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ABSTRACT 22 

The gut microbiome engenders colonization resistance against the diarrheal pathogen 23 

Clostridioides difficile but the molecular basis of this colonization resistance is incompletely 24 

understood. A prominent class of gut microbiome-produced metabolites important for 25 

colonization resistance against C. difficile is short chain fatty acids (SCFAs). In particular, one 26 

SCFA (butyrate) decreases the fitness of C. difficile in vitro and is correlated with C. difficile-27 

inhospitable gut environments, both in mice and in humans. Here, we demonstrate that 28 

butyrate-dependent growth inhibition in C. difficile occurs under conditions where C. difficile also 29 

produces butyrate as a metabolic end product. Furthermore, we show that exogenous butyrate 30 

is internalized into C. difficile cells, is incorporated into intracellular CoA pools where it is 31 

metabolized in a reverse (energetically unfavorable) direction to crotonyl-CoA and (S)-3-32 

hydroxybutyryl-CoA and/or 4-hydroxybutyryl-CoA. This internalization of butyrate and reverse 33 

metabolic flow of butyrogenic pathway(s) in C. difficile coincides with alterations in toxin 34 

production and sporulation. Together, this work highlights butyrate as a signal of a C. difficile 35 

inhospitable environment to which C. difficile responds by producing its diarrheagenic toxins and 36 

producing environmentally-resistant spores necessary for transmission between hosts. These 37 

findings provide foundational data for understanding the molecular and genetic basis of how C. 38 

difficile growth is inhibited by butyrate and how butyrate serves as a signal to alter C. difficile 39 

virulence in the face of a highly competitive and dynamic gut environment.  40 

 41 

IMPORTANCE 42 

The gut microbiome engenders colonization resistance against the diarrheal pathogen 43 

Clostridioides difficile but the molecular basis of this colonization resistance is incompletely 44 

understood, which hinders the development of novel therapeutic interventions for C. difficile 45 
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infection (CDI). We investigated how C. difficile responds to butyrate, an end-product of gut 46 

microbiome community metabolism which inhibits C. difficile growth. We show that 47 

exogenously-produced butyrate is internalized into C. difficile, which inhibits C. difficile growth 48 

by interfering with its own butyrate production. This growth inhibition coincides with the 49 

expression of virulence-related genes. Future work to disentangle the molecular mechanisms 50 

underlying these growth and virulence phenotypes will likely lead to new strategies to restrict C. 51 

difficile growth in the gut and minimize its pathogenesis during CDI.  52 

 53 

INTRODUCTION 54 

The Centers for Disease Control and Prevention classifies Clostridioides difficile as an 55 

“urgent threat” to the nation’s health, as it causes 450,000 infections, 15,000 deaths and 1 56 

billion dollars in excess healthcare costs per year in the United States alone [1,2]. Dysbiosis is 57 

the primary risk factor for C. difficile infection (CDI) and several microbial taxa directly impact C. 58 

difficile fitness [3–5]. However, inter-individual variation in gut microbiome community 59 

composition complicates definitions of “CDI susceptible” versus “CDI resistant” microbiomes. 60 

Functional capacity of the distal gut microbiome (e.g., metabolites produced/consumed) differs 61 

among hosts with CDI relative to healthy hosts [6–8]. These observations from human studies 62 

and animal CDI models suggest that microbiome-dependent metabolite availability, rather than 63 

microbiome composition defines CDI susceptibility and resistance. Therefore, a focus on 64 

metabolites instead of microbes may allow for more readily translatable findings.  65 

The gastrointestinal tract contains thousands of diverse molecules derived from the diet 66 

and host/microbiome metabolism. Many of these impact C. difficile fitness and pathogenesis. 67 

For example, bile acids, metals, amino acids, sugars, organic acids (OAs) and short chain fatty 68 

acids (SCFAs) affect C. difficile in vitro and in animal models [4–6,9–15]. SCFAs (in particular, 69 

.CC-BY-NC-ND 4.0 International licenseavailable under a
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 

The copyright holder for this preprint (whichthis version posted July 6, 2023. ; https://doi.org/10.1101/2023.07.06.548018doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.06.548018
http://creativecommons.org/licenses/by-nc-nd/4.0/


acetate, propionate, and butyrate) are major metabolic end-products of microbiome metabolism 70 

and are primarily generated by microbial degradation of dietary fiber. Collectively, SCFAs reach 71 

concentrations >100 millimolar (mM) in bulk colon contents and are the most concentrated 72 

metabolites in the human distal gut [16]. SCFA concentrations are highly dynamic and differ with 73 

respect to microbiome composition and factors like diet, antibiotic exposure, and inflammation 74 

[17].  75 

Much of what is known about the biology of SCFAs is based on their impacts on the 76 

host. For example, SCFAs are metabolized by colonocytes or transported systemically via portal 77 

circulation. SCFAs also enhance gut barrier function and modulate immune responses. As such, 78 

SCFA deficiencies are associated with varied diseases like inflammatory bowel disease and 79 

increased susceptibility to pathogens (Reviewed [18]). Because SCFAs are so pivotal in host-80 

microbiome cross-talk, gut microbiome studies frequently equate a “healthy gut” with high 81 

SCFAs and a “dysbiotic gut” with low SCFAs [18]. SCFAs, in particular butyrate, inhibit C. 82 

difficile growth and increase C. difficile toxin production [6,19]. Furthermore, based on data from 83 

humans and murine models of CDI, high butyrate levels are characteristic of a gut that is non-84 

permissive to CDI [6,15,20]. These data on CDI permissiveness, growth, and toxin production 85 

together suggest that during infection, C. difficile senses butyrate as a signal of a competitive 86 

environment and adjusts its virulence to maintain a dysbiosis-associated niche or to transmit to 87 

new hosts [18]. 88 

Despite the strong connections between butyrate and C. difficile fitness/pathogenesis 89 

and the role of this molecule as a signal of a competitive gut environment, the molecular and 90 

genetic details of how butyrate alters growth and virulence phenotypes are poorly understood. 91 

