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Abstract

Clostridioides difficile infection (CDI), characterized by colitis and diarrhea, afflicts approximately
half a million people in the United States every year, burdening both individuals and the
healthcare system. C. difficile 630Aerm is an erythromycin-sensitive variant of the clinical isolate
C. difficile 630 and is commonly used in the C. difficile research community due to its genetic
tractability. 630Aerm possesses a point mutation in perR, an autoregulated transcriptional
repressor that regulates oxidative stress resistance genes. This point mutation results in a
constitutively de-repressed PerR operon in 630Aerm. To address the impacts of perR on
phenotypes relevant for oxygen tolerance and relevant to a murine model of CDI, we corrected
the point mutant to restore PerR function in 630Aerm (herein, 630Aerm perR""). We
demonstrate that there is no difference in growth between 630Aerm and a 630Aerm perR™"
under anaerobic conditions or when exposed to concentrations of O, that mimic those found
near the surface of the colonic epithelium. However, 630Aerm perR"" is more sensitive to
ambient oxygen than 630Aerm, which coincides with alterations in expression of a variety of
perR-dependent and perR-independent genes. Finally, we show that 630Aerm and 630Aerm
perR" do not differ in their ability to infect and cause disease in a well-established murine
model of CDI. Together, these data support the hypothesis that the perR mutation in 630Aerm
arose as a result of exposure to ambient oxygen and that the perR mutation in 630Aerm is

unlikely to impact CDI-relevant phenotypes in laboratory studies.

Importance

Clostridioides difficile is a diarrheal pathogen and a major public health concern. To improve

humans’ understanding of C. difficile, a variety of C. difficile isolates are used in research,
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including C. difficile 630Aerm. 630Aerm is a derivative of the clinical isolate 630 and is
commonly studied because it is genetically manipulable. Previous work showed that a mutation
in perR in 630Aerm results in a dysregulated oxidative stress response, but no work has been
done to characterize perR-dependent effects on the transcriptome or to determine impacts of
perR during infection. Here, we identify transcriptomic differences between 630Aerm and
630Aerm perR"T exposed to ambient oxygen and demonstrate that there is no strain-based

difference in burdens in murine C. difficile infection.

Introduction

Clostridioides difficile is a leading cause of infectious diarrhea, resulting in an estimated 500,000
annual cases in the US alone (1). A healthy microbiota typically prevents symptomatic C. difficile
infection (CDI) through colonization resistance. However, ecological disturbances, commonly
broad-spectrum antibiotics, disrupt the gut microbiota and give C. difficile access to vacant
niches, which facilitates CDI (2—4). During dysbiosis, C. difficile can access nutrients otherwise
consumed by the gut microbiota, overcome the effects of inhibitory metabolites produced by the
microbiota/host, and increase in abundance in the gastrointestinal tract. During infection, C.
difficile produces toxins (TcdA and TcdB; and CDT in hypervirulent strains) which induce host
inflammation and are responsible for the diarrhea characteristic of CDI. This diarrhea
contributes to transmission of C. difficile spores and allows C. difficile to gain a metabolic
advantage by suppressing the recovery of the microbiota (3, 5-7). However, by inducing
inflammation, C. difficile also causes the elevation of oxygen (O,) and reactive oxygen species
(ROS) in the gut lumen (8-12). As an obligate anaerobe, C. difficile has evolved a variety of
strategies to resist oxidative stress including sporulation, a versatile metabolism, and oxygen

detoxification enzymes such as flavodiirons, rubrerythrins, and desulfoferrodoxin (9, 13-15).
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77  Previous work described various aspects of the response of C. difficile to oxidative stress (8,
78  16-18) and characterized proteins that play roles in oxidative stress tolerance (8-10, 16—19).
79  One important regulator of a subset of these oxygen detoxification enzymes is the peroxide
80  repressor (PerR).
81
82 PerRis an autoregulated transcriptional repressor and is a member of the ferric uptake
83  repressor (Fur) family of proteins (19, 20). PerR is involved in oxidative stress responses in
84  multiple bacterial species including Clostridium acetobutylcium, Bacillus subtilis, Streptococcus
85 pyogenes, Streptococcus mutans, Staphylococcus aureus, Campylobacter jejuni, and
86  Clostridioides difficile (21-27). Under anaerobic conditions, PerR binds to its target promoters
87  and represses their expression. Oxidative stress triggers a metal catalyzed histidine oxidation
88 and PerR undergoes a conformational change, causing it to release from its target promoters,
89  which induces de-repression of the PerR regulon (20, 27). In S. pyogenes, a perR mutant was
90 hyper-resistant to peroxide. However, it was highly attenuated in a murine model, demonstrating
91 the importance of an appropriately regulated PerR regulon for virulence in vivo (22). A perR
92  mutation identified in a S. mutans AspxA1 strain similarly rendered PerR inactive, priming the
93  strain to tolerate oxidative stress. However, this work also showed that PerR had a limited
94  impact on the transcriptional response of S. mutans to hydrogen peroxide (24). In C.
95  acetobutylcium, an obligate anaerobe, a perR mutant was more aerotolerant than wildtype and
96 it was determined that PerR regulates oxidative stress genes, including reverse rubrerythrins,
97 flavordiiron proteins (FDPs), and superoxide-reducing desulfoferrodoxin (Dfx), as well as to two
98 putative enzymes involved in central energy metabolism (28, 29).
99
100 In C. difficile, the operon containing perR consists of three genes: rubrerythrin (rbr1), perR, and
101  adesulfoferrodoxin (rbo) (Figure 1A). Genes within this operon are upregulated upon exposure
102  to 1.5% O, in vitro (8). In ex-germfree mice mono-colonized with C. difficile and bi-colonized with

4
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103 C. difficile and Bacteroides thetaiotaomicron, the genes of the perR operon were among the
104  10% most abundant transcripts in C. difficile (2). Studies examining the activity of rbo

105 demonstrated that when inactivated, C. difficile was more sensitive to oxygen exposure.

