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ABSTRACT

Clostridioides difficile is a gram-positive spore-forming pathogen that commonly causes diarrheal infections in
the developed world. Although C. difficile is a genetically diverse species, certain ribotypes are
overrepresented in human infections. It is unknown if metabolic adaptations are essential for the emergence of
these epidemic ribotypes. Here, we tested carbon substrate utilization by 88 C. difficile isolates and looked for
differences in growth between 22 ribotypes. By profiling clinical isolates, we assert that C. difficile is a
generalist species capable of growing on a variety of carbon substrates. Further, C. difficile strains clustered by
phylogenetic relationship and displayed ribotype-specific and clade-specific metabolic capabilities. Surprisingly,
we observed that two emerging lineages, ribotypes 023 and 255, have divergent metabolic phenotypes. In
addition, although C. difficile Clade 5 is the most evolutionary distant clade and often detected in animals, it
displayed more robust growth on simple dietary sugars than Clades 1-4. Altogether, our results corroborate the
generalist metabolic strategy of C. difficile and demonstrate lineage-specific metabolic capabilities. In addition,
our approach can be adapted to the study of additional pathogens to ascertain their metabolic niches in the

gut.

IMPORTANCE

The gut pathogen Clostridioides difficile utilizes a wide range of carbon sources. Microbial communities can be

rationally designed to combat C. difficile by depleting its preferred nutrients in the gut. However, C. difficile is
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genetically diverse with hundreds of identified ribotypes and most of its metabolic studies were performed with
lab-adapted strains. Here, we profiled carbon metabolism by a myriad of C. difficile clinical isolates. While the
metabolic capabilities of these isolates clustered by their genetic lineage, we observed surprising metabolic
divergence between two emerging lineages. We also found that the most genetically distant clade grew
robustly on simple dietary sugars, posing intriguing questions about the adaptation of C. difficile to the human
gut. Altogether, our results underscore the importance of considering the metabolic diversity of pathogens in

the study of their evolution and the rational design of therapeutic interventions.
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INTRODUCTION

Clostridioides difficile is a common cause of gastrointestinal infections with symptoms ranging from mild
diarrhea to pseudomembranous colitis which can be fatal (1). By disrupting the gut microbiome, antibiotic use
lessens microbial competition for nutrients in the gut and increases the risk of C. difficile infection (2). Although
hospital-acquired C. difficile infections are decreasing likely due to better infection-prevention and antibiotic
stewardship efforts, community-acquired C. difficile infections are increasing (3). Therefore, gut microbial
alterations due to factors other than antibiotics may also increase the risk of C. difficile infections. As a strong
driver of gut microbial composition (4), diet modulates the risk or severity of C. difficile infection in animals (5,
6), and dietary additives may have contributed to the emergence of epidemic C. difficile lineages (7). However,
the contribution of the human diet to C. difficile epidemiology and pathogenesis remains incompletely

understood.

As a generalist species, C. difficile occupies various nutritional niches in the human gut. Because it is adept at
fermenting both amino acids and carbohydrates (8, 8), C. difficile thrives during antibiotic disturbance (2, 9),
chronic inflammation (10), or toxin-induced inflammation (11, 12). However, this rich understanding of C.
difficile metabolism was derived from animal studies using lab-adapted C. difficile strains, and confounded by
the phenotypic divergence of the same C. difficile strain passaged in different laboratories (13). Additionally, C.
difficile is a diverse species that has five well-defined phylogenetic clades (14) and at least 116 PCR ribotypes
(15). Metabolic capabilities including fermentation of amino acids and central carbon metabolites also varied
considerably between strains comprising the five major clades (16). Accordingly, it is unknown if clinical C.
difficile isolates have similar metabolic capabilities as lab-adapted strains and whether dominant ribotypes

have metabolic advantages over ribotypes that cause a lower burden of human infections.

Here, we address these issues by measuring and comparing the growth of 88 C. difficile isolates on a variety
of carbon substrates. By profiling growth in Biolog Phenotype Microarray plates, we identified a wide range of
carbon sources used by the C. difficile species and compared how ribotypes differentially grew on these
substrates. We also contrasted the growth of the emerging ribotypes 023 and 255, and the growth of ancestral
Clade 5 ribotypes to newer Clade 1-4 ribotypes. Altogether, our results expand our understanding of the

metabolic diversity of C. difficile and pose new questions about the evolution of the C. difficile species.

