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Abstract

Since 2000, Clostridium difficile isolates of ribotype 027 have been linked to outbreaks in North
America and Europe and also an increased rate of colectomy and death among infected
individuals. It has been proposed that enhanced sporulation and toxin production were associated
with this apparent increase in virulence of 027 isolates. Since only a limited number of isolates
have been examined, the relationship of these phenotypes to a specific ribotype, and as well as to
clinical disease severity, remains controversial. 106 recent clinical isolates from the University of
Michigan Health System were characterized for the ability to sporulate, produce viable spores,
grow in rich media, and produce toxins in vitro. Significant variation was observed between
isolates for each of these phenotypes. Isolates of ribotype 027 produced higher levels of toxin and
exhibited slower growth compared to other ribotypes. Importantly, increased spore production did
appear to be relevant to severe C. difficile infection, as determined by available clinical meta-data.
These data provide the first significant difference between isolates from severe vs. less severe
disease based on an in vitro C. difficile phenotype and suggest that clinical outcome is better
predicted by bacterial attributes other than ribotype.
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1. Introduction

Clostridium difficile is an anaerobic Gram-positive, spore forming bacterium commonly
isolated from soil, humans, and other mammals [1]. Approximately 1e3% of humans are
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asymptomatic carriers of C. difficile. Clinically manifest C. difficile infection (CDI) of the
distal gastrointestinal tract most commonly occurs after exposure to antibiotic treatment.
Both the prevalence and clinical severity of CDI have been increasing over the last 12 years
[2,3].

Coincident with the recent change in CDI epidemiology, a single pathogenic clone,
identified by PCR ribotyping as ribotype 027, emerged and became a prominent pathogen in
hospitals worldwide [3]. It appeared that the C. difficile 027 ribotype (hereafter referred to
simply as 027) was responsible for disproportionately more severe CDI cases compared to
other ribotypes during this time and so it was referred to as “hypervirulent.” As a result, the
term “hypervirulent” has become a popular topic in the CDI field and has reached near
dogmatic status.

A number of studies have reported potential mechanisms for this apparent increase in
virulence. Higher rates of sporulation and greater levels of toxin production have been
observed in 027 isolates [4—6]. More recent studies have begun to question whether 027 and
related ribotypes truly are associated with increased disease severity and specific in vitro
phenotypes. A recent study examining 743 C. difficile isolates from CDI patients was unable
to find a significant association between ribotype and severe CDI after adjustment for other
clinical and epidemiologic variables [7]. Another study examining sporulation of greater
numbers of representative 027 isolates found no significant increase in sporulation between
these isolates and other representative ribotypes [8].

To address this controversy, we sought to determine whether in vitro phenotypes were
specific to 027 isolates at our institution and to also determine whether these phenotypes
were associated with severe human disease, regardless of ribotype. Spore formation, spore
viability, isolate-specific growth rates, and levels of toxin production were measured for a
collection of 106 isolates.

2. Methods and materials

2.1. Strain isolation and selection

Clinical cases of C. difficile [7,9]were identified by the clinical microbiology laboratory at
the University of Michigan as previously described. C. difficile isolates were cultured from
patient stool samples using taurocholate-cefoxitin-cycloserine-fructose agar plates using a
published protocol [10]. Isolates were selected using three criteria. First, we included a
broad selection of isolates to represent the diversity of ribotypes in circulation at our hospital
between January 2010 and February 2011. Second, we purposefully enriched the study for
the epidemic ribotype 027 (n = 27) and the predominant ribotype in our hospital at the time,
014 (n = 21). Third, isolates from every case of severe CDI identified at our hospital during
the sampling time were included in the study (n = 34). Cases exhibiting an infection that
either: i) required admission to an ICU, ii) required an interventional surgery (e.g.
colectomy), or iii) resulted in death, within 30 days of diagnosis were defined as severe,
according to CDC recommendations [11]. These presentations had to be attributable to C.
difficile infection in order for the case to be considered severe CDI.
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2.2. Bacterial growth conditions and spore stocks