Here, using C. difficile 630, we show that butyrate induces large scale changes in expression of 92 

genes involved in metabolism and pathogenesis, that butyrate-dependent growth inhibition in C. 93 

difficile occurs under conditions where de novo butyrate synthesis pathways in C. difficile are 94 
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active, and that exogenous butyrate is translocated into C. difficile cells and is metabolized 95 

through ATP- and NAD+-consuming pathways. Together these findings demonstrate how C. 96 

difficile senses and responds to butyrate and builds a strong foundation for understanding the 97 

molecular and genetic basis of these phenotypes and exploiting these processes to improve 98 

therapeutic strategies against this pathogen.  99 

 100 

RESULTS 101 

Transcriptional profiling and virulence phenotypes of butyrate-exposed C. difficile 102 

 To better understand butyrate-dependent growth defects in C. difficile [15], we 103 

performed RNA-seq on C. difficile 630 grown to mid-log phase (OD600~0.3), early stationary 104 

phase (24 hours post inoculation), and late stationary phase (48 hours post-inoculation) in 105 

modified Reinforced Clostridial Medium (mRCM [15] supplemented with either 50 mM sodium 106 

butyrate or 50 mM sodium chloride. These media were pH adjusted to pH=6.5 to mimic the pH 107 

of the human distal gut [16] before experiments were performed (see Methods). The same 108 

cultures were sampled for all three time points.  109 

 We observed significant differential regulation of 313, 376, and 294 genes in response to 110 

butyrate during mid-log phase, early stationary phase, and late stationary phase, respectively 111 

(Figure 1A, Tables S1-S3; P<0.05, Log fold change >2). To address broader functional 112 

categories of these differentially regulated genes, we used the EGRIN models present in the C. 113 

difficile portal [21] to group the differentially regulated genes into functionally-related gene 114 

modules. Gene modules corresponding to metabolism, bacteriocin production, and sporulation 115 

were identified as being differentially expressed (Figure 1A, Tables S4-S6). While the majority 116 

of the differentially regulated genes were unique to each growth phase (Figure 1B), functional 117 

enrichment of metabolic genes involved in mannose and glycine fermentation were shared 118 
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across all growth phases (Table S7). One hypothesis based on these observations and based 119 

on the metabolic plasticity of C. difficile [8] is that butyrate alters the metabolic preferences of C. 120 

difficile and that these alterations manifest as differences in growth kinetics based on nutrients 121 

available in the medium. To test this hypothesis, we supplemented mRCM with butyrate and 122 

glycine or mannose. The rationale behind these experiments is that by providing nutrients that 123 

are apparently preferred in the presence of butyrate, the growth rate of C. difficile would no 124 

longer be impaired by butyrate. Under these growth conditions, we did not observe a rescue of 125 

the butyrate-dependent growth defect (Figure S1), suggesting that other metabolic alterations 126 

may better explain butyrate-dependent growth inhibition in C. difficile.  127 

 In addition to the metabolic genes noted above, we observed butyrate-dependent 128 

phenotypes relating to C. difficile pathogenesis. First, we noted that the most abundant class of 129 

up-regulated genes, regardless of growth phase, were involved in sporulation (Figure 1A). To 130 

validate these gene expression data, we prepared spores from C. difficile cultures exposed to 131 

butyrate and observed significant butyrate-dependent increases in viable spores in butyrate-132 

exposed cultures at early stationary phase and at late stationary phase (Figure 1C). Second, 133 

previous work showed that butyrate positively impacts C. difficile toxin production [6,19] but we 134 

did not observe a significant increase in tcdA or tcdB transcript levels at any growth phase 135 

(Figure 1AD). Instead, two genes within the pathogenicity locus (tcdE and tcdR) were 136 

significantly up-regulated during late stationary phase in the presence of butyrate (Figure 1D). 137 

To situate these counterintuitive results against previously published literature, we used two 138 

independent methods (a TcdA-specific ELISA and a cell rounding assay) to confirm that, 139 

although transcription of tcdA and tcdB are not increased in response to butyrate, the production 140 

of toxins increases in response to butyrate (Figure 1EF). These data demonstrate that elevated 141 

transcripts of tcdA and tcdB are not necessary for butyrate-dependent toxin production in C. 142 

difficile and suggest that alternative regulatory pathways may impact butyrate-dependent toxin 143 
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production. While beyond the scope of the current study, an ongoing focus of our laboratory is 144 

to understand how butyrate and other host & microbiome co-metabolites influence sporulation 145 

and toxin production in C. difficile.  146 

  147 

Butyrate-dependent growth inhibition in C. difficile is associated with increased nutrient 148 

availability 149 

We observed that multiple metabolic pathways are differentially regulated by C. difficile 150 

630 in response to butyrate (Figure 1AB) but we failed to rescue butyrate-dependent growth 151 

inhibition using two high priority metabolites identified via transcriptional profiling (Figure S1). 152 

As exemplified by the data generated on butyrate-dependent toxin production (Figure 1DEF), 153 

transcriptional profiling does not capture all relevant butyrate-dependent changes to C. difficile 154 

gene expression. This prompted alternative approaches to investigate how exogenous butyrate 155 

impacts C. difficile metabolism. To begin this work, we grew C. difficile 630 in two base media: a 156 

complex rich medium (mRCM) and a defined minimal medium (Basal Defined Minimal Medium 157 