RESULTS

Broad survey of carbon substrate utilization by various clinical C. difficile ribotypes

We profiled the growth of 88 C. difficile strains on 190 unique carbon substrates using Biolog Phenotype

microarray plates. Tested strains comprised all five phylogenetic clades and at least 22 ribotypes. Strains

3
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profiled were from patient samples (n=82) or lab-adapted isolates (n=6), including CD630, R20291, VPI 10463,
and M68. Strains were grown anaerobically for 17 hours in Biolog plates which are pre-loaded with a single
carbon substrate in each well. We estimated the maximum population size for each monoculture (carrying
capacity) using the maximum change in optical density during the growth experiments. Because C. difficile
grows in minimal media using Stickland fermentation of amino acids, maximum changes in optical density
reflect the additive growth on amino acids in the minimal media and on the single carbon source pre-loaded in
each well. We therefore adjusted the carrying capacities for each isolate by subtracting its carrying capacity on
minimal media alone in the control well (normalized carrying capacity). This normalization allowed us to
discriminate the contribution of a carbon source versus amino acids to bacterial growth, and account for

variation in the growth of different isolates on minimal media.

C. difficile is a generalist species that grows on a variety of carbon substrates

C. difficile isolates grew on a variety of carbon substrates. Out of 190 tested carbon sources, 26 substrates
increased optical density by at least 0.1 units for at least 10% of the tested isolates (Figure 1). To rank these
substrates based on their contribution to C. difficile growth, we ordered them by their median normalized
carrying capacities. C. difficile reached the highest biomass on simple sugars, followed by sugar derivatives,
sugar alcohols, amino acids, then carboxylic acids. Conversely, our survey also revealed several substrates
that decreased optical density by a mean of at least 0.05 units. These inhibitory substrates were dominated by
acids and included substrates with known antimicrobial effects, such as capric acid, and those that can be

microbially produced, such as phenylethylamine (17, 18).

C. difficile lineages are distinguished by phylogenetically conserved metabolic capabilities

Because C. difficile is a genetically diverse species with many ribotypes, we wondered if ribotypes cluster
based on their carbon substrate utilization profiles. We performed a principal component analysis of the
normalized carrying capacities for the top 26 carbon substrates. Isolates strongly clustered by phylogenetic
clades for the first two principal components which collectively explained 56.9% of the variance (Figure 2A,C),
and showed clustering by ribotype for the first four principal components, which collectively explained 73.8% of
the variance (Figure 2C-D). Principal component loadings, which describe how substrates contribute to each
principal component, showed that the clustering of both clades and ribotypes was mostly driven by 9
substrates (Figure 2E-F). These substrates were the sugars trehalose, mannose, ribose, and melezitose; the
sugar derivatives arbutin and salicin; and the sugar alcohols sorbitol, mannitol, and arabitol. The direction of
loadings aligned with the growth of ribotypes on each substrate (Figure S1). For example, trehalose supported
the highest carrying capacities for isolates in Clades 2 and 5, and these are the isolates most positively
correlated with trehalose loading on principal component 2. Likewise, Clade 5 and ribotype 015 isolates are

unable to grow on melezitose and occupy the principal component space opposite the direction of the
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melezitose loading on the first two principal components. In summary, genetically diverse isolates cluster by

phylogenetic clade and ribotype based on their carbon substrate utilization.