C. difficile isolates were cultured in an anaerobic chamber (Coy Laboratory Products, Ml).
For in vitro experiments, C. difficile isolates were cultured in BHIS (brain—heart infusion
broth supplemented with 0.5% yeast extract and 0.1% cysteine; no glucose or iron were
added to this medium) unless otherwise indicated. Spore stocks for all isolates were
produced as follows. Freezer stocks of clinical isolates (single passage) were plated on
BHIS. An isolated colony was used to inoculate an overnight culture. Four plates were then
inoculated with 100 ml of overnight culture and incubated for seven days at 37 °C under
anaerobic conditions before being moved to normal oxygen for one day to kill vegetative
bacteria. Bacterial lawns were then resuspended in 4 °C water and washed at least four times
to remove vegetative cell debris [10]. Spore suspensions were also heated at 65 °C for 30
min to ensure killing any remaining vegetative bacteria Spore stocks were stored in water at
4°C.

2.3. Germination assays

Germination was measured by tracking loss of spore heat resistance over time as previously
described [12]. Spores were incubated anaerobically with 0.1% taurocholate (Tc) in BHIS
for 10 min. Following incubation, an aliquot was heated at 65 °C for 20 min to kill
germinated spores. Remaining spores were enumerated by plating for colony-forming units
(CFU) on BHIS plates supplemented with 0.1% Tc. Colonies that grew on these plates were
considered to be ungerminated spores and were compared back to spore stocks to quantify
the percent germination. Assays were performed in triplicate for each isolate tested.

2.4. Measurement of spore viability

Spore viability was defined as the ratio of total spores to those capable of outgrowth [13].
Total spore particles in each stock were enumerated using a light microscope and a
hemocytometer. Numbers of viable spores were quantified by plating spore stocks for CFU
onto BHIS agar supplemented with 0.1% Tc. Assays were performed in triplicate for each
isolate tested.

2.5. Sporulation assays

In order to quantify spore production from each isolate of C. difficile, each isolate was
grown in broth culture for 24 h and examined for the presence of heat resistant CFU.
Sporulation of clinical isolates was defined by an increase in heat resistant colonies over
time in culture. In order to insure that all cultures were actively growing prior to setting up
sporulation assays, overnight cultures were diluted 10-fold into fresh BHIS and incubated
for 4 h at 37 °C. Following this incubation, fresh BHIS cultures were inoculated at an ODggg
=0.01 and cultured at 37 °C for 24 h. Following this incubation, samples were incubated at
65 °C for 30 min to Kill vegetative bacteria. Total spores in each culture were then
enumerated by plating for heat-resistant colony forming units (CFU) on BHIS agar
supplemented with 0.1% Tc. Assays were performed in triplicate for each isolate tested.
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2.6. Measurement of in vitro growth rates

Growth assays were performed in 96-well plates in a Power-wave HT plate reader (BioTek)
inside of an anaerobic chamber (Coy Laboratories). Each culture was inoculated with ~*
viable spores in 200 ml of BHIS supplemented with 0.1% Tc. Growth experiments were run
for 48 h with ODgqg readings taken every 10 min. Data for each well were normalized to a
blank (an un-inoculated well) and used to estimate growth parameters. A model-free,
smoothed cubic spline was fit to data for each isolate using the grofit package in R and the
maximum growth rate (1 = ODggg/hour) parameter was estimated and used from
comparative analysis [14,15]. Five independent growth curves were performed for each
isolate tested.

2.7. Toxin production assay

Vero cell viability was used to measure toxin production from C. difficile clinical isolates.
Triplicate C. difficile cultures were initiated with early log-phase vegetative bacteria at an
ODggp 0.01 in BHIS + 0.1% Tc and incubated at 37 °C for 18 h. Following incubation,
samples were centrifuged to remove bacteria and culture supernatants were frozen at -20
°C. Cell cytotoxicity assays were modified from Lyras et al. [16] and performed as follows:
Vero cells were seeded in 96-well plates containing DMEM supplemented with 10% FBS at
a concentration of 5 x 103 cells/well and incubated overnight at 37 °C. The following day,
culture supernatants were thawed, filtered through a 0.2 um filter, and diluted serially (2-
fold) in culture media before overlaying onto wells containing Vero cells. Dilutions and
transfer to plates containing Vero cells were performed using a Biomek FX (Beckman
Coulter Inc.). Plates containing the supernatant/Vero cell mixtures were then incubated at 37
°C + 5% CO, for an additional 48 h. Following incubation, the viability of Vero cells was
determined using the Roche cell proliferation | kit (MTT) according to the manufacturer's
protocol. Toxin activity in culture supernatants was quantified based on a standard curve,
which was generated using known concentrations of puri-fied C. difficile toxin B (List
Biological Laboratories, Inc). Assays were performed in triplicate for each isolate tested.

