjugation

In order to determine if the LC5624 strain can be genetically modified, previously
generated plasmids (empty plasmid, pJS116, and a CRISPR-Cas9 mutagenesis plasmid,
pKM126) were tested for the ability to conjugate from B. subtilis to C. difficile LC5624 [3,
76]. B. subtilis BS49 strains were grown on Luria-Bertani (LB) medium supplemented with
chloramphenicol (2.5 pg/ml), prior to matings. After overnight growth, the conjugation mixture
was harvested and spread onto BHIS medium supplemented with thiamphenicol, kanamycin,
and cycloserine (TKC) to counter select the B. subtilis donor and C. difficile cells that did not
successfully conjugate. Thiamphenicol-positive strains of C. difficile were tested twice for
tetracycline resistance (to screen against those transconjugants that also received a copy of the
Tn916 transposon present in the B. subtilis donor). Thiamphenicol-positive strains that tested
negative for tetracycline resistance were used. Isolated mutants were tested for the presence
of the conjugated plasmid by amplifying primers for marker catP, as well as fcdB and cas9

genes.
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CHAPTER 111

RESULTS

Growth Curves

Figure 6. Growth curve comparison of wildtype strain R20291 and clinical isolate LC5624.

Growth Curves

- LC5624
-= R20291
0-
£
5
=)
14
-2 T
0 1 2 3 4 5 6 7 8 9
Time (hours)
Figure 6. Growth curves of C. difficile LC5624 and R20291 strains in BHIS
medium.

Three independent growth curves of strains R20291 and LC5624 are represented in the
graph above as averages of measured OD at each half hour time interval. No significant
deviation from normal logarithmic growth patterns was observed within or between strains,
although clinical isolate LC5624 is capable of slightly steeper exponential growth than wildtype

R20291.

22



Sporulation and Germination

Figure 7. OD germination assays of C. difficile LC5624 and R20291 spores in the presence of
germinants TA and glycine.
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Figure 7. Germination of C. difficile LC5624 and R20291 spores as measured at ODgy. Samples were run in the presence of buffer, 100 mM
TA, 100 mM glycine, and both TA and glycine .

Figure 8. DPA release assays of C. difficile LC5624 and R20291 spores in the presence of
germinants TA and glycine.
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Figure 8. Germination of C. difficile LC5624 and R20291 spores as measured through terbium assays. Samples were run in the presence of
buffer, 100 mM TA, 100 mM glycine, and both TA and glycine.

Optical density assays of C. difficile LC5624 and R20291 spore germination are depicted
in Figure 7. DPA release assays of C. difficile LC5624 and R20291 are depicted in Figure 8. All
OD and terbium germination assays are represented as averages of three independent trials.

During optical density assays, C. difficile LC5624 spores in the presence of TA and
glycine showed a steeper decline in measured OD as compared to wildtype R20291 spores. As

expected, spores derived from either C. difficile LC5624 or R20291 demonstrated minimal OD
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loss in the presence of buffer alone. Notably, however, C. difficile LC5624 spores showed a
steeper decline in measured OD than R20291 wildtype spores when in the presence of TA or
glycine. This drop in OD was not correlated to an increase in fluorescence during terbium assays,
as evidenced in Figure 8, suggesting that no DPA was released from the core and germination
was not actually initiated.

Comparisons of the maximum fluorescence in the DPA release assays of both C. difficile
LC5624 and R20291 (Figure 8) suggest that C. difficile LC5624 spores contain and release
greater amounts of DPA than C. difficile R20291 spores. When the total DPA content present
within the C. difficile LC5624 spores was compared to C. difficile R20291, C. difficile LC5624
contained ~50% more DPA (Figure 9). In the absence of either TA or glycine, C. difficile
LC5624 spores show only minimal fluorescence, indicating that the spores are not germinating
(Figure 8). In comparison, wildtype R20291 spores were capable of releasing DPA in the
presence of TA alone. However, this did not correlate with a loss in OD. Subsequent work by a
graduate student in the lab has shown that this release in DPA is due to the Tb>" ions affecting
germination in an unknown way.

Table 1. Comparison of ECsy and K; values for known germinants and inhibitors between C.
difficile wildtype strain R20291 and clinical isolate LC5624.

R20291 LC5624
Ribotype 027 106
EC, Taurocholate (mM) 1.20+0.13 0.127 £ 0.02
EC_, Glycine (mM) 0.550=0.10 0.250 + 0.05
K. Chenodeoxycholic Acid (mM) 0.423 0.268
sipos sy 6.125x10" 7.01x 10

Note: ECsy and K; values represent the average from three independent experiments + the standard error of the mean. Spore densities were
calculated from samples at an optical density of 0.25.