Emerging ribotypes have divergent metabolic phenotypes

To determine how substrate utilization differentiates ribotypes, we compared the growth of ribotypes on carbon
substrates that supported C. difficile growth. First, we grouped isolates into sets based either on ribotype or
habitat (e.g., lab-adapted). For each substrate, isolates were then ranked based on their normalized carrying
capacity. Next, we used strain set enrichment analysis (an approach akin to gene set enrichment analysis; see
Methods) to compute an enrichment score that reflects the degree to which a strain set (group of isolates) is
overrepresented at the extremes (top or bottom) of the entire ranked list of isolates. Our analysis focused on
groups that were profiled with a minimum of 4 isolates and included the following groups: RT027+, RT014+,
RT106+, RT255, RT023, RT017, RT078, Clade 5+ (i.e., non-RT078 isolates), and lab-adapted strains (CD630,
R20291, VPI 10463, M68). Here, a “+” sign indicates that a group included closely related ribotypes. Our
analysis showed that ribotypes 255, 027, and 017 are positively enriched (higher carrying capacities) while
ribotypes 014-020, 106, and 023 are negatively enriched (lower carrying capacities) (Figure 3). Clade 5
ribotypes including ribotype 078 have a similar balance of positive and negative enrichments. Surprisingly, two
emerging ribotypes displayed polarized enrichment patterns (Figure 4A). Ribotype 255 had 24 out of 26
positive enrichments with 9 of those being significant, while ribotype 023 had 20 out of 26 negative
enrichments with 5 of those being significant (Figure S2). This divergence in enrichments suggests that a

ribotype can emerge even if it grows poorly on many of the carbon sources commonly used by C. difficile.

Emerging ribotype 255 grows robustly on a variety of substrates

Ribotype 255 is an emerging C. difficile lineage that comprised approximately 2-5% of cases in the United
States between 2016 and 2018 (19-21). We observed that ribotype 255 was significantly enriched on various
substrates (Figure 3). Notably, ribotype 255 grew significantly higher than other ribotypes on minimal media
supplemented with fructose or ribose (Figure $3). To verify these observations, we re-tested the growth of
ribotype 255 and other isolates representing various common ribotypes on minimal media supplemented with
fructose or ribose at multiple concentrations. Unlike Biolog assays, where cultures were started with inocula
harvested from overnight cultures, we started cultures from inocula harvested during exponential growth and
monitored growth for 24 hours. We observed significantly higher growth for ribotype 255 on fructose and ribose
(P < 0.05, linear mixed effects model; Figure 4B). We repeated this assay with fewer isolates but more
substrates. The order of ribotypes on fructose, mannitol, salicin, and ribose, recapitulated the patterns detected
by our Biolog assays (Figure S4). Ribotype 255 grew to a higher density than ribotypes 027, 106, and 014 on

fructose, mannitol, and ribose, while ribotype 255 had the worst growth on salicin. Notably, although overnight
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cultures of ribotypes 017 and 078 were unable to grow on ribose in fresh media (Figure S1), these ribotypes

grew on ribose when it was introduced during exponential growth.

Clade 5 ribotypes grow more robustly on simple sugars than Clade 1-4 ribotypes

Clade 5 is the most evolutionary distant C. difficile clade and includes ribotypes that are frequently detected in
animals (22, 23). Comparative genomics suggested that the divergence of Clades 1-4 from Clade 5 is linked to
positive selection on genes involved in metabolism of simple sugars (24). Therefore, we expected significant
metabolic differences between Clades 1-4 and Clade 5, but we only observed modest differences in growth
between these clade groups. Animal-associated ribotypes (Clade5+) were also distinguished only by increased
growth on trehalose and sorbitol and decreased growth on glucose, N-acetyl-glucosamine, ethanolamine, and
melezitose (Figure 3). To further investigate these observations, we compared the growth of Clade 5 ribotypes
to Clades 1-4 ribotypes on eight different substrates including the simple sugars glucose, fructose, tagatose,
and ribose (Figure 5). Cultures were started with mid-exponential growth inoculum and growth was monitored
for 48 hours. For Clade 5 isolates, we included both human- and animal-associated ribotype 078 strains and
animal-associated ribotypes 033, 126, and 288 strains. Surprisingly, Clade 1-4 isolates had significantly lower
growth on simple sugars (P < 0.001, linear mixed effects model), although Clade 1-4 and Clade 5 isolates had
similar growth overall (P > 0.05, linear mixed effects model). Indeed, substrate-specific comparisons showed
that Clade 5 isolates grew to a significantly higher density on ribose and tagatose (P < 0.05, linear mixed
effects model). In summary, Clade 5 ribotypes grew more robustly on simple sugars than common ribotypes in
Clades 1-4.