2.8. Statistical analyses

All statistical methods were performed using GraphPad Prism version 5.05 for Windows
(GraphPad Software, San Diego California USA). For comparison of two groups, the
nonparametric Manne-Whitney test was used. For three group comparisons, the
nonparametric Kruskal-Wallis test was used with Dunn's post-test to compare column pairs.
Spearman's correlation coefficient and corresponding p-value were used to investigate
whether there was significant correlation between growth rate and toxin production.

2.9. Human subjects approval

The University of Michigan Institutional Review Board approved all sample and clinical
data collection protocols used in this study. Where applicable, written, informed consent was
received from all patients prior to inclusion in this study.
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3.1. Clinical isolate description

C. difficile isolates were collected from symptomatic patients at the University of Michigan
Hospital (Ann Arbor, Michigan, USA) and/or affiliated outpatient clinics between January
2010 and February 2011. Clinical data were reviewed for each patient and severe CDI cases
were identified according to CDC recommended guidelines [11]. The University of
Michigan Institutional Review Board approved all sample and clinical data collection
protocols.

All 106 isolates tested were toxigenic based on diagnostic testing (ELISA and/or PCR for
the toxin B gene, tcdB) and a Vero cell toxicity assay in the laboratory. The collection
contained multiple representatives of 12 ribotypes as well as 27 single representatives of
other ribotypes (see Table S1 for specific isolate information). Isolates of ribotype 027 were
intentionally over-represented in this data set (n = 27) as were the number of isolates from
severe CDI cases (n = 34) in order to specifically address whether they are statistically
associated with the assayed phenotypes. Isolates representing ribotype 014 were also over-
represented in this data set (n = 21), as this was the most common ribotype observed in
patients at the University of Michigan Health System during the collection time period. The
availability of clinical meta-data associated with each isolate allowed for the elucidation of
any potential relationships between specific in vitro microbiological phenotypes and either
isolate ribotype or disease severity. Complete descriptions of each isolate can be found in
Table S1.

3.2. Germination and spore viability

It is possible that the differences in clinical severity associated with infection by various C.
difficile isolates are related to altered spore dynamics (germination and sporulation). To
address this, 36 of the 106 isolates, including 11 representative 027 isolates, were assayed
for efficiency of spore germination as scored by loss of heat resistance following exposure
to sodium taurocholate, the primary germinant of C. difficile [17], in rich media (BHIS +
Tc). Each isolate tested exhibited =90% germination within 10 min of exposure to this
germinant (data not shown). Since each isolate tested had nearly identical germination
efficiencies under these conditions, this assay was not performed for the entire collection.

As an alternative, the percent viability of spores produced by each of the clinical isolates
was examined. To this end, a colony forming efficiency assay was performed to determine
the percentage of total spore particles that were capable of outgrowth [13]. This assay was
performed in triplicate for each isolate and the mean percent viabilities are presented in Fig.
1. Significant differences in spore viability were observed across isolates and ranged from
2.0% to 89.5% (Fig. 1A). To determine if spore viability differed between isolate ribotypes,
three separate groups were analyzed: 1.) ribotype 027 (previously defined as
“hypervirulent™); 2.) ribotype 014, (the most common ribotype isolated at the University of
Michigan Hospitals); and 3.) all other ribotypes. All three ribotype groups exhibited a
similar range of spore viability and no significant differences were detected between group
medians (Fig. 1B, p = 0.725).
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Next, the relationship between disease severity and spore viability was examined. Isolates
that caused severe and non-severe disease had similar spore viability levels (severe median =
53.3%, non-severe median = 53.3). As was observed for ribotype comparisons, isolates from
severe CDI cases did not exhibit a statistical difference in spore viability when compared to
isolates from non-severe CDI (Fig. 1C, p=0.764).

