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25  Abstract

26 Clostridioides difficile is responsible for substantial morbidity and mortality
27  in antibiotically-treated, hospitalised, elderly patients, in which toxin production
28  correlates with diarrhoeal disease. While the function of these toxins has been
29  studied in detail, the contribution of other factors, including the paracrystalline
30 surface layer (S-layer), to disease is less well known. Here, we highlight the
31  essentiality of the S-layer in vivo by reporting the recovery of S-layer revertants,
32  following infection with the S-layer-null strain, FM2.5. Sequencing of the s/pA gene
33 revealed either correction of the original point mutation or modification of the
34 sequence upstream of the mutation, which restored the reading frame, and
35 translation of s/pA. Selection of these strains was rapid, with up to 90% of isolates
36 identified as revertants 24 h post infection.

37 Two revertant isolates, RvA and RvB, showed modification of 3 and 13
38  amino acids respectively, compared to wild type sequence. Structural determination
39 of SIpA from RvB revealed a different orientation of its domains, resulting in a
40 reorganisation of the lattice assembly and changes in interacting interfaces which
41  might result in functional differences. These revertants showed differing patterns
42  of disease in vivo; RvA causing equivalent severity to R20291 and RvB an attenuated
43  FM2.5-like phenotype. Comparative RNA sequencing (RNA-Seq) analysis of in

44  vitro grown isolates showed large changes in differentially expressed genes (DEGs)
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45  between R20291 and FM2.5 namely in TcdA/TcdB expression, in transcripts
46  associated with sporulation and those linked to cell wall integrity, which may
47  account for attenuation observed in vivo. In comparison, smaller differences were
48  observed between RvA/R20291, and RvB/FM2.5 respectively, which correlated
49  with observed disease severity in vivo. Cumulatively, these data highlight that the
50  S-layer plays a role in C. difficile disease.
51
52 Author Summary.
53 The S-layer of C. difficile is a paracrystalline array that covers the outer
54  surface of the bacterial cell but its contribution to overall disease remains unclear.
55 A previously described, spontaneous s/pA-null mutant, FM2.5, with a point
56  mutation in s/pA offered an opportunity to study the role of the S-layer in vivo.
57 Here, we confirm that this strain is less virulent in vivo despite effectively
58  colonising the host and producing toxin. We also show in vivo selection for
59  sequence modifications that restore s/pA translation and produce an S-layer. While
60 such modifications do not affect the overall 3D structure of individual SlpA
61  (sub)domains, they can lead to altered orientation of the structural domains and
62  subsequent S-layer assembly. Importantly, RNA-Seq analysis in vitro showed large
63  differences in gene expression between FM2.5 and R20291. Detected differences in
64  transcription of genes involved in toxin expression and sporulation suggests that the
65  S-layer provides a selective survival advantage within the host, which contributes

66  to disease severity.
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71 Introduction

72 Clostridioides difficile is the most common cause of hospital acquired diarrhoea
73  globally, with disease linked to disruption of the intestinal microbiota through
74  antibiotic use (Smits et al. 2016). The virulence of C. difficile has widely been
75  attributed to the production of two toxins; toxins A (TcdA, enterotoxin) and B
76  (TcdB, cytotoxin), responsible for cytoskeletal modifications, epithelial damage,
77  inflammation, and fluid loss (Braun et al. 1996; Chandrasekaran and Lacy 2017). A
78  third toxin, the binary C. difficile toxin (CDT), expressed by only a subset of strains,
79  has been linked to enhanced disease severity (Chandrasekaran and Lacy 2017).
80 Consequently, C. difficile colitis has widely been considered as a toxin-mediated
81  disease. However, the availability of tools to analyse gene expression and improved
82  methods of mutagenesis (Cartman et al. 2012a), together with the availability of an
83  accessible murine animal model