Gene-environment interactions are necessary for growth on certain substrates

We previously showed that ribotypes 027, 078, and 017 encode genetic variants or operons that facilitate
competitive growth on trehalose (7, 25). Here, we observed that ribotypes 017 isolates, which have a C171S
amino acid substitution in the trehalose operon repressor treR (25), did not grow on trehalose in our Biolog
assay. So, we re-tested M68, a ribotype 017 reference strain, on Biolog Phenotype Microarray plates using
different growth media for its overnight culture, before dilution and inoculation into Biolog plates. M68 was able
to grow on trehalose when its inoculum was cultured overnight on brain-heart infusion media supplemented
with high (5%) but not low (0.5%) yeast extract (Figure 6). We hypothesized that high yeast extract in
overnight culture provided a limiting growth cofactor for trehalose metabolism by ribotype 017. To test this, we
reasoned that cell cultures that are either washed or highly diluted before inoculating into minimal media would
not retain the unknown growth factor and would not be able to grow on trehalose. Indeed, we observed that
M68, which was pre-grown overnight on BHI with high yeast extract, was unable to grow on trehalose as the
sole carbon source if it had been washed or highly diluted before inoculation (Figure S5A). In contrast,

CD2015, a ribotype 027 isolate, was able to grow on trehalose even after both washing and dilution (Figure
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S5B). Altogether, this precarious growth of M68 suggests that an unknown limiting factor can modify the

growth of some C. difficile strains on certain substrates, including trehalose, ribose, and cellobiose.

DISCUSSION

By identifying the metabolic needs and preferences of C. difficile, we can begin to inform the design of
microbial and dietary interventions for the prevention and treatment of C. difficile infections. Indeed, microbial
communities can be rationally designed to resist C. difficile by blocking access to key nutrients (26, 27), and
dietary alterations can prevent enteric infections (28). Here, we expand our metabolic understanding of C.
difficile by profiling carbon substrate utilization of clinical isolates comprising all five major clades. Our results
corroborate that C. difficile is a bacterial generalist that can grow on a wide array of carbon sources, and that
common C. difficile lineages exhibit unique metabolic capabilities. Surprisingly, we observed divergent
metabolic profiles for emerging ribotypes 023 and 255, and robust growth of the evolutionary distant Clade 5
on simple sugars. Altogether, our findings underscore the importance of considering the metabolic diversity of

C. difficile in the design of microbial and dietary interventions.

Our results also highlight several carbohydrates that are variably used by C. difficile lineages and may be
crucial in the design of dietary interventions. We have previously shown that trehalose metabolism is variable
between ribotypes and that increased use of trehalose in food manufacturing correlated with the emergence of
ribotypes that are highly adept at consuming trehalose (7, 25). In contrast, sugar alcohols are derived in the
intestines from both the host metabolism and the diet. In mouse models of C. difficile infections, sugar alcohols
were highly abundant in guts of susceptible animals (29), and sorbitol utilization genes were highly upregulated
during C. difficile toxin-induced inflammation (12). Because sorbitol comprises the most used non-nutritive
sweetener globally (30, 31), it is likely more common in the human diet than trehalose. Ribose is also highly
abundant in the gut because it comprises the backbone of nucleobases. Importantly, gut commensals have
adapted to sense and scavenge ribose from dietary nucleosides (32) and ribose transport and metabolism are
highly expressed in mice mono-colonized with C. difficile (33). Additional studies are needed to verify the role

of these nutrients in C. difficile colonization and pathogenesis.

By profiling the growth of all five major clades, our study also tested prevailing hypotheses about the evolution
of the C. difficile species. A large-scale genomic analysis suggested that the divergence of Clades 1-4 from
Clade 5 is linked to the metabolism of dietary simple sugars, and a related mouse experiment showed that
fructose and glucose could differentially impact colonization of Clades 1-4 (24). However, this mouse
experiment was biased by testing only two strains, Clade 2 R20291 and Clade 5 M120, which are both lab-
adapted. In contrast, we showed that ancestral Clade 5 isolates are just as capable as newer Clade 1-4
isolates in terms of growth on simple sugars. Further, the two emerging lineages, ribotypes 255 and 023 which

are in Clades 1 and 3 respectively (20, 34), had divergent metabolic phenotypes especially in terms of growth

7
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on simple sugars. While these findings highlight the need for more representation of a pathogen’s diversity in
animal studies, it remains possible that simple sugars differentially impact the growth of newer C. difficile

lineages in the gut.