3.3. Sporulation

To better understand differences in sporulation characteristics among these clinical isolates,
the number of heat-resistant colony forming units (CFU) present following 24 h of growth in
culture media was quantified (Fig. 2). Isolates exhibited a wide range of sporulation over
this time, ranging from those that produced no detectible spores to 9 x 10% spores/ml (Fig.
2A). The same ribotype groups used in the spore viability assay above were examined for
differences in sporulation levels. All three groups exhibited similar median sporulation
levels after 24 h and no significant differences were observed (Fig. 1B, p = 0.513).

Importantly, isolates that caused severe disease appeared to cluster at the upper end of the
sporulation range (Fig. 2A, black bars). Although these isolates exhibited a similar range in
values as the entire data set, isolates from severe cases of disease produced nearly twice as
many spores compared to isolates from non-severe cases (Fig. 2C, median values: severe =
1.1 x 104 spores/ml; non-severe = 6.3 x 103 spores/ml) and this difference was statistically
significant (p = 0.008).

3.4. Growth rates

The maximum increase in ODggq per hour was quantified for each isolate and was
considered to be an estimate of growth rate (1). Isolates in this collection exhibited a 10-fold
difference in overall growth rates (Fig. 3A; range: 0.38e0.03 ODgqo/hour; equivalent
doubling times = 1.8-22.0 h, median 6.5 h). Interestingly, when growth rates were compared
based on isolate ribotype groups, a clear pattern was evident. Although the overall range in
growth rates for 027 isolates was similar to other isolates, 20 (74%) of the 027 isolates were
in the bottom third of the data range (Fig. 3A, arrows). Median growth rates differed
between ribotype groups (Fig. 3B, p < 0.0001), with 027 isolates exhibiting slower growth
than the other ribotype groups. No difference was observed between the 014 and other
ribotype groups.

It was hypothesized that isolates that can rapidly expand would cause more severe disease,
due to increased bacterial load and concomitant virulence factor production. On the
contrary, isolates from severe CDI cases did not appear to grow more rapidly than others. In
fact, these isolates exhibited a similar range of growth rates as those from less severe cases
and there was not a significant difference observed between these isolate groups (Fig. 3C, p
=0.586).

3.5. Toxin production

Previous reports have indicated increased levels of toxin production from representative 027
isolates [5,6,18]. To examine this phenotype within the current isolate set, total toxin
production from each isolate was measured following 18 h of vegetative growth in culture.
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The clinical isolates tested exhibited significant differences in in vitro toxin production, with
total detectable toxin ranging from 0.028 to 53.2 ng/ml (Fig. 4A). It should be noted that one
isolate produced over 250 ng/mL of toxin, but was excluded from statistical analyses as an
outlier. Isolates of ribotype 027 exhibited higher levels of toxin production than those of
other ribotypes. Toxin production of these isolates ranged from 0.12 to 16.3 ng/mL (median
= 2.7 ng/ml) with 18 of 27 isolates falling in the top third of the data set (Fig. 4A, arrows).
The increase in toxin production observed from 027 isolates was statistically significant
compared to isolates of both the 014 group and the “other ribotypes” group (Fig. 4B, p <
0.0001). No statistical difference was observed between the 014 isolates and the isolates in
the “other” ribotype group (Fig. 4B).

Since these exotoxins are the primary virulence factors of C. difficile [16,19], it was
hypothesized that increased in vitro toxin production would predict severe disease.

However, as observed for isolate growth rates, no statistical difference was observed in toxin
production in vitro between isolates from severe and non-severe cases. Isolates that caused
severe disease exhibited a range of toxin production in vitro (0.024-23.0 ng/ml) similar to
those that caused less severe disease (0.024-53 ng/ml) and no statistically significant
difference was observed between these groups (Fig. 4C, p = 0.140).