(BDMM) [22]). These media were supplemented with either 50 mM sodium butyrate or 50 mM 158 

sodium chloride and were pH adjusted to pH=6.5 before performing experiments as above. As 159 

expected, we observed that butyrate increases the lag time and decreases the maximum growth 160 

rate of C. difficile 630 in mRCM (Figure 2A and [15]) but we did not observe these butyrate-161 

dependent effects on C. difficile 630 growth in BDMM (Figure 2B).  162 

One hypothesis relating to these observations are that greater metabolic flux in C. 163 

difficile, regardless of specific nutrient sources present, is necessary for butyrate-dependent 164 

growth inhibition to occur. C. difficile can utilize a wide range of growth substrates and adapts its 165 

metabolism to fill a wide range of nutrient niches [23–25]. With this metabolic plasticity in mind, 166 

we addressed this hypothesis by performing growth curve analysis of C. difficile 630 in three 167 
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enriched BDMM formulations: BDMM + 0.5% (w/v) glucose (BDMM-glu), BDMM + 1.06% (w/v) 168 

amino acids (double the concentration found in BDMM (BDMM-2x-AA)), and BDMM + 2% 169 

casamino acids in addition to the 0.53% amino acids found in BDMM (BDMM-cas). These 170 

media were supplemented with either 50 mM sodium butyrate or 50 mM sodium chloride and 171 

were pH adjusted to pH=6.5 before performing experiments as above.  We found that growth of 172 

C. difficile 630 in these three BDMM variants was sensitive to the inhibitory effects of butyrate 173 

and that these effects significantly correlated with the increased growth rate observed in these 174 

media relative to BDMM (Figure 2C; R2=0.6026, p<0.0001). These data demonstrate that the 175 

butyrate-dependent growth defect observed in vitro in C. difficile occurs as a function of general 176 

nutrient availability and is not tied to the availability or abundance of any one specific nutrient 177 

source.    178 

 179 

C. difficile butyrogenic metabolism is inhibited by exogenously-applied butyrate  180 

While exogenous butyrate inhibits the growth of diverse C. difficile strains under nutrient 181 

rich conditions (Figure 2 and [15]), butyrate is a metabolic end-product of pathways in C. 182 

difficile that generate ATP and regenerate NAD+ [18]. These observations led us to hypothesize 183 

that exogenous butyrate inhibits these butyrogenic pathways in C. difficile via product inhibition 184 

[26]. To address this hypothesis, we quantified butyrate in supernatants from early stationary 185 

phase (24 hour) cultures of C. difficile 630 grown in mRCM and BDMM. In support of our 186 

hypothesis, butyrate was detected at high abundance in mRCM supernatants but was not 187 

detectable in BDMM supernatants (Figure 3A) and we observed a decrease in butyrate 188 

production by C. difficile (Figure 3BC) when it was grown in mRCM supplemented with 189 

butyrate. These data demonstrate that C. difficile produces less butyrate when in a butyrate-rich 190 

environment. Furthermore, these data suggest that that decreases in butyrogenic metabolism 191 
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negatively impact its growth, perhaps by decreasing metabolic flux through key energy 192 

generating and conserving pathways.  193 

 194 

Extracellular butyrate is internalized into C. difficile, is incorporated into CoA pools, and 195 

is metabolized in an energetically unfavorable direction 196 

To better understand the impacts of butyrate on C. difficile metabolism, we quantified 197 

intracellular pools of butyryl-CoA in C. difficile 630 grown in 25 mM sodium butyrate relative to 198 

C. difficile 630 grown in 25 mM NaCl during log-phase growth via LC/MS. We observed 199 

elevated levels of intracellular butyrate, in the form of butyryl-CoA, in butyrate-supplemented 200 

cultures relative to NaCl-supplemented cultures (Figure 4A). These data suggest either that C. 201 

difficile-produced butyrate is not secreted into the extracellular environment or that exogenous 202 

butyrate enters C. difficile cells and is incorporated into intracellular CoA pools. 203 

To determine whether the increase in intracellular butyryl-CoA in C. difficile was due to 204 

elevated levels of endogenously produced butyrate that fails to be released or due to import of 205 

extracellular butyrate, we supplemented mRCM with 25mM 13C4 sodium butyrate and examined 206 

metabolic incorporation of the 13C label into C. difficile CoA pools by LC-MS. In addition to 13C4-207 

butyryl-CoA, we also observed increased relative abundance of 13C4-crotonyl-CoA in 13C4 208 

sodium butyrate-exposed C. difficile relative to 25 mM NaCl-supplemented controls (Figure 4B). 209 

In addition, we observed significant enrichment of molecule(s) with m/z=853.152 containing the 210 

13C4 label. Molecules at this m/z correspond to (S)-3-hydroxybutyryl-CoA and/or 4-211 

hydroxybutyryl-CoA (Figure 4B), which are CoA intermediates upstream of crotonyl-CoA in the 212 

butyrogenic pathways present in C. difficile (Figure 4B). Importantly, (S)-3-hydroxybutyryl-CoA 213 

and/or 4-hydroxybutyryl-CoA are isomers and cannot be resolved with LC/MS and other CoA 214 

intermediates further upstream in these pathways were either present below the limit of 215 
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detection (e.g., succinyl-CoA) or did not have 13C label above background (e.g., acetoacetyl-216 

CoA & acetyl-CoA) (Figure 4B). Regardless, the enrichment of 13C label in butyryl-CoA, 217 

crotonyl-CoA, and (S)-3-hydroxybutyryl-CoA/4-hydroxybutyryl-CoA indicates that exogenous 218 

butyrate is internalized into C. difficile cells and drives butyrogenic reactions in reverse 219 