The concentrations of TA and glycine necessary to attain half maximal germination rates

were quantified using DPA release assays. In these calculations, a lower ECsy value indicates a
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more efficient interaction with substrate and subsequently, more efficient germination. Wildtype
R20291 spores require over 9 times the concentration of TA and 2.2 times the concentration of
glycine than do C. difficile LC5624 spores to induce half maximal germination rates (Table 1). In
regards to inhibition, C. difficile R20291 spores were inhibited at approximately 1.6 times greater
concentrations of CDCA than C. difficile LC5624 spores (Table 1).

Figure 9. Total DPA content at OD 0.25.
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Figure 9. DPA release by C. difficile strains LC5624 and R20291. Total DPA content was normalized
to the amount of DPA measured in C. difficile R20291.

Figure 9 describes the total DPA total content of R20291 and LC5624 spores
respectively.
Conjugation

CRISPR-conjugation protocol was executed multiple times using both a CRISPR plasmid
(pKM126) and a control plasmid (pJS116). A total of 2 colonies yielded tetracycline-sensitive
colonies of pJS116 in both C. difficile LC5624 and C. difficile R20291 strains, but no successful

experiment yielded pKM126 in either strain. PCR amplification confirmed the successful
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conjugation of pJS116 into both C. difficile LC5624 and C. difficile R20291. Experiments are
ongoing to introduce the pKM126 CRISPR-Cas9 plasmid into these strains. But, because C.

difficile LC5624 can take up the pJS116 plasmid, this strain may be genetically tractable.
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CHAPTER 1V

CONCLUSIONS

Sporulation and Germination

As seen in Table 1, LC5624 cultures yield a quantity of spores that is approximately 14%
denser than that of wildtype R20291. These same spores, as evidenced in Figure 9, contain over
50% greater DPA content. While it is not undue to suggest that the increased density of LC5624
spores contributes to the increase seen in total DPA content, it is unlikely that 14% greater spore
density returns over 50% more DPA. Instead, it is more reasonable a slight difference in
sporulation between the two strains exists. It is therefore presumed that LC5624 spores are
morphologically smaller, with each spore containing a greater density of DPA in its core.
Furthermore, this increased capacity for DPA content in LC5624 is important in spore
transmission, as it is the DPA-chelate of the core that maintains the endospore in a desiccated
state until the time of germination. Greater concentrations of the core’s DPA-chelate confer
LC5624 spores a competitive edge in endospore resistance and subsequently, transmission.

Arguably the most notable dimension of the LC5624 germination profile is the fact that
LC5624 shows a significantly heightened sensitivity to both bile acid germinants and inhibitors.
Based on calculated ECsy values, LC5624 spores are more sensitive to the bile acid germinant
taurocholate and amino acid co-germinant glycine than are R20291 spores. Similarly, based on
calculated K; values, LC5624 spores are more sensitive the bile acid inhibitor chenodeoxycholic
acid than are R20291 spores. This aspect of the germination profile may be misleading if not
viewed in context of a typical transmission cycle. Inside a host colon, the typical endospore will

be exposed to TA, glycine and CDCA. For R20291, the K; of the CDCA inhibitor is less than
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that of the ECsy of both primary germinant TA and co-germinant glycine. This means lesser
concentrations of CDCA are required to inhibit germination in R20291, and greater
concentrations of TA and glycine are necessary to initiate germination. LC5624, in contrast,
sees ECs values for primary germinant TA and co-germinant glycine that are less than that of
the inhibitory CDCA K; value. This means that lesser concentrations of TA and glycine are
necessary to initiate germination and greater concentrations of CDCA are required to inhibit
germination. Such variance in spore germination sensitivities carries impactful consequences in
regards to infection; a spore from strain LC5624 is much more likely to germinate in the
presence of typical concentrations of bile acids than is a spore of R20291.
Conjugation

Conjugation experiments were successful in generating C. difficile colonies carrying an
integrated pJS116 control plasmid for both strains. This demonstrates that both strains are
capable of receiving DNA by conjugation and suggests that the LC5624 strain may be open to
genetic manipulation by molecular biologists using CRISPR-Cas9 systems. A strong case
remains for the potential of future success in this experimental capacity; it will certainly be
pursued in future undertakings.
Discussion

Wildtype strain R20291 was cultured during an epidemic outbreak of CDI in the early
2000’s; clinical isolate LC5624 was cultured in 2017. As evidenced in the germination profile of
C. difficile isolate LC5624, only little more than a decade was necessary for this specific strain of
C. difficile to adapt increasingly deviant characteristics. While it is not suitable to suggest this

uptrend in virulence is omnipresent in all actively circulating strains of ribotype 106, there is no
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evidence to indicate such an increase in hypervirulence would not be modeled in other strains.
Further investigations into other strains would certainly prove appropriate in this regard.

The uptrend in virulence seen in C. difficile isolate LC5624 is why the continuous
correlation of clinical isolates, their unique phenotypes, and levels of disease severity is vital to
understating the pathology of this human pathogen. In order to objectively aid both the
development of therapies and curtail increases in pathogenicity and virulence, continued

snapshots of the pathogen in its evolution are necessary.
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