3.6. Relationship between toxin production and growth rate

The data presented above show statistical associations between 027 isolates and both
increased toxin production and decreased in vitro growth rate. Since toxin production is
thought to be growth phase and nutrient dependent [20], the relationship between growth
rates and toxin production was examined further. A negative correlation was observed
between these two phenotypes (Fig. 5, Spearman r = —0.4591, p < 0.0001). In other words,
isolates that produced higher levels of toxin also grew more slowly. This correlation was not
dependent on 027 isolates, as the statistical significance remained when these data were
removed (p = 0.0004).

4. Discussion

CDI has become a major healthcare problem throughout the world. This study is the first we
know of to report that C. difficile isolates that caused severe CDI, regardless of ribotype,
produce more spores than isolates from less severe cases. We also showed that isolates of
ribotype 027 expressed higher levels of toxin and grew more slowly than isolates of other
ribotypes, but that these in vitro phenotypes were not associated with a severe clinical
outcome. The observed correlation between growth rates and toxin production is interesting
in terms of cellular regulation of virulence factors and warrants further study.

The increased incidence of CDI over the last decade at healthcare facilities around the globe
has raised public awareness and brought about many new clinical and microbiologic
questions. Beginning in 2005, a number of studies have focused on the molecular
epidemiology and pathogenesis of certain C. difficile genotypes that were referred to as
“hypervirulent” [21]. These ribotypes appeared to cause more severe disease compared to
other isolates and to also have increased toxin production and sporulation levels in vitro.
These findings led some to suggest that such phenotypes were the underlying mechanisms of
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the observed increase in virulence [4,5]. Recent studies, however, that considered increased
numbers of representative isolates have brought some of these findings into question. For
example, Burns et al. examined the sporulation potential of 53 isolates, including 28
representative 027 isolates, and concluded that 027 isolates did not exhibit higher levels of
sporulation than those of other ribotypes tested [8]. Therefore, the original hypothesis that
027 isolates cause more cases of severe disease because they produce more spores remains
controversial. In support of these findings, we also observed that 027 isolates do not
inherently produce more spores than isolates of other ribotypes (Fig. 2).

The most significant finding of the present study was that isolates from severe CDI cases
had greater sporulation levels after 24 h in culture than isolates from less severe cases. As
with other spore-forming, pathogens, the C. difficile spore is believed to be the infectious
particle, or the means by which disease is transmitted from person to person. A model
supported by our results is that isolates with greater sporulation potential transmit more
spores to susceptible individuals, leading to a greater infective dose. This increased
inoculum may, in turn, lead to increased vegetative cell numbers and greater levels of toxin
production in the antibiotic-perturbed Gl tract and ultimately facilitate virulence.

In contrast, neither germination rates, nor spore viability, were significantly greater among
027 isolates or among isolates from cases of severe disease. However, several important
observations were made. Unlike the other phenotypes tested, all tested isolates exhibited
nearly complete germination within only 10 min (data not shown). This high level of
conservation across isolates likely indicates the universal importance of this process in
nature and is intriguing, particularly considering the wide range of values observed in each
of the other phenotypes tested. For example, spore viability was much more heterogeneous
across all isolates, with some producing spores that were nearly all viable and others
producing very few viable spore particles. It is interesting to note that low percentages of
viable spores did not appear to be dependent on the number of overall particles with several
of the least viable spore preparations having large numbers of phase-bright spore particles.
This observation indicates two distinct possibilities. Either the process of sporulation is
relatively inefficient or some of these isolates are able to germinate in response to a
currently undefined/untested germinant that was not present in the assay medium used. The
presence of another germinant in vivo seems likely since other pathogenic spore formers,
such as Bacillus anthracis, sporulate robustly in vitro, typically producing only viable spores
with few-to-no additional spore-like particles that are unable to germinate [13].