(energetically unfavorable) directions in C. difficile, likely contributing to its reduced fitness in a 220 

butyrate-rich environment.  221 

 222 

DISCUSSION 223 

 This work provides several insights into how C. difficile responds to butyrate, a 224 

prominent gut microbiome produced metabolite. Specifically, we demonstrate broad changes to 225 

the expression of metabolic and virulence genes in response to butyrate (Figure 1), that the 226 

growth inhibition observed in C. difficile in response to butyrate occurs under nutrient rich 227 

conditions where C. difficile produces butyrate from its own butyrogenic pathways (Figures 2 228 

and 3). Furthermore, we show that exogenous butyrate is internalized into C. difficile cells, is 229 

incorporated into intracellular CoA pools where it is metabolized in a reverse (energetically 230 

unfavorable) direction to crotonyl-CoA and (S)-3-hydroxybutyryl-CoA and/or 4-hydroxybutyryl-231 

CoA (Figure 4). These data support a model where C. difficile butyrogenic metabolism is 232 

negatively impacted by butyrate internalized from the environment and that these effects 233 

collectively lead to the butyrate-dependent growth defects and butyrate-dependent colonization 234 

resistance observed in this and previous work [6,15]. Furthermore, this work provides possible 235 

explanations for inconsistencies in previous literature, where butyrate rich environments are not 236 

always associated with reduced C. difficile fitness [27,28]. Specifically, because butyrate-237 

dependent growth inhibition occurs under conditions where C. difficile produces butyrate 238 

(Figure 3A), it is possible that these previous studies did not provide the necessary 239 

environment (e.g., growth substrates and butyrate) for fitness to be negatively impacted. 240 
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Continued investigation of how C. difficile responds to butyrate will shed light on the conditions 241 

that impact its pleiotropic effects on C. difficile and can serve as a model of how specific 242 

molecules, against the backdrop of a variable & complex metabolic milieu, may have differential 243 

impacts on gut resident microbes.  244 

Beyond metabolism, the response of C. difficile to a nutrient- and butyrate-rich metabolic 245 

environment provides key insights into butyrate as a signaling molecule for C. difficile and 246 

highlights paths for future research. First, we observed increased toxin production by C. difficile 247 

in response to butyrate, as in previous literature that used both murine models of infection and 248 

in vitro approaches (Figure 1EF and [6,19]). Although a complex regulatory network controls 249 

the production of C. difficile toxins [29], our work highlights additional uncharacterized levels of 250 

control of toxin production in C. difficile. Specifically, we did not observe increases in tcdA or 251 

tcdB transcripts under any growth phase (Figure 1A, 1D, Tables S1-S3) but did observe 252 

increased levels of TcdA by ELISA and increased biologically active toxin (a combination of 253 

TcdA and TcdB) by a cell rounding assay (Figure 1EF). These combined observations suggest 254 

butyrate-dependent post-transcriptional regulation of C. difficile toxins. Second, we observed 255 

butyrate-dependent increases in sporulation-related genes at all growth phases and in viable 256 

spores during stationary phase (Figure 1A-C). While numerous regulators of sporulation in C. 257 

difficile have been characterized [30–33], the specific effects of butyrate on sporulation remain 258 

uncharacterized. While beyond the scope of the current study, an ongoing focus of our 259 

laboratory is to understand how butyrate and other host & microbiome co-metabolites influence 260 

sporulation and toxin production in C. difficile.  261 

The model that C. difficile senses butyrate as a signal of a competitive and inhospitable 262 

gut environment fits with long established paradigms of diverse pathogenic bacteria enacting 263 

virulence and transmission programs under unfavorable environmental conditions (e.g., C. 264 

difficile, Enterococcus, and Salmonella [34–36]. In the context of our in vitro observations of C. 265 
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difficile described here, we expect that the decreased fitness and increased toxin production 266 

and sporulation to be relevant under conditions when C. difficile is abundant in the gut and 267 

begins to face increasingly abundant competing microbes as the microbiome recovers from 268 

dysbiosis, such as after cessation of antibiotic treatment [37] or after a change in diet that 269 

results in abundant butyrate production by the gut microbiome [15]. This may simultaneously 270 

allow C. difficile to cause inflammation and compete with inflammation-sensitive members of the 271 

microbiome, as has been observed for pathogens like Salmonella [38] and facilitate 272 

transmission of spores to new hosts. In the context of a healthy microbiome where C. difficile is 273 

unable to colonize, we expect that the effects of growth inhibition would dominate and contribute 274 

to colonization resistance against the pathogen and facilitate spore formation.  275 

While this work focuses on C. difficile, it is unlikely that similar butyrate-dependent 276 

effects are seen all Clostridia – both due to differences in gene content and ecological niche. A 277 

recent example illustrating this idea explored butyrate sensitivity in Bacteroides strains and 278 

showed that Bacteroides thetaiotaomicron could be engineered to be susceptible to butyrate by 279 

altering the acyl-CoA thioesterase to be less efficient at disassociating butyrate from butyryl-280 

CoA [39]. In this previous work, the acyl-CoA thioesterase from B. thetaiotaomicron (butyrate-281 

resistant) was replaced with the acyl-CoA thioesterase from butyrate-sensitive Bacteroides 282 

vulgatis. Both butyrate sensitivity and a buildup of butyryl-CoA were associated with this mutant 283 

strain. The authors of that study hypothesized that such a “backup” of butyryl-CoA had an effect 284 

of sequestering the CoA molecule. In the context of C. difficile, it is possible that its acyl-CoA 285 

thioesterase(s) are inefficient and this manifests as an increase in butyryl-CoA and energetically 286 

unfavorable flux through up-stream CoA intermediates. While beyond the scope of our study, it 287 

remains to be determined if other organisms related to C. difficile have alleles of acyl-CoA 288 

thioesterase (or other gene(s)) that render them insensitive to the growth inhibitory effects of 289 

butyrate. Furthermore, finer-scale dissection of which specific aspect of the butyrate pathway 290 
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disruption (energetically unfavorable metabolism of butyrate, lack of NADH turnover, backup of 291 