106  Furthermore, when C. difficile rbo was expressed in E. coli it demonstrated superoxide

107  scavenging activity (15). Taken together, these data indicate that perR expression is responsive
108 to oxidative stress and that PerR and PerR-regulated genes are important for C. difficile to

109 navigate oxidative stress both in vitro and perhaps in vivo.

110

111  C. difficile 630Aerm is an erythromycin-sensitive, lab-generated derivative of C. difficile 630
112  (herein, 630Aerm and 630, respectively). 630Aerm is amenable to allelic exchange procedures
113 and is therefore commonly used in the field for generating knockout mutants. Seven

114  spontaneous mutations were previously identified in 630Aerm relative to 630. These mutations
115 include a single nucleotide polymorphism (SNP) in perR, a SNP in eutG, a SNP in a

116 transcriptional regulator of the GntR family (CD630_35630), and 3 SNPs in intergenic regions.
117  Additionally, an 18 bp duplication is present in spo0A in 630Aerm, which causes reduced

118 sporulation efficiency compared to 630 (30). The perR point mutation in 630Aerm results in an
119 amino acid substitution at position 41 (T41A) (Figure 1A). This mutation affects the helix-turn-
120 helix motif of the DNA binding domain of PerR and results in a constitutively expressed perR
121  operon regardless of O, or H,O, exposure. A constitutively expressed perR operon provides
122  630Aerm with a higher tolerance to O, and H,O, than parental strain 630 (27).

123

124  Despite these previous findings on the role of perR in C. difficile and other organisms, there are
125 several remaining questions relating to the direct effects of the perR point mutation in 630Aerm
126  on oxidative stress resistance, gene expression, and the resulting impacts on infection. These
127  are important gaps in knowledge, since this point mutation may impact interpretation of previous

128 and future data since 630Aerm is such a widely used strain in the C. difficile field. To address
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129 these gaps, we corrected the perR point mutation in 630Aerm to create 630Aerm perR"'. We
130 demonstrate that this strain has a repressible perR operon and that there is no growth

131  difference between 630Aerm and 630Aerm perR""in the presence of 0-3% O,. However, we
132  show that 630Aerm is fitter than 630Aerm perR"" when exposed to ambient air (21% O,). We
133  also characterize 630Aerm and 630Aerm perR"" transcriptomes exposed to ambient O,. Finally,
134  using 630Aerm and 630Aerm perR"T, we demonstrate that functional PerR does not impact C.
135 difficile burdens or diarrhea in a murine model of CDI.

136

137

138 Results

139

140 Targeted restoration of the mutant perR allele in 630Aerm and impacts on growth and survival in

141 the presence of oxygen

142  To determine the impact of a constitutively expressed PerR on in vitro phenotypes, we corrected
143  the point mutation in 630Aerm, generating 630Aerm perR"" (Figure 1A) (27). Correction of the
144  point mutation was confirmed by whole-genome sequencing and alignment, comparing the

145  parental 630Aerm to 630Aerm perR"". A single SNP at position 1,006,274 (G > A) was

146 identified, indicating the only genetic difference between the two strains was the restoration of a
147  wild type perR.

148

149  To confirm wild type PerR function in 630Aerm perR"", perR-specific RT-qPCR was done on
150  RNA extracted from 630Aerm and 630Aerm perR"" grown in the presence of 0, 1, and 2% O,
151 (Figure 1B). These O, concentrations were selected because they reflect those present in the
152  colon (31, 32). This analysis revealed that perR transcription was non-responsive to oxygen in
153 630Aerm, due to constitutive de-repression of its operon. However, perR transcripts in 630Aerm

154  perR"T were elevated as a function of increasing oxygen exposure, which demonstrates the


https://doi.org/10.1101/2024.10.30.621113
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.30.621113; this version posted October 31, 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.

155 perR operon is de-repressed upon exposure to 2% O,. These data confirm that correcting the
156 perR point mutation restored a wildtype, oxygen-responsive, phenotype and are supported by
157  previously-published RNA-seq data that showed that perR is up-regulated in 630 at 1.5% O, (8).
158

159 To evaluate the impacts of oxygen-responsive perR expression on C. difficile growth, 630Aerm
160  and 630Aerm perR"" were grown in a complex, rich medium (modified Reinforced Clostridial
161  Medium [MRCM]) in the presence of 0, 1, 2, and 3% O, (Figure 1C & S1) (3, 33). We did not
162  observe differences in growth kinetics between the two strains at these O, concentrations.