Our results also emphasize that genomic potential does not always translate to metabolic activity. We
previously showed that certain ribotypes can utilize trehalose at ultra-low concentrations due to unique gene
variants or operons. These genetic signatures were also shown to be encoded in additional ribotypes (35), but
it is unclear if the presence of these gene variants is sufficient for growth on trehalose. For example, while
ribotype 023 lacks the canonical treRA operon, it encodes an alternative four-gene operon (35, 36) that grants
ribotype 078 (and other Clade 5 isolates) the ability to grow on 10 mM trehalose (7). Yet, we were unable to
grow ribotype 023 isolates even at higher concentrations of trehalose, possibly because of a truncation in freX
(36). Similarly, we have previously shown that ribotype 017 isolates can grow on trehalose (25), but replication

of this growth required an unknown limiting factor available in yeast extract.

Despite the evidence presented here, metabolic capabilities by clinical C. difficile isolates still need to be
further studied. Our analysis was limited to the 190 carbon substrates included in the Biolog Phenotype
Microarray plates. Also, these substrates are seeded in these plates at unknown proprietary concentrations
which may result in missing interesting patterns, including the ability of certain ribotypes to grow on low levels
of substrates such as trehalose (7). Moreover, we profiled growth using a specific growth protocol, and results
may not generalize to different experimental conditions. For example, Clade 5 isolates were able to robustly
grow on ribose if exposed to it during mid-exponential but not after overnight growth. Finally, Stickland
fermentation of amino acids is crucial for C. difficile pathogenesis (8, 37—39), but our assay does not
adequately discern the growth contribution of amino acids in the Biolog plates from amino acids in the minimal
media. Although amino acids were the sole nitrogen source in our minimal media, they were also fermented as
carbon sources by C. difficile. A defined growth medium that minimizes amino acids is necessary to properly
investigate Stickland fermentation, as has been developed for the study of the Wood-Ljungdahl pathway in C.
difficile (40).

Ultimately, our comprehensive study of carbon source utilization shows that clinical C. difficile isolates are
bacterial generalists with lineage-specific metabolic adaptations. It remains unclear if these adaptations have
contributed to the emergence of certain lineages or if they provide a competitive advantage in the human gut.
Further, our results suggest the existence of unknown factors that are necessary for the growth of specific C.
difficile lineages in certain nutritional environments. The discovery of these growth factors presents new
opportunities to understand and control the engraftment of C. difficile. Finally, our analytical approach for
comprehensively profiling the metabolic capacities of C. difficile can be adapted for the study of additional

pathogens to discover insights about their metabolic needs in the gut.
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MATERIALS AND METHODS

Bacterial strains

Clinical C. difficile strains were isolated from a variety of sources including patients in the United States (n=62),
the Netherlands (n=6), Colombia (n=5), Japan (n=4), Australia (n=2), Czech Republic (h=1), Spain (n=1), and
the United Kingdom (n=1). Lab-adapted C. difficile strains included R20291, CD630, VPI 10463, and M68.
Tables S1-2 describe the source and molecular typing of these isolates respectively. Notably, ribotype 255
strains were isolated from patients in the state of Texas by Kevin Garey’s lab, while ribotype 023 strains were

isolated from patients in various European sites by the labs of Ed Kuijper and Brendan Wren.

Bacterial growth assays

All preparation of bacterial strains and growth of bacterial cultures were performed under an anaerobic
atmosphere (5% CO2, 5% H2, 90% N2) inside a vinyl anaerobic chamber (Coy Laboratory Products). Bacterial
strains were revived from frozen stocks by streaking on brain heart infusion agar supplemented with 0.5%

yeast extract then growing at 37C.

Biolog Phenotype Microarrays assays

Colonies on agar plates were cultured overnight for approximately 15-18 hours in BHIS broth, which is brain
heart infusion media supplemented with 5% yeast extract. Cell cultures were then diluted 1:10 in a defined
minimal media, which is a basal defined medium adapted from Table 1 of Karasawa et al. (41) with several
adjustments (Table S3). Each well in the pre-reduced Biolog Phenotype Microarray plates were then filled with
100 pl of the diluted cell cultures. Plates were sealed with gas-permeable film then incubated in a microplate
reader (Sunrise by Tecan Life Sciences or AccuSkan by Thermo Scientific) for 17 hours. Optical density (620
nm) was measured every 10 minutes immediately after 5 seconds of orbital shaking. The growth profiles for
isolates were repeated at least twice except for two isolates, a Ribotype 106 isolate and another of unknown

ribotype, which were measured only once.