CoA pools, or other effects) are the major factor involved in butyrate-dependent growth 292 

inhibition and which of these effects serves as a signal to C. difficile to alter the expression of 293 

genes involved in pathogenesis.  294 

In summary, our work further establishes butyrate as an important signal to C. difficile of 295 

the “health” of the microbiome by directing its metabolic and virulence programs. This view fits 296 

with an increasing appreciation of metabolites as signaling molecules influencing physiological 297 

processes outside of metabolism [40]. In the case of C. difficile, exogenous butyrate affects the 298 

functioning of its own butyrate synthesis pathways and elicits a response from the bacterium to 299 

increase the inflammatory state of the gut and produce environmentally-resistant spores 300 

necessary for transmission.  301 

 302 

METHODS 303 

Bacterial strains and culture conditions 304 

All bacterial growth media were pre-reduced for a minimum of 24 hours in an anaerobic 305 

chamber prior to use in experiments and all bacterial growth was done under anaerobic 306 

conditions in an anaerobic chamber (Coy).  307 

C. difficile 630 was maintained as −80°C stocks in 25% glycerol under anaerobic 308 

conditions in septum-topped vials. C. difficile was routinely cultured on CDMN agar 309 

(Clostridioides difficile agar with moxalactam and norfloxacin), composed of C. difficile agar 310 

base (Oxoid) supplemented with 7% defibrinated horse blood (HemoStat Laboratories), 32 mg/L 311 

moxalactam (Santa Cruz Biotechnology), and 12 mg/L norfloxacin (Sigma-Aldrich) in an 312 

anaerobic chamber at 37°C (Coy). After 16 to 24 h of growth on agar plates under anaerobic 313 
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conditions, a single colony was picked into 5 mL of modified reinforced clostridial medium 314 

(mRCM; [15] or BDMM [11] and grown anaerobically at 37°C for 16 to 24 h. 315 

For in vitro growth curve experiments examining bacterial growth, subcultures were 316 

prepared at 1:200 dilutions in mRCM and BDMM supplemented with sodium butyrate, sodium 317 

chloride, glycine, mannose, glucose, amino acids, and casamino acids as specified in the main 318 

text and in the figure legends. After addition of these media supplements, the pH of the media 319 

was adjusted as specified in the figure legends. Growth curve experiments were done in sterile 320 

polystyrene 96-well tissue culture plates with low evaporation lids (Falcon). Cultures were grown 321 

anaerobically in a BioTek Epoch2 plate reader. At 15- or 30-minute intervals, the plate was 322 

shaken on the “slow” setting for 1 min and the OD600 of the cultures was recorded using Gen5 323 

software (version 1.11.5).  324 

 325 

Transcriptional profiling of C. difficile in response to butyrate 326 

C. difficile 630 overnight cultures were back-diluted 1:50 in 20mL mRCM in 50mL conical 327 

tubes with 50 mM sodium butyrate or 50 mM sodium chloride adjusted to pH=6.5. Harvest was 328 

performed at OD600=0.3-0.5 for mid-log phase samples, at 24 hours post inoculation (early 329 

stationary phase) or at 48 hours post inoculation (late stationary phase).  330 

At the appropriate time points, 5mL aliquots of the cultures were diluted 1:1 in chilled 1:1 331 

Ethanol:Acetone to preserve RNA [41]. These samples were then centrifuged for 5 minutes at 332 

3000 x g at room temperature and cell pellets were frozen at -80˚C. Immediately prior to RNA 333 

extraction, cell pellets were centrifuged at 4˚C at 3000 x g for 1 minute. Residual supernatant 334 

was removed from the cell pellets, which were subsequently washed with 5mL nuclease free 335 

PBS. Washed pellets were centrifuged at 4˚C at 3000 x g for 1 minute, the supernatant was 336 

removed, and the resulting pellet was resuspended in 1mL TRIzol and processed using a 337 
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TRIzol Plus RNA Purification Kit (Thermo) with on-column DNase treatment according to the 338 

manufacturer’s instructions. Purified RNA was frozen at -80C and RNA integrity was confirmed 339 

via BioAnalyzer (Agilent) prior to proceeding.  340 

RNA-seq on high quality rRNA-depleted RNA extracts (12M paired end reads per 341 

sample) and transcript level quantification, count normalization, and differential expression 342 

analysis were performed using the C. difficile 630 reference genome 343 

(GCF_000009205.2_ASM920v2) for sequence alignments (SeqCenter, Pittsburgh, 344 

Pennsylvania, USA). See also Data Availability.  345 

 346 

C. difficile spore quantification  347 

Overnight cultures of C. difficile were diluted 1:200 into pre-reduced mRCM 348 

supplemented with either 50mM sodium butyrate or 50mM NaCl (pH adjusted to pH=6.5) and 349 

incubated anaerobically at 37°C. At 8, 24, and 48 hours post inoculation, 0.5 mL aliquots of 350 

each culture were taken, heated to 65°C for 20 mins to kill vegetative cells, and 10-fold serially 351 

diluted in pre-reduced mRCM. Ten microliters of the serial dilutions were then spotted onto pre-352 

reduced RCM plates containing 0.1% sodium taurocholate. Dilutions were also plated onto pre-353 

reduced RCM plates without 0.1% sodium taurocholate to confirm no vegetative cells were 354 

present. Plates were incubated for 48 hours at 37°C and colonies present on RCM plates 355 

containing 0.1% sodium taurocholate were quantified. No colonies from heat-treated samples 356 

were observed on RCM plates without taurocholate.  357 

 358 

C. difficile toxin quantification  359 

C. difficile toxin was quantified in 48-hour culture supernatants using two assays. First, 360 

levels of TcdA were quantified relative to a standard curve of purified TcdA using the Separate 361 
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Detection of C. difficile Toxins A and B Kit (TGCBiomics) according to the manufacturer’s 362 