163  However, growth of both strains was negatively impacted by increasing O, concentration and no
164  growth was observed in 3% O,. These data partially replicate results of a recent study on O,
165 reductases in C. difficile. There, targeted restoration of PerR function in 630Aerm did not impact
166 C. difficile growth at 1% O, (34).

167

168  Despite differences in PerR activity between 630Aerm and 630Aerm perR"", a constitutively de-
169 repressed PerR regulon offers no apparent fitness advantage at physiologically relevant O,

170 concentrations (Figure 1). Previous work showed that 630Aerm has increased survival relative
171  to 630 upon exposure to ambient O, (27). To determine if 630Aerm perR"" has restored

172  sensitivity an ambient air (~21% O,), an ambient air exposure assay was performed. Cell

173  viability of 630, 630Aerm, and 630Aerm perR" " was quantified after exposure to ambient air for
174 0 to 90 minutes. Viability of 630 and 630Aerm perR"" were decreased upon exposure to

175 ambient air. However, this exposure did not have an impact on 630Aerm, demonstrating that
176 targeted restoration of perR restores wild type levels of sensitivity to ambient air in C. difficile
177  (Figure 2).

178

179 Differences in 630Aerm and 630Aerm perR"" transcriptomes as a function of ambient air

180 exposure.
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181 To better understand genes involved in 630Aerm resistance to ambient air (Figure 2), we

182  performed RNA-seq on 630Aerm and 630Aerm perR"™ at 0- and 60-minutes post ambient air
183 exposure and compared transcriptomes between the two strains and two time points (Tables
184  S2-S5). The 60-minute time point was chosen based on RT-gPCR of perR transcripts from total
185 RNA extracted from 630 at 0-, 15-, 30-, and 60-minutes post air exposure (Figure S2), which
186 showed elevated perR transcripts at both 30 and 60 minutes of aerobic exposure compared to
187 anaerobic control. RNA extracted at 60 minutes was high-quality via Bioanalyzer (data not

188 shown) and therefore selected as the timepoint. RNA-seq showed that the operon containing
189  perR was responsive to aerobic exposure in 630Aerm perR"" but was expressed at high levels
190 regardless of aerobic exposure in 630Aerm (Figure 3A).

191

192 Despite differences in expression of rbr1, perR, and rbo between the strains, there were largely
193 overlapping patterns of gene expression for both strains between 0 and 60 minutes of ambient
194  air exposure. Specifically, although there were differences in cell viability at the 60-minute time
195 point (Figure 2), both strains shared 615 differentially regulated genes (Figure 3B), many of
196  which were previously predicted/characterized to be involved in oxidative stress resistance

197 (Table S6). This similarity in transcriptional response to ambient air is also evident from principal
198 component analysis (Figure 3C), which shows that both strain and exposure to O, had a

199 significant impact on the transcriptome (the impact of time was more significant), but the

200 interaction of the variables was not significant (PERMANOVA ~ Time * Genotype, time p=0.001;
201  strain p=0.006, time*strain, p = 0.085).

202

203  These data suggest that the increased viability of 630Aerm relative to 630Aerm perR"" could be
204  due to elevated levels of PerR-dependent gene products present in 630Aerm cells prior to

205  oxygen exposure, which would prime the cells for oxidative stress. Beyond rbr1, perR, and rbo,

206 5 genes were up-regulated in 630Aerm relative to 630Aerm perR"" at the t=0 timepoint. These
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207 genes include a putative oxidative stress glutamate dehydrogenase (CDIF630erm_00947), a
208  putative metallo-beta-lactamase superfamily protein (CDIF630erm_00948), a putative

209  conjugative transposon protein (CDIF630erm_01262), and two putative diguanylate kinase
210  signaling proteins (CDIF630erm_00875 and CDIF630erm_01792). These data suggest that
211  although PerR impacts C. difficile survival in ambient air, PerR does not exert major control,
212  outside of the perR operon, over oxidative stress resistance genes in C. difficile, as previously
213 observed in other microbes (21, 22, 24, 25, 28, 29).

214

215 630Aerm and 630Aerm perR"T do not differ in their ability to infect or cause diarrhea in mice.

216  During infection, C. difficile toxins induce host inflammation and elevate ROS during infection
217  (35-37). Therefore, given that 630Aerm and 630Aerm perR"" differ in their ability to survive
218  oxidative stress, we sought to determine the impact of perR on strain fitness during infection. To
219 examine this, we leveraged a well-established murine model of CDI (33, 38). Mice were placed
220 on a fiber free diet and gavaged with clindamycin as in Figure 4A to reduce colonization

221 resistance against C. difficile. Then, mice were gavaged with either 630Aerm or 630Aerm

222  perR"" to establish CDI. After 1 week of infection, the mice were switched to a high fiber diet to
223 determine if fiber-dependent CDI clearance kinetics differ between the strains (38).

224

225  There was no difference between the two strains in stool consistency scores nor C. difficile
226  burdens across the 14 days (Figure 4BC). All mice experienced an increase in stool softness
227  on 0 dpi due to administration of clindamycin (Figure 4B). However, after infection with C.