Bacterial growth validation assays

Overnight cultures in BHIS broth were subcultured 1:5 in fresh media and grown to mid-exponential phase (OD
~0.6), then diluted 1:50 in defined minimal media. Cell suspensions were mixed 1:1 with twice-concentrated
substrate solutions which were prepared in double-deionized water then filter-sterilized (0.22 ym pore size).
Each well had a final volume of 200 ul of cell cultures which were gown statically for 24 hours in a microplate

reader (Sunrise by Tecan Life Sciences). Optical density (620 nm) was measured every 10 minutes


https://doi.org/10.1101/2024.08.15.608124
http://creativecommons.org/licenses/by-nc-nd/4.0/

305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.15.608124; this version posted August 15, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

immediately after 5 seconds of orbital shaking. For validation of M68 and CD2015 growth on trehalose,
overnight cultures were washed inside the anaerobic chamber by spinning at 2,000 g for 2 minutes with a

pulse centrifuge, decanting the supernatant, then resuspending pellets in defined minimal media.

Microbial growth curve analysis

The “AMiGA” software was used for analysis of growth curves collected in this study (42). To flag wells with
growth issues, we used the “summarize” command by AMiGA to generate 96-well growth curve plots. We
manually flagged wells where growth curves displayed either rapid spikes or dips in optical density (often
caused by gas bubbles), high background noise (as determined by starting OD), or unusual noisy fluctuations
in optical density. Plates that included a large number of flagged wells were excluded from analysis. Because
growth curves of C. difficile do not always follow the classical logistic growth dynamics, we modeled growth
curves using Gaussian Process regression with the “fit” command by AMiGA which estimated growth metrics
including area under the curve, carrying capacity, and growth rates. Because C. difficile can grow in defined
minimal media using Stickland fermentation of amino acids, we wanted to compare the growth dynamics of
each C. difficile isolate on different substrates relative to its own growth on minimal media. Therefore, we
computed the difference in each growth metric relative to its median value during growth on minimal media,

either using the “normalize” command by AMiGA or custom-written Python script.

Principal Component Analysis

To see if isolates cluster by molecular ribotype or phylogenetic identity, we performed principal component
analysis on the normalized carrying capacity for the top 26 substrates used by C. difficile. These top substrates
increased the carrying capacity by an OD of 0.1 (relative to carrying capacity on minimal media) for at least
10% (i.e., 8) of the tested C. difficile isolates. Principal component analysis was performed using “statsmodels”
Python package on zero-centered normalized carrying capacities. Using principal component loadings, we
compared the contribution of each substrate to the position of an isolate on each principal component. We
visualized the loadings only for substrates that were ranked in the top 5 in terms of loadings for each of the first

four principal components.

Strain Set Enrichment Analysis

We devised a statistical approach that we termed strain set enrichment analysis (SSEA) in order to identify
whether a C. difficile lineage can use certain substrates better or worse on average than other lineages. SSEA
is methodologically similar to gene set enrichment analysis (GSEA). Whereas GSEA tests how sets of genes
are enriched or depleted in terms of expression on a specific experimental condition (43), SSEA tests how sets

of isolates (e.g. clades, ribotypes, or other arbitrary grouping) are enriched or depleted in terms of normalized
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carrying capacity on a specific substrate. Strain set enrichment analysis was implemented using the “prerank”
function by “gseapy” Python package (44). For this analysis, we only included sets with a minimum size of four,
weighted enrichment scores by a value of 0.5, and estimated p-values with 10,000 permutations. P values

were adjusted with Benjamni-Hocheberg false discovery rate correction.