instructions.  363 

Second, a cell rounding assay was performed (modified from [42]). Two days before cell 364 

treatment, overnight cultures of C. difficile grown in mRCM were back-diluted 1:200 into mRCM 365 

containing 50 mM sodium butyrate or 50 mM sodium chloride (pH adjusted to pH=6.5). Cultures 366 

were grown anaerobically at 37˚C for 48 hours with 50mM butyrate or NaCl. One day before 367 

treatment, confluent human foreskin fibroblast (HFF) cells (ATCC SCRC-1041) grown in HFF 368 

medium (see below for HFF medium composition) were harvested and counted with a 369 

hemocytometer and seeded into 48-well plates at 15,000 cells per well and incubated at 37˚C 370 

under 5% CO2 for 24 hours. On the day of experiments, C. difficile culture supernatants were 371 

spun (3,000 x g for 15 minutes at room temperature) and were filter sterilized.  372 

Because butyrate reduces cytotoxicity of C. difficile toxins on eukaryotic cells [27], we 373 

removed butyrate from culture supernatants by size exclusion filtration to minimize these effects 374 

and our interpretation of the data. Specifically, for each culture, 5 mL of filtered culture 375 

supernatant was transferred to Amicon 100 kDa MWCO filters and was centrifuged at 3,000 x g 376 

for 5 mins at room temperature. The filter dead volume (containing molecules >100 kDa, 377 

including C. difficile toxins) was then washed with 5 mL of 1X PBS and was centrifuged again, 378 

as above. Then, the washed fraction containing C. difficile toxins was reconstituted to 5 mL with 379 

HFF medium, in order to dilute this fraction back to original concentration found in culture 380 

supernatants. Concentrations of the resulting toxin-containing HFF media were prepared at: 381 

undiluted, 1:50, 1:100, and 1:150 dilutions. Then, phase contrast images were acquired using 382 

Sartorius Incucyte to confirm the health and morphology of the cells prior to treatment. Then, the 383 

medium was removed from the 24 hour-grown HFF cells and toxin-containing media at the 384 

dilutions noted above were added. Cells were incubated with toxin for 4 hours and imaged 385 

again. Total and rounded cells were counted manually. While all dilutions of toxin-containing 386 

media showed significant differences between butyrate- and NaCl-supplemented conditions 387 
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(data not shown), the 1:100 dilution of toxin-containing HFF medium was used to generate the 388 

data in Figure 1F.  389 

 HFF medium contains the following components by volume: Eighty-eight percent high 390 

glucose DMEM (Thermo Scientific 11965126), 10% heat-inactivated fetal bovine serum, 1% 391 

penicillin/streptomycin (Thermo Scientific 15140122), 1% Glutamax (L-alanyl-L-glutamine) 392 

(Thermo Scientific 35050061).  393 

 394 

Measurement of maximum growth rate for in vitro growth experiments 395 

Raw OD600 measurements of bacterial cultures (see Bacterial strains and culture 396 

conditions) were exported from Gen5 and analyzed as previously described [15]. Growth rates 397 

were determined for each culture by calculating the derivative of natural log-transformed 398 

OD600 measurements over time. Growth rate values at each time point were then smoothed 399 

using a moving average over 90-min intervals to minimize artifacts due to noise in OD 400 

measurement data, and these smooth growth rate values were used to determine the maximum 401 

growth rate for each culture. To mitigate any remaining issues with noise in growth rate values, 402 

all growth rate curves were also inspected manually. Specifically, in cases where the 403 

growth_curve_statistics.py script selected an artifactual maximum growth rate, the largest local 404 

maximum that did not correspond to noise was manually assigned as the maximum growth rate. 405 

 406 

HPLC-based quantification of butyrate in culture supernatants 407 

Butyrate was quantified in bacterial culture supernatants as previously described [43]. 408 

Overnight cultures of C. difficile 630 grown in mRCM and sub-cultured into mRCM with 50 mM 409 

of butyrate and NaCl bacterial cultures. At the time points specified in the figures, cultures were 410 

centrifuged at 3000 x g for 5 minutes and the resulting supernatant was collected, 0.22µm 411 
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filtered, and stored -20 ˚C. Supernatants were thawed and H2SO4 was added to a final 412 

concentration of 18 mM. Samples were mixed, incubated 2 minutes at room temperature and 413 

centrifuged at 21,000 x g for 10 minutes at 4˚C.  Soluble fractions were aliquoted into HPLC 414 

vials. In addition, 100 mM, 20 mM, and 4 mM butyrate standards were prepared in mRCM or 415 

BDMM, as appliable and processed as above. HPLC analysis was performed with a 416 

ThermoFisher (Waltham, MA) Ultimate 3000 UHPLC system equipped with a UV detector 417 

(210 nm). Compounds were separated on a 250 × 4.6 mm Rezex© ROA-Organic acid LC 418 

column (Phenomenex Torrance, CA) run with a flow rate of 0.3 mL min−1 and at a column 419 

temperature of 50 °C. Separation was isocratic with a mobile phase of HPLC grade water 420 

acidified with 0.015 N H2SO4. Resulting data were analyzed with ThermoFisher Chromeleon 7 421 

and butyrate concentrations in culture supernatants were determined by analysis against a 422 

standard curve as described above.  423 

 424 

LC/MS-based CoA-targeted intracellular metabolomics 425 

Overnight cultures of C. difficile grown in mRCM were back-diluted 1:50 in 20mL mRCM 426 

supplemented with 25 mM sodium butyrate, 25 mM 13C4 sodium butyrate, or 25 mM NaCl in 427 