228  difficile, mice experienced an increase in diarrhea, regardless of the strain with which they were
229 infected. For both strains, fecal burdens of C. difficile were similar when on the fiber free diet,
230 and decreased once the mice were placed on the high fiber diet, as previously demonstrated
231  (Figure 4C) (38). Interestingly, there was a slight delay in C. difficile burdens in both strains at

232  early time points. Specifically, consistent burdens were not seen until 4 dpi, possibly due to


https://doi.org/10.1101/2024.10.30.621113
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.30.621113; this version posted October 31, 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.

233  sensitivity of the strains to clindamycin (Figure S3). Taken together, these data demonstrate
234  that 630Aerm and 630Aerm perR"" do not differ in their ability to infect or cause diarrhea in
235  mice.

236

237

238 Discussion

239

240 630Aerm has been an important strain for elucidating the physiology and pathogenesis of C.
241  difficile because of its extensive use to generate mutants via allelic exchange procedures.
242  However, there are several mutations in 630Aerm relative to its parent strain (a clinical isolate)
243  that may impact generalizability of the findings made in 630Aerm to other C. difficile strains. The
244  mutations in 630Aerm include a point mutation in perR that renders its PerR regulon

245  constitutively de-repressed. Despite knowledge of this perR point mutation and its impacts on
246  expression of genes within the perR operon, the effects of this mutation on C. difficile oxidative
247  stress resistance, on the broader C. difficile transcriptome, and on CDI phenotypes remained
248  poorly characterized.

249

250 Here, we restored a wild type copy of perR in 630Aerm to create 630Aerm perR"". We

251  determined that there is no difference in growth between 630Aerm and 630Aerm perR"" at
252  physiologically-relevant O, levels (Figure 1). However, using these strains, we showed that a
253  constitutively de-repressed PerR regulon allows C. difficile to tolerate ambient air exposure
254  (Figure 2). Previous work that compared the survival of C. difficile exposed to ambient O,
255 compared 630 and 630Aerm which have multiple genetic differences in addition to the perR
256  point mutation (27). Our results support the hypothesis that the differences in oxidative stress
257  resistance in these strains was due to perR and not these other mutations. In addition, given

258 that the point mutation in perR is unique to 630Aerm when compared to 11 diverse clinical

10
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259 isolates of C. difficile (27), it is reasonable to assume that this mutation was selected for due to
260  oxygen exposure during laboratory passage.

261

262  To better understand the genes repressed by PerR (which likely contribute to increased O,
263  tolerance by 630Aerm), we performed RNA-seq on 630Aerm and 630Aerm perR"" exposed to
264  ambient air (Figure 3). This analysis suggested that PerR represses a small fraction of genes in
265 C. difficile. Under anaerobic conditions, 8 genes were up-regulated in 630Aerm relative to
266  630Aerm perR" (Table S2). This includes the genes present in the perR operon (rbr1, perR,
267 and rbo), an oxidative stress glutamate dehydrogenase, a putative metallo-beta-lactamase, a
268 putative conjugative transposon protein, and two putative diguanylate kinase signaling proteins.
269  Our RNA-seq data also show that large-scale changes to the C. difficile transcriptome occur at
270 60 minutes post air exposure, regardless of whether the strain has functional PerR. Specifically,
271 615 shared genes are differentially regulated in both strains at 60 minutes post-exposure to
272 ambient air relative to the pre-exposure time point. This include genes involved in oxidative
273  stress resistance (Table S6), many of which are likely under the control of other oxidative stress
274  regulators (e.g. 0®) 12-14, 34, 42). Despite similarities of the transcriptional responses of
275 630Aerm and 630Aerm perR™" to ambient air, 630Aerm and 630Aerm perR™" have some
276  differences in their responses to this treatment (Figure 3). Deeper analysis of functional
277  categories of these genes (Tables S6-S8) revealed oxygen-dependent up-regulation of genes
278 involved in Stickland fermentation, ribosome synthesis, and the CRISPR system in 630Aerm
279 and oxygen-dependent down-regulation of peptidoglycan and teichoic acid metabolism in
280 630Aerm perR"". These changes in gene expression mirror the differential survival of these two
281 strains in the presence of oxygen (39).

282

283  Our data also indicate that there is no difference between 630Aerm and 630Aerm perR""in C.
284  difficile burdens nor severity of infection in a murine model of CDI (Figure 4). While our work

11


https://doi.org/10.1101/2024.10.30.621113
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.30.621113; this version posted October 31, 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.

285 was done in conventional mice, previous work showed that rbo, perR, and rbr were among the
286  top 10% most highly expressed genes in gnotobiotic mice infected with 630 (2), suggesting that
287  PerR-dependent gene expression is important during infection. Because longitudinal and radial
288  oxygen gradients are present in the gastrointestinal tract and O, levels can be elevated by

289 antibiotic treatment, it is possible that C. difficile encounters enough O, to de-repress PerR-
290 dependent genes during the onset, establishment, or maintenance of murine infection (31, 32,
291 40, 41). Therefore, the mouse experiments performed may disguise possible differences in
292 fitness (positive or negative) due to a constitutively de-repressed PerR operon.

293

294  In summary, our work establishes that a constitutively de-repressed PerR regulon offers no
295 fitness advantage at O, levels encountered in the distal Gl tract (Figure 1) nor in a mouse

296  model of CDI (Figure 4). However, a constitutively de-repressed PerR regulon provides C.