Higher toxin production was evident among 027 isolates compared to isolates of other
ribotypes. These data support previous studies that considered toxin production of other 027
isolates [5,6]. Although there was an apparent difference in the median values for toxin
production between severe and non-severe cases (1.48 ng/ml and 0.38 ng/ml, respectively),
this difference was not determined to be statistically significant. While it is possible that
these data would reach significance once greater numbers of severe cases are examined, the
current results suggest that in vitro toxin production may not be a useful predictor of disease
severity. In support of this hypothesis, a large epidemiologic investigation at our institution
found that isolation of a hypervirulent ribotype was not predictive of severe CDI [7]. While
this study considered both 027 and 078 isolates as “hypervirulent” the same result was
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obtained if 027 isolates were considered independently. Together these results indicate that
in vitro toxin production, while greater for 027 isolates, appears to be a poor measure for
determining the potential of a given isolate to cause severe disease.

Along with increased toxin production, 027 isolates also had significantly slower growth
rates. These two phenotypes were negatively correlated among all isolates, suggesting a
coordinated regulation in all C. difficile isolates. Importantly, this correlation was
independent of ribotype, as the significance was retained even when removing 027 isolates
from the analysis. The regulatory mechanism responsible for the negative correlation
remains to be elucidated, but it is possible that a shift in overall metabolism allows isolates
to better commit resources to the production of toxin. Much research has gone into
understanding the regulation of toxin and the role of nutrient availability in this process.
Toxin genes are induced during states of starvation and repressed when the cell has readily
available nutrients [22—-26]. These factors, along with specific toxin regulatory genes present
in the pathogenicity locus, indicate a complex mechanism that has evolved to regulate toxin
production. Alternatively, it is possible that 027 isolates have a decreased ability to acquire
nutrients. This could result in a more constitutive state of starvation, leading to increased
toxin production. Given the relationship between growth rate and toxin production presented
here, a deeper understanding of the metabolic differences between these isolates may
increase our knowledge of toxin regulation by this pathogen.

Our results, and those of other recently published studies, do not support the hypothesis that
hypervirulence is a ribotype-specific trait. Similarly, reports that “hypervirulent” ribotypes
exhibit increased sporulation compared to other ribotypes were not supported by two
independent collections of clinical isolates (this study and [8]). Although the data presented
here do confirm previous studies showing increased toxin production from isolates of these
ribotypes, a correlation between high toxin production and severity of disease was not
observed. Collectively, these results provide evidence that ribotyping may not provide
clinically relevant information. It remains possible that some C. difficile isolates are
hypervirulent, however, other methods are needed for identifying these isolates in the
hospital setting.

It is important to note two potential caveats of this study. First, all bacterial phenotypes were
examined under in vitro conditions, which may not mimic host environments/conditions.
Although the only phenotype significantly associated with disease severity was increased
sporulation, this does not exclude all other factors involved. Indeed, the differences in the
microenvironments encountered within hosts, or the physical state of the hosts themselves,
may also play a role in the severity of a given case of CDI. The second caveat is that the
observed differences between isolates that cause more severe disease are dependent on the
definition of “severe disease”. Clinical outcomes were used to define severe cases of disease
and a more broad definition of clinical severity could, potentially, alter the conclusions. The
fact that a strong correlative phenotype was identified even in light of these facts speaks to
the strength and importance of this finding. Further studies are currently underway to
understand the various host factors that may also play a role in disease, including alterations
in immune response and any underlying physiologic patterns, including disease states.
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In summary, we have shown that clinical isolates of C. difficile exhibit wide variation in
basic microbiology, with significant differences observed in most of the phenotypes tested.
It is perhaps surprising that such a large range of phenotypic results was observed from
isolates that are considered currently to be very similar at the genetic level [27]. These
differences can add to the difficulty in assigning general characteristics, such as
“hypervirulence,” to isolate group by ribotype. Importantly, the data presented here clearly
identify the first microbiological correlate of disease severity in C. difficile. Specifically, our
work shows that isolates that exhibit increased sporulation tend to cause more severe
disease. Specific features of the 027 ribotype group were also identified and could provide a
useful tool for examining the specific role of these phenotypes and also for studying the
regulation of toxin production.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Viability of spores produced by C. difficile clinical isolates. (A) Viability of spores for each
clinical isolate was determined using colony forming efficiency assay. All measurements
were performed in triplicate for each isolate and presented as the percent viable spores =
((CFUI/ml)/(spore particles/ml)) x 100. Data are presented as % viable spores and represent
mean + SD of triplicate measurements. Black bars represent isolates that caused severe
disease, while gray bars represent those that did not. Arrows indicate strains of ribotype 027.
A similar figure labeled with labeled with all strain designations is available as
supplementary data (Supplementary Figure 1A). (B) Comparison of median values with
interquartile range for isolates representing ribotypes 027, 014, or “other.” Groups were
compared for statistical significance using KruskaleWallis test (p = 0.725) followed by
Dunn's test for column comparisons (no significant differences). (C) Comparison of median
values with interquartile range for isolates that caused severe disease were compared to
other using unpaired ManneWhitney t-test (p = 0.764).
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Fig. 2.