50mL conical tubes and incubated 37˚C. The pH of mRCM used in these experiments was at 428 

the natural pH of the media (typically 6.5-7) for the experiments using sodium butyrate and the 429 

pH of the media for the13C4 sodium butyrate experiments was adjusted to pH=6.5 as needed. 430 

Cultures harvested at mid-log phase anaerobically - 5mL of culture was deposited by vacuum 431 

filtration onto a 0.2 µm nylon membrane (47 mm diameter) in duplicate. The membrane was 432 

then placed (cells down) into 1.5 ml cold (on dry ice) extraction solvent (20:20:10 v/v/v 433 

acetonitrile, methanol, water) in a small petri dish and swirled. After approximately 30 seconds, 434 

the filter was inverted (cells up) and solvent was passed over the surface of the membrane 435 

several times to maximize extraction. The cell extract was then stored at −80°C. Prior to LC/MS 436 
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analysis, extracts were centrifuged at 21,000 x g at 4°C for 10 minutes. Next, ~200μL of extract 437 

normalized to OD600 was dried over N2 gas. Extracts were resuspended in 70μL of HPLC grade 438 

water and pelleted at 21,000 x g at 4°C for 10 minutes to remove particulates. All cultures were 439 

extracted in biological triplicate or quadruplicate.  440 

For experiments using non-labeled sodium butyrate, extracts were analyzed by mass 441 

spectrometry as previously described except without MOPS exclusion [44]. Briefly, samples 442 

were run through an ACQUITY UPLC® BEH C18 column in an 18-minute gradient with Solvent 443 

A being 97% water, 3% methanol, 10 mM tributylamine (TBA), 9.8 mM acetic acid, pH 8.2 and 444 

Solvent B being 100% methanol. The gradient was 5% Solvent B for 2.5 minutes, gradually 445 

increased to 95% Solvent B at 18 minutes, held at 95% Solvent B until 20.5 minutes, returned to 446 

5% Solvent B over 0.5 minutes, and held at 5% Solvent B for the remaining 4 minutes. Ions 447 

were generated by heated electrospray ionization (HESI; negative mode) and quantified by a 448 

hybrid quadrupole high-resolution mass spectrometer (Q Exactive orbitrap, Thermo Scientific). 449 

MS scans consisted of full MS scanning for 70-1000 m/z from time 0–18 min. Metabolite peaks 450 

were identified using Metabolomics Analysis and Visualization Engine (MAVEN) [45,46].  451 

For experiments using 13C4 sodium butyrate, the protocol was adjusted to increase 452 

resolution of CoA conjugated molecules with the following modifications. The m/z window was 453 

adjusted to exclude <300 Daltons, the first 5 minutes of run was excluded, and injection volume 454 

was increased from 10µL to 25µL.  455 

 456 

Data availability  457 

Data on normalized transcript abundance and differential expression analysis are found in 458 

Tables S1-S3. Prior to publication of a peer-reviewed manuscript, the raw data from the RNA-459 

seq experiments shown in Figure 1 and Tables S1-S3 will be available from the corresponding 460 
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author upon request. These raw data will be uploaded to NCBI and made freely available upon 461 

acceptance of the peer-reviewed manuscript.  462 

 463 

Statistical analysis 464 

Statistical analysis was performed using GraphPad Prism 9.1.0. Details of specific analyses, 465 

including statistical tests used, are found in applicable figure legends. * = p<0.05, ** = p<0.01, 466 

*** = p<0.005, **** = p<0.001.  467 
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 483 

Figure Legends 484 

Figure 1. Transcriptional profiling and virulence phenotypes of butyrate-exposed C. difficile. (A) 485 

C. difficile 630 was grown to mid-log phase, early stationary phase, and late stationary phase in 486 

mRCM supplemented with either 50 mM sodium butyrate or 50 mM sodium chloride. RNA-seq 487 

was performed on n=4 independent cultures, each of which was sampled at each growth phase. 488 

Differential gene expression between sodium butyrate (butyrate) and sodium chloride (control) 489 

are shown as volcano plots for each growth phase. Functionally-related gene modules were 490 

identified among the differentially regulated genes (P<0.05, Log fold change >2) using EGRIN 491 

models present in the C. difficile portal [21]). (B) A Venn diagram illustrating that the majority of 492 

the significantly differentially regulated genes were unique to each growth phase. (C) Genes 493 

involved in sporulation were prominently differentially regulated genes in response to butyrate 494 

regardless of growth phase. We quantified spores in cultures of C. difficile during log phase, 495 

early stationary phase, and late stationary phase (n=6 independent cultures per condition, each 496 

sampled at each growth phase). (D) Previous literature demonstrates that C. difficile toxin 497 

production is favored in the presence of butyrate [6,19]. Transcript abundance of genes in the C. 498 

difficile pathogenicity locus (which contains toxin genes tcdA and tcdB as well as genes involved 499 

in toxin regulation tcdR, tcdE, and tcdC) were compared between sodium butyrate and sodium 500 

chloride supplemented cultures from panel A. (E) TcdA-specific ELISA demonstrates that 501 

although tcdA is not up-regulated at the transcriptional level, elevated levels of this toxin are 502 

present in 48-hour culture supernatants of C. difficile exposed to 50 mM sodium butyrate 503 

relative to 50 mM NaCl (n=6 independent cultures per condition). (F) Culture supernatants (48 504 

hours post inoculation) of C. difficile 630 exposed to 50 mM sodium butyrate induce more 505 

rounding of human foreskin fibroblasts relative to culture supernatants of C. difficile exposed to 506 

50 mM NaCl, indicative of increased toxin activity (n=6 independent cultures per condition). All 507 
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bacterial growth media were adjusted to pH=6.5 prior to performing experiments. See also 508 