297  difficile with tolerance to ambient air (Figure 2) and impacts gene expression in C. difficile in the
298 presence and absence of oxygen (Figure 3). Unique to 630Aerm, the perR mutation invokes
299 consideration of selective pressures that this strain may have encountered during exposure to
300 ambient air in laboratory settings (27). This study adds to a growing body of literature on the
301 ways in which obligate anaerobes resist oxidative stress and will contribute to future work in
302 understanding these responses in C. difficile.

303

304

305 Materials and Methods

306

307 Bacterial strains and culture conditions

308 C. difficile strains 630, 630Aerm and 630Aerm perR"" (42, 43) were maintained as -80°C stocks
309 in 25% glycerol under anaerobic conditions in septum-topped vials. C. difficile strains were

310  struck out on CDMN agar, or C. difficile agar base (Oxoid) supplemented with 32 mg/L
12
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311 moxalactam (Santa Cruz), 12 mg/L norfloxacin (Sigma Aldrich), and 7% defibrinated horse
312 blood (HemoStat Laboratories), and cultured anaerobically for 24 hours. A single colony was
313  picked into 5 mL of pre-reduced BD Difco™ reinforced clostridial medium (RCM) or a modified
314 RCM (mRCM; RCM without soluble starch and agar)(33). Liquid cultures were grown at 37°C,
315 anaerobically for 16-24 hours and used as inocula for growth curves, aerotolerance assays,
316 RNA-seq, RT-qPCR, and murine experiments. All bacterial growth media were pre-reduced for
317 atleast 24 hours in an anaerobic chamber (Coy) prior to use in experiments.

318

319  For in vitro growth curves, subcultures were prepared at 1:100 dilution in mRCM (3). Growth
320 curves were performed anaerobically or in a hypoxic chamber at 1%, 2%, and 3% O, (Coy).
321 Clindamycin sensitivity growth curves were performed anaerobically in mMRCM with clindamycin
322  concentrations spiked into each well. All growth curves were performed in sterile polystyrene 96-
323  well tissue culture plates (Falcon) with low evaporation lids using a BioTek Epoch2 plate reader
324  at 30-minute intervals. Plates were shaken on the orbital setting for 10 seconds before each
325 read. The ODgq of the cultures was recorded using Gen5 software (version 3.10.06).

326

327  Generation of C. difficile 630Aerm perR""

328 The perR point mutation was corrected using the PyrE allelic exchange system (44). Primers
329 indicated in Table S1 were used to amplify perR from 630 genomic DNA. The amplicon

330 containing perR from 630 was ligated into pMTL-YNS3 after Ascl and Sbfl digestion of the vector
331 and inserted using New England Biolabs Quick Ligation Kit (M2200S). The plasmid construct
332 was transformed and propagated into One Shot Top10 E. coli (Invitrogen) before transformation
333 into conjugation proficient E. coli HB101/pRK24 cells. The pMTL-YN3 with 630 perR was

334  conjugated into 630AermApyrE. Plasmid integrants were selected for using BHIS supplemented
335  with thiamphenicol (10 or 15 pug/mL), cefoxitin (8 pg/mL), kanamycin (30 or 50 yg/mL), and

336  uracil (5 yg/mL). Double crossover events were selected for using a defined minimal medium for
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337 C. difficile (CDDM) supplemented with uracil (5 pg/mL) and 5-fluoroorotic acid (2 mg/mL). Whole
338 colony PCR using GoTaq Green Master Mix (Promega) amplified perR from potential clones.
339  HypC4lll digestion of PCR purified perR (Zymo DNA Clean and Concentrator-5) confirmed 630
340 perR integration since this restriction enzyme digests 630 perR but is unable to recognize that
341  cut site in 630Aerm due to the point mutation (Figure S4). After confirmation of 630 perR

342  integration, the pyrE locus was restored using pMTL-YN1C to generate 630Aerm perR™™.

343

344  lllumina whole genome sequencing on DNA extracted (45) from 630Aerm and 630Aerm perR""
345  was performed by Microbial Genome Sequencing Center (MiGS) with a minimum read count of
346  1.33 million reads (200 Mbp) per sample. Raw sequencing data were assembled using a

347  reference-guided assembly pipeline (https://github.com/pepperell-lab/RGAPepPipe CHTC) to

348 C. difficile strain 630Aerm (GenBank: LN614756.1) as previously described (46). Briefly, Fastqc
349 v0.12.1 (47) assessed the quality of the sequences, which were then trimmed using

350  Trimmomatic v0.39 (48). Sequences were aligned to the reference using BWA Mem v0.7.18
351 (49), and alignments were processed using SAMtools v1.21 (50). Picard v 2.18.25

352  (https://github.com/broadinstitute/picard) was used to remove duplicates and add read groups.
353 Pilon v 1.78 (51) identified variants. Assembly and alignment quality was determined using

354  Qualimap BamQC v2.2.1 (52). The mean coverage was 160X for 630Aerm and 50X for

355  630Aerm perR"". Both samples had >95% aligned reads to the reference. To identify the SNP
356 difference between 630Aerm and 630Aerm perR"", a VCF was created using SnpSites v2.5.1