Spgorulation characteristic of C. difficile clinical isolates. (A) Total spore production
following 24 h of in vitro growth was determined for each clinical isolate by measuring
heat-resistant CFU. Data are presented as heat resistant CFU/ml (limit of detection ~100
spores/ml) and represent mean = SD of three independent cultures. * = No spores were
detected in any replicates for these isolates. Black bars represent isolates that caused severe
disease, while gray bars represent those that did not. Arrows indicate strains of ribotype 027.
A similar figure labeled with all strain designations is available as supplementary data
(Supplementary Figure 1B). (B) Comparison of median values with interquartile range for
isolates representing ribotypes 027, 014, or “other.” Groups were compared for statistical
significance using Kruskal-Wallis test (p = 0.513) followed by Dunn's test for column
comparisons (no significant differences). (C) Comparison of median values with
interquartile range for isolates that caused severe disease were compared to other using
unpaired Mann-Whitney t-test (p = 0.008).
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Fig. 3.
Growth rate differences among C. difficile clinical isolates. (A) Maximal growth rates in

BHIS broth were determined for each clinical isolate. Data are presented at maximum
increase in ODggg per hour and represent mean = SD of five independent curves for each
isolate. Black bars represent isolates that caused severe disease, while gray bars represent
those that did not. Arrows indicate strains of ribotype 027. A similar figure labeled with
labeled with all strain designations is available as supplementary data (Supplementary
Figure 1C). (B) Comparison of median values with interquartile range for isolates
representing ribotypes 027, 014, or “other.” Groups were compared for statistical
significance using Kruskal-Wallis test (p < 0.0001) followed by Dunn's test for column
comparisons (* = p < 0.05). (C) Comparison of median values with interquartile range for
isolates that caused severe disease were compared to other using unpaired Mann-Whitney t-
test (p = 0.586).
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Fig. 4.

Dﬁ“ferences in toxin production by C. difficile clinical isolates. (A) Toxin production in vitro
was measured for each clinical isolate using Vero cell cytotoxicity as measured by MTT
assay. Toxin concentrations were estimated using a standard curve generated by treating
Vero cells with purified C. difficile toxin B. Data are presented at equivalent toxin activity in
ng/ml and represent mean = SD of three independent cultures. Black bars represent isolates
that caused severe disease, while gray bars represent those that did not. Arrows indicate
strains of ribotype 027. A similar figure labeled with all strain designations is available as
supplementary data (Supplementary Figure 1D). (B) Comparison of median values with
interquartile range for isolates representing ribotypes 027, 014, or “other.” Groups were
compared for statistical significance using Kruskal-Wallis test (p < 0.0001) followed by
Dunn's test for column comparisons (* = p < 0.05). (C) Comparison of median values with
interquartile range for isolates that caused severe disease were compared to other using
unpaired ManneWhitney t-test (p = 0.140).
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Fig. 5.

Nggative correlation between isolate toxin production and growth rate. Scatterplot of log
transformed growth rates vs. log transformed toxin levels. Closed squares = 027 — severe
disease; open squares = 027 — non-severe disease; closed circles = other ribotypes e severe
disease; open circles = other ribotypes — non-severe disease. Spearman correlation r =
0.4591; p > 0.0001.
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