Tables S1-S7 and Figure S1. **=p<0.01 via Mann-Whitney test.  509 

 510 

Figure 2. Butyrate-dependent growth inhibition in C. difficile as a function of growth rate. C. 511 

difficile 630 was grown in (A) mRCM and (B) BDMM supplemented with either 50 mM sodium 512 

butyrate or 50 mM sodium chloride (pH adjusted to pH=6.5 before performing experiments). 513 

Data points represent mean OD600 of 3 independent cultures (mRCM) and 5 independent 514 

cultures (BDMM) and error bars represent standard deviation. (C) The extent of growth 515 

inhibition by butyrate was determined for C. difficile grown in mRCM, BDMM, and three enriched 516 

BDMM formulations (BDMM-2xAA, BDMM-cas, BDMM-glu (see Methods)). Media were 517 

supplemented with sodium butyrate or NaCl and pH adjusted as in panels A and B. Maximum 518 

growth rates of cultures were determined using custom scripts (see Methods) and the growth 519 

rate of butyrate-supplemented cultures were compared against the growth rate of NaCl-520 

supplemented cultures and a simple linear regression was carried out in GraphPad Prism, 521 

showing a significant correlation between growth rate in NaCl-supplemented cultures and 522 

degree of growth inhibition imposed by butyrate. Individual data points are shown (n=6 culture 523 

pairs per growth medium).  524 

 525 

Figure 3. Exogenous butyrate interferes with butyrogenic metabolism in C. difficile. (A) Butyrate 526 

was quantified in 24-hour culture supernatants of C. difficile 630 grown in mRCM and BDMM via 527 

HPLC. Individual data points represent butyrate concentration and bars represent mean 528 

concentration across n=4 biological replicates per condition. (B) Total butyrate was quantified in 529 

culture supernatants of C. difficile 630 grown in mRCM supplemented with 50 mM sodium 530 

butyrate or 50 mM NaCl at 4, 8, 12, and 24 hours post inoculation. (C) C. difficile butyrate 531 
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production was determined for butyrate-supplemented cultures by subtracting 50 mM from the 532 

total amount of butyrate detected in panel B. All media were adjusted to pH=6.5 prior to use in 533 

experiments. For panels B and C, individual data points represent mean concentration and lines 534 

connect mean concentrations over time across n=4 biological replicates per condition. Statistical 535 

significance was determined by Mann-Whitney test. *=p<0.05 536 

 537 

Figure 4. Exogenous butyrate is internalized into C. difficile cells, is incorporated into CoA pools, 538 

and forces energetically unfavorable metabolic processes. (A) C. difficile was grown in mRCM 539 

supplemented with 25 mM sodium butyrate or 25 mM NaCl and intracellular butyryl-CoA levels 540 

were quantified by LC/MS from cells collected at mid-log phase. Individual data points represent 541 

abundance of butyryl-CoA and bars represent mean abundance across n=5 biological replicates 542 

per condition. (B) C. difficile was grown in mRCM supplemented with 25 mM 13C4 sodium 543 

butyrate or 25 mM NaCl and isotopically labeled CoA intermediates were quantified at mid-log 544 

phase. CoA intermediates detectable by the LC/MS method under the 13C4 sodium butyrate- 545 

and NaCl- supplemented conditions are overlaid onto a metabolic map of butyrogenic pathways 546 

in C. difficile inferred from BioCyc [47] and arrows indicate energetically-favorable directionality 547 

of the reactions. Stacked bar charts represent the mean abundance of molecules with 548 

corresponding mass shifts as annotated in the figure key (n=4 biological replicates per 549 

condition). All media were adjusted to pH=6.5 prior to use in experiments. Statistical 550 

significance was determined by Mann-Whitney test. **=p<0.01.  551 

 552 

Figure S1. C. difficile butyrate-dependent growth defects are not rescued in mRCM 553 

supplemented with mannose or glycine. (A) C. difficile 630 was grown in mRCM supplemented 554 

with 100 mM sodium butyrate or with 100 mM sodium butyrate + 50 mM glycine. (B) C. difficile 555 
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630 was grown in mRCM supplemented with 50 mM sodium butyrate or with 50 mM sodium 556 

butyrate + 50 mM mannose. All media were adjusted to pH=6.5 prior to use in experiments. 557 

Data points represent mean OD600 of three independent cultures and error bars represent 558 

standard deviation. Related to Figure 1.  559 

 560 

Table S1. Genes differentially regulated by C. difficile 630 in response to butyrate during mid-log 561 

phase. Related to Figure 1.  562 

 563 

Table S2. Genes differentially regulated by C. difficile 630 in response to butyrate during early 564 

stationary phase. Related to Figure 1.  565 

 566 

Table S3. Genes differentially regulated by C. difficile 630 in response to butyrate during late 567 

stationary phase. Related to Figure 1.  568 

 569 

Table S4. Gene modules enriched within the genes differentially regulated by C. difficile 630 in 570 

response to butyrate during mid-log phase. Gene modules were defined using the C. difficile 571 

portal [21]. Related to Figure 1 and Table S1.  572 

 573 

Table S5. Gene modules enriched within the genes differentially regulated by C. difficile 630 in 574 

response to butyrate during early stationary phase. Gene modules were defined using the C. 575 

difficile portal [21]. Related to Figure 1 and Table S2.  576 

 577 
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Table S6. Gene modules enriched within the genes differentially regulated by C. difficile 630 in 578 

response to butyrate during late stationary phase. Gene modules were defined using the C. 579 

difficile portal [21]. Related to Figure 1 and Table S3.  580 

 581 

Table S7. Gene modules enriched within genes differentially regulated by C. difficile 630 in 582 

response to butyrate across all growth phases. Gene modules were defined for genes that were 583 

differentially regulated across all growth phases using the C. difficile portal [21]. Related to 584 

Figure 1 and Tables S1-S3.  585 

 586 
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