357 (53).
358

359  Aerotolerance assays

360 Liquid cultures of 630, 630Aerm and 630Aerm perR"™ were grown anaerobically in RCM

361 overnight. 200 uL of each culture was aliquoted into sterile polystyrene 96-well tissue culture
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362 plates, with four replicate plates set up, and exposed to ambient air for 0, 30, 60 and 90 minutes
363 at room temperature. Aeration of cultures using a multichannel pipette was performed

364 immediately after removing from the chamber and approximately every 10 minutes throughout
365 the assay. At each timepoint, one of the 96-well plates was passaged back into the anaerobic
366  chamber. Serial dilutions were performed using pre-reduced PBS and plated on pre-reduced
367 CDMN. Plates were incubated anaerobically for 24 hours at 37°C, and colonies present on

368 CDMN plates were quantified.

369

370 Transcriptional profiling of C. difficile response to ambient air

371  C. difficile 630Aerm and 630Aerm perR"" overnight cultures were back-diluted 1:100 into 35 mL

372  of pre-reduced mRCM in Erlenmeyer flasks and incubated anaerobically at 37°C until cultures

373  reached mid-log phase (ODgyp=0.3-0.4). At mid-log phase, 5 mL aliquots of the cultures were

374  diluted 1:1 in chilled 1:1 ethanol:acetone and stored at -20° to preserve RNA. The remaining

375  cultures were aerobically shaken (220 rpms) at 37°C for 60 minutes. After 60 minutes, 5 mL

376 aliquots were diluted 1:1 in chilled 1:1 ethanol:acetone and stored at -20° to preserve RNA (54).

377

378 RNA was extracted by centrifuging samples at 3,000 xg for 5 minutes at 4°C. Pellets were

379  washed with 5 mL cold, nuclease free PBS, and centrifuged at 3,000 xg for 5 minutes at 4°C.

380 The supernatant was removed, and remaining pellets were resuspended in 1 mL TRIzol and

381 processed using a TRIzol Plus RNA Purification Kit (Thermo) with on-column DNase treatment.

382  Purified RNA integrity was confirmed via 2100 Agilent BioAnalyzer and frozen at -80°C.

383

384  RNA-seq was performed by Microbial Genome Sequencing Center (MiGS) on high-quality

385 rRNA-depleted RNA extracts (12 million paired end reads per sample). Quality control and

386  adapter trimming was performed with bcl2fastq (version 2.20.0.445)(55). Read mapping was

387  performed with HISAT2 (version 2.2.0)(56). Read quantification was performed using Subread’s
15
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388 featureCounts (version 2.0.1)(57) functionality. Read counts loaded into R (version 4.0.2)(58)
389 and were normalized using edgeR’s (59). Trimmed Mean of M values (TMM) algorithm (version
390 1.14.5). Subsequent values were then converted to counts per million (cpm). Differential

391 expression analysis was performed using edgeR’s exact test for differences between two

392  groups of negative-binomial counts with an estimated dispersion value of .1. Transcript level
393 quantification, count normalization, and differential expression analysis were provided using C.
394  difficile 630Aerm (GCA_002080065.1_ASM208006v1) as the reference genome.

395

396  The Principal Coordinate Analysis (PCA) plot was generated from the RNA-seq data in R using
397  version 4.4.1. PCA was performed using prcomp from stats package (version 4.4.1), and

398 visualized using ggplot2 (version 3.5.1). Confidence ellipses were generated using stat_ellipse
399 asimplemented in ggplot2. Permutation multivariate analysis of variance (PERMANOVA) was
400 assessed by vegan::adonis2 (version 2.6-6.1).

401

402 RT-gPCR of perR in C. difficile exposed to varying levels of O,

403 To identify a timepoint for RNA-seq at which perR was de-repressed, C. difficile 630 overnight
404  cultures were back-diluted 1:100 into 35 mL of pre-reduced RCM and incubated at 37°C until it
405 reached mid-log phase (ODgo=0.3-0.4). At mid-log phase, one set of cultures was incubated
406  aerobically 37°C, shaking at 220 rpms, while the other culture was incubated at 37°C

407  anaerobically. After 0, 15, 30, and 60 minutes, 5 mL aliquots of the cultures were diluted 1:1 in
408 chilled 1:1 ethanol:acetone and stored at -20° to preserve RNA. RNA was extracted as

409  described above.

410

411 RT-gPCR was performed using GoTaq 1-Step RT-gPCR Master Mix (Promega) according to the
412  manufacturer’s instructions with a concentration of 1 ng/uL RNA in a final volume of 10 yL. Each

413 reaction was run with three technical replicates. The RT-qPCRs were performed on a
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414  QuantStudio 7 Flex (Applied Biosystems) and threshold cycle (Ct) was determined using

415 QuantStudio Real-Time PCR Software v1.7.2. The cycle run involved a reverse transcriptase
416  activation and inactivation step of 40°C for 15 minutes and 95°C for 10 minutes. The PCR cycle
417 was 95°C for 10 sec, 60°C for 30 sec and 72°C for 30 sec for 40 cycles, with a melt curve

418 performed afterwards. Relative fold change was determined by comparing the Ct values against
419 the average Ct value at 0 minutes for each condition.