Linear Mixed Effects Models

We ran linear mixed effects models, using the “Ime4” R package, to determine the effect of different substrates
and molecular identities on the growth of C. difficile isolates. P values were obtained by likelihood ratio tests
using the “anova” function between two models which only differ by the inclusion of the fixed effects of interest.
For evaluating the growth of ribotype 255 isolates on fructose and ribose (Figure 4B), likelihood ratio tests
compared the full model (Carrying capacity ~ Ribotype_255:Substrate + Ribotype 255 + Substrate +
Substrate_Concentration + 1|Isolate) with several reduced models. Comparison determined that both ribotype
and ribotype:susbtrate interaction terms significantly affected carrying capacity. For evaluating the growth of
Clade 5 isolates on simple sugars (Figure 5), likelihood ratio tests compared the full model (Carrying capacity
~ Clade_5:Substrate_Type + Substrate_Type + Clade_5 + Substrate + 1]|Isolate) with a reduced model that
omitted the interaction term. Comparison determined that the interaction of Clade_5 with substrate type
significantly affected carrying capacity. We also tested the differential growth between Clade 5 and Clades 1-4
on each substrate by comparing the full model (Carrying capacity ~ Clade_5 + Substrate + 1|Isolate) with a
reduced model that omitted the Clade_5 term. These substrate-specific analyses identified significantly higher

growth for Clade 5 on ribose and tagatose.

Data and code availability

Microplate reader data is available at https://doi.org/10.5281/zenodo.12626878. Code for analyzing data and
creating figures is available at https://github.com/firasmidani/cdiff-biolog-growth. The full list and versions of

computational tool used for data analysis is included in the GitHub repository.
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Figure 1. C. difficile is a generalist species that grows on a variety of carbon sources. (A) Plot displays
the normalized carrying capacity for 88 C. difficile isolates on the top 26 most commonly used substrates.
Normalized carrying capacity is defined as the optical density (OD) on minimal media supplemented with a

single carbon source beyond the OD of growth on minimal media alone. (B) Bottom panel display carbon

to the farthest point within 1.5x of the interquartile range. Horizontal bars on the right side display the
coefficients of variation for each distribution and the shading of these bars scales with the coefficient’s value.

For inhibitory substrates, coefficients of variation were computed on -1x normalized carrying capacity. Top

sources that inhibited growth. Box plots display the median and interquartile range of values. Whiskers extend
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Figure 2. Isolates cluster by phylogenetic clade and molecular ribotype based on their growth on
carbon sources. (A-B) Top panels display the principal component analysis of the growth of isolates on the
top 26 carbon substrates. Isolates are grouped by clades with circles indicating the centroid for each group and
lines pointing to the location of each isolate in the ordination plots. (C-D) Middle panels display the same
principal component analysis, and further delineate the ribotype of each isolate with colors and clade with
shapes, as indicated in the legend on the right. (E-F) Bottom panels visualize how certain substrates contribute
to the position of isolates on the principal components (loading factors). Left column displays analysis for the
first and second principal components while the right column displays analysis for the third and fourth principal
components.
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Figure 3. Emerging and epidemic C. difficile ribotypes exhibit unique metabolic phenotypes. Heatmap
displays which ribotypes are positively or negatively enriched for growth on each of the top carbon sources.
Normalized enrichment scores were computed using strain set enrichment analysis. Strain groups (columns)
are hierarchically clustered based on similarity of their normalized enrichment scores, while substrates (rows)
are ordered from top to bottom based on the median growth of all isolates as shown in Figure 1. For each
substrate, statistical significance was estimated with a permutation-based test procedure and corrected with
the Benjamini-Hochberg method. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 4. Emerging C. difficile ribotypes have divergent metabolic phenotypes. (A) Based on Biolog
Phenotype Microarray assays, ribotypes 255 and 023 were significantly enriched or depleted in growth on a
combined total of 14 substrates (P < 0.05, strain set enrichment analysis). Black text labels indicate substrates
that differentially impacted growth for both ribotypes 255 and 023. Blue and green text labels indicate
substrates that differentially impacted growth for only ribotype 255 or ribotype 023 respectively. Whiskers span
the range of each distribution from lowest to highest value. (B) In validation experiments, “RT255” isolates
reached significantly higher carrying capacity on fructose and ribose than isolates belonging to “other”
ribotypes. C. difficile isolates harvested during exponential growth were inoculated into minimal media
supplemented with either fructose or ribose at the indicated concentrations. As controls, we display the growth
of isolates on minimal and rich media. Each data point represents the average of technical duplicates. Using
likelihood tests on linear mixed effects models, we found that both ribotype identity (RT255 or Other) and
interaction of ribotype identity with substrate (fructose, ribose, or none) improved model performance (P <
0.05).
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Figure 5. Clade 5 ribotypes grow more robustly on simple sugars than Clade 1-4 ribotypes. C. difficile
isolates harvested during exponential growth were inoculated into minimal media supplemented with one of
eight different carbon substrates, including the simple sugars glucose, fructose, tagatose, and ribose. Strip
plots visualize the normalized carrying capacity or the additional growth for each isolate on each carbon source
beyond baseline growth on minimal media. Colors and markers indicate the ribotype and clade of each isolate
as shown in Figure 2. Clade 5 isolates included ribotypes 078, 033, 126, and 288. Additional isolates tested
belonged to ribotypes 001, 002, 014-020, 017, 027, and 053. Substrates were ordered from left to right by
median growth of all isolates as shown in Figure 1. Each data points represents average of technical
duplicates. Using likelihood tests on linear mixed effects models, we found that interaction of clade identity