420

421  To quantify perR transcript levels of C. difficile 630Aerm and C. difficile 630Aerm perR"T

422 exposed to low levels of O,, overnight cultures of each strain were back diluted 1:50 into 14 mL
423  of pre-reduced mRCM in 100x15mm circular petri dishes (VWR) to optimize exposure to

424  oxygen. Cultures were incubated at 37°C in 0, 1, and 2% O, until they reached mid-log phase
425 (ODgo=0.3-0.4). At mid-log phase, 5 mL aliquots of the cultures were diluted 1:1 in chilled 1:1
426  ethanol:acetone and stored at -20° to preserve RNA and RNA was extracted as described

427  above. RT-gPCR was performed using GoTaq 1-Step RT-gPCR Master Mix (Promega), with a
428  concentration of 2 ng/uL of RNA in a final volume of 20 uL. Each reaction was set up with

429  primers amplifying perR or rpoC (housekeeping gene) (Table S1), with 2-3 technical replicates.
430 The RT-gPCRs were performed on a QuantStudio 7 Flex (Applied Biosystems) as previously
431 described. Relative fold change was determined using the 2"*2“" method by comparing the Ct
432  values to the anaerobic Ct value within each strain (60).

433

434  Murine model of C. difficile infection (CDI)

435  All animal studies were done in strict accordance with the University of Wisconsin-Madison
436 Institutional Animal Care and Use Committee (IACUC) guidelines (Protocol #M006305). CDI
437  murine model was performed on age- and sex-matched, conventionally reared C57BL/6 in-
438 house between 6 and 9 weeks of age. Mice were fed a fiber free (FF) diet (Inotiv TD.150689)
439  one week before antibiotic exposure. Mice were given a single dose of clindamycin by oral
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440 gavage (1 mg/mouse; 200 pL of 5-mg/mL solution), and 24 hours later were given 200 uL

441  630Aerm or 630Aerm perR"" overnight cultures grown in RCM via oral gavage (n = 4-5 mice
442  per condition; average inoculum 8.6x10" CFU/mL).

443

444 At 7 dpi, mice were switched from the FF diet to a fiber rich standard rodent chow (Inotiv

445  Teklad™ 2916) to observe fiber-dependent C. difficile clearance kinetics (33, 38). Throughout
446  the entire experiment, feces were collected daily from mice directly into a microcentrifuge tube
447  and kept on ice. To quantify C. difficile burdens, 1 uL of each fecal sample was collected with a
448  disposable inoculating loop and resuspended in 200 uL PBS. 10-fold serial dilutions of fecal
449  suspension were prepared in sterile polystyrene 96-well tissue culture plates (Falcon). For each
450 sample, 10 uL aliquots of each dilution, with two technical replicates, were spread on CDMN
451 agar. CDMN plates were incubated anaerobically at 37°C for 16-24 hours. Colonies were

452  quantified and technical replicates were averaged to determine C. difficile burdens (limit of

453  detection = 2 x 10* CFU/mL). Stool consistency scores were also noted while processing fecal
454  pellets. Fecal pellets were assigned a score of 1 = hard, dry pellets, difficult to transect with a
455  disposable plastic culture loop, 2 = soft, fully formed pellets, easy to transect with a culture loop.
456  or 3 = runny, poorly formed pellets, no pressure required to transect with a culture loop (3).

457

458 Data availability

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

460 Tables S2-S5. Prior to publication of a peer-reviewed manuscript, the raw data from the RNA-
461 seq experiments shown in Figure 3 and Tables S2-S5 will be available from the corresponding
462  author upon request. Similarly, raw data from whole genome sequencing of 630Aerm and

463  630Aerm perR"" will be available from the corresponding author upon request prior to

464  publication of a peer reviewed manuscript. These raw data will be uploaded to NCBI (Gene
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465  Expression Omnibus and Sequence Read Archive, respectively) and made freely available upon
466  acceptance of the peer-reviewed manuscript.
467

468  Statistical Analysis

469  All statistical analyses, except for the PERMANOVA, were performed using GraphPad Prism
470 9.4.1. PERMANOVA was performed as described in “PCA Generation and RNA-seq Data
471  Analysis” section. Details of specific statistical analyses indicated in figure legends. For all
472  figures, *P< 0.05, **P<0.01, ***P<0.001, ****P<0.0001.

473
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498

499  Fiqure legends

500

501 Figure 1: In vitro assays of 630Aerm and 630Aerm perR"" exposed to physiologically-
502 relevant levels of O,. (A) Genomic context of perR in C. difficile 630, 630Aerm and 630Aerm
503  perR"'". The operon containing perR consists of three genes: a rubrerythrin (rbr1), the

504 transcriptional repressor PerR (perR), and a desulfoferrodoxin (rbo). 630Aerm has a point

505 mutation in perR, resulting in a T41A amino acid substitution. (B) RT-gPCR of perR exposed to
506 0,1, or 2% O,. Data points represent the relative fold change compared within each strain

507 grown under anaerobic conditions, with rpoC used as the housekeeping gene (n = 7). Statistical
508 testing was determined by Mann-Whitney test; *, P <0.05. (C) Growth curves of 630Aerm (red),
509  and 630Aerm perR"T (blue) in mMRCM grown anaerobically or hypoxically in the presence of 1,
510 2, and 3% O,. Data points represent the mean ODg (n = 6-8) and error bars represent the
511 standard deviation. Panel A was created with Biorender.com under agreement #Z41E368.

512

513  Figure 2: Aerotolerance assay of 630, 630Aerm, and 630Aerm perR"" exposed to ambient
514  air. Aliquots of stationary phase cultures of each strain were exposed to ambient air for 0, 30,

515 60, and 90 minutes or maintained under anaerobic conditions and plated on pre-reduced CDMN
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516 agar at the indicated time points. Colonies were quantified after overnight growth in an

517 anaerobic chamber (n = 3 cultures per strain per condition). Statistical testing was determined
518 by two-way ANOVA; **, P<0.01.

519

520 Figure 3: Transcriptional profiling of 630Aerm and 630Aerm perR"" exposed to ambient
521  air. 630Aerm and 630Aerm perR"" were grown to mid-log phase in mMRCM and then exposed to
522  ambient air for 0 and 60 minutes. RNA-seq was performed on n = 4 independent cultures, for
523 each strain at each timepoint. (A) Transcript values of the genes in the perR operon (n = 4).
524  Statistical testing was determined by paired t-test; *, P<0.05 **, P<0.01, ***, P<0.001,

525 **** P<0.0001. (B) A Venn diagram illustrating that the majority of significantly differentially
526 regulated genes (FC < |2|, p < 0.05) overlapped between the 630Aerm and 630Aerm perR"" (C)
527  Principal Component Analysis (PCA) plot of RNA-seq data from 630Aerm (red) and 630Aerm
528 perR"T (blue) exposed to ambient air for O (triangle) and 60 (circle) minutes. Ellipses represent
529  95% confidence intervals based on strain and time of ambient air exposure. Panel B was

530 created with Biorender.com under agreement #N27K433.

531

532  Figure 4: CDI in mice infected with 630Aerm and 630Aerm perR"". (A) Conventional, age-
533 matched male C57BL/6 mice were placed on a fiber-free diet, gavaged with clindamycin, and
534 infected with either 630Aerm or 630Aerm perR™" (n = 4-5). Mice were switched to a high fiber
535 diet seven days after being infected with C. difficile. (B) Average stool consistency scores: 1=
536  hard, dry pellet; 2 = soft but fully formed pellet; 3 = runny, poorly formed pellet. (C) The

537  geometric means of C. difficile burdens for each strain over the experimental time course. The
538 limit of detection for this assay is indicated in the horizontal dashed line at 20,000 CFU C.

539  (difficile/mL feces. Panel A was created with Biorender.com under agreement #Z41E368. The
540 vertical dashed line at seven days post infection in panels B and C indicates when the mice

541  were switched from a fiber free to a high fiber diet.
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542

543  Supplemental figure and table legends

544
545  Figure S1: Growth curves of (A) 630Aerm and (B) 630Aerm perR"" in grown in mRCM at
546 0,1, 2, and 3% O,. Data points represent the mean ODgyo (n = 6-8 cultures per strain per
547  condition). Error bars represent the standard deviation. Related to Figure 1.
548
549  Figure S2: RT-qPCR of perR transcripts from 630. 630 was maintained under anaerobic
550 conditions or exposed to ambient air for 0, 15, 30, and 60 minutes (n = 6 per strain per condition
551 pertime point). The relative fold change was determined by comparing the CT value against the
552 average CT at 0 minutes for each condition. Statistical significance was determined by paired t-
553 test; *, P<0.05. Related to Figure 3.
554
555  Figure S3: Growth curves of 630 and 630Aerm in the presence of clindamycin. Strains
556  were grown in mRCM containing 0, 2.0, and 62.5 ug/mL clindamycin. Data points represent the
557 mean ODgq (n = 2 cultures per strain per condition) and error bars represent the standard
558 deviation. Related to Figure 4.
559
560 Figure S4: HypC4lll digest of perR-containing PCR amplicons. Amplicons were generated
561 from 630 and 630Aerm. Due to the point mutation in perR in 630Aerm, HypC4lll digests the
562  amplicon from 630Aerm differently than 630. This technique was implemented to screen clones
563 to identify 630Aerm perR"" candidates. Related to Figure 1.
564
565 Table S1: Strains, plasmids, and oligonucleotides used in this study. Related to Figures 1,
566 2, 3, and 4.
567
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568 Table S2: RNA-seq pair-wise comparisons of C. difficile 630Aerm and 630Aerm perR"" at
569 0 minutes in response to ambient air. Related to Figure 3.

570

571 Table S3: RNA-seq pair-wise comparisons of C. difficile 630Aerm and 630Aerm perR"" at
572 60 minutes in response to ambient air. Related to Figure 3.

573

574  Table S4: RNA-seq pair-wise comparisons of C. difficile 630Aerm at 60 and 0 minutes in
575 response to ambient air. Related to Figure 3.

576

577 Table S5: RNA-seq pair-wise comparisons of C. difficile 630Aerm perR"" at 60 and 0

578 minutes in response to ambient air. Related to Figure 3.

579

580 Table S6: RNA-seq fold change data from a selection of genes associated with oxidative
581 stress. Related to Figure 3.

582

583 Table S7: Gene modules enriched within the genes differentially expressed in 630Aerm in
584 response to ambient air exposure. Related to Figure 3.

585

586 Table S8: Gene modules enriched within the genes differentially expressed in and

587 630Aerm perR"" in response to ambient air exposure. Related to Figure 3.

588
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