(Clade 5 or Other) with substrate type (simple sugar vs other sugar) improved model performance (P < 0.001).
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Figure 6. Ribotype 017 isolate grow on trehalose and cellobiose only if pre-cultured on media with high

yeast extract. C. difficile strain M68 was profiled for growth in a Biolog PM1 plate after pre-culturing overnight

in brain heart infusion with either low (0.5%) or high (5%) yeast extract. Heatmaps display the fold-change for

carrying capacity on minimal media supplemented with each substrate relative to carrying capacity on minimal

media only. (A-B) All displayed substrates supported the growth of M68 with fold-change values of at least 1.2

on either or both of the yeast extract concentrations. (A) Heatmap displays only the substrates with fold-

change values for growth on high yeast extract that were at least 10% higher or lower than fold-change values

for growth on low yeast extract, while (B) heatmap displays the remaining substrates. For each heatmap,

substrates were ordered by agglomerative hierarchical clustering of fold-change values using UPGMA.
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markers indicate the ribotype and clade of each isolate as shown in Figure 2. Whiskers extend to the farthest

point within 1.5x of the interquartile range.
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597  Figure S2. Summary chart for the strain set enrichment analysis shown in Figure 3. Bars display the total
598  count of positive enrichments (red bars) and negative enrichments (blue bars) for each ribotype. Dark and light

599 shading indicates enrichments that are statistically significant or not significant (NS), respectively.
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Figure S3. Normalized carrying capacities for isolates grown on minimal media supplemented with

either fructose or ribose in the Biolog Phenotype Microarray plates. Colors and markers indicate the

ribotype and clade of each isolate as shown in Figure 2. Ribotype 255 isolates are marked by purple circles in

Clade 1. OD: Optical density; MM: Minimal Media.
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604  Figure S4. Growth validation experiment recapitulated patterns detected by the Biolog phenotype
605 microarray assays. C. difficile harvested during exponential growth was inoculated into minimal media with

606 one of four carbon substrates. Colors indicate the ribotype of each isolate as shown in Figure 2.
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607 Figure S5. Unknown limiting factor in yeast extract enabled ribotype 017 to grow on trehalose. Ribotype
608 017 isolate M68 and ribotype 027 isolate CD2015 were grown overnight in brain heart infusion supplemented
609  with high yeast extract, serially diluted in defined minimal media, then grown on minimal media (MM) alone or
610 minimal media supplemented with 40 mM trehalose. Overnight cultures were either washed in defined minimal
611  media, or not, prior to dilution and inoculation. Left and right panels display results for M68 and CD2015

612  respectively. Top and bottom panels display results for growth using unwashed and washed inocula

613  respectively. Using unwashed inocula, the maximum optical density of M68 on trehalose decreased with

614 increasing dilution factors which suggests that a limiting factor is necessary for growth on trehalose. In

615 addition, M68 was unable to grow on trehalose after washing likely because washing eliminated this limiting

616 factor.
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SUPPLEMENTAL TABLE LEGENDS

Table S1. Sources of C. difficile isolates.

Table S2. Molecular typing of C. difficile isolates.

Table S3. Composition of C. difficile minimal media.

29


https://doi.org/10.1101/2024.08.15.608124
http://creativecommons.org/licenses/by-nc-nd/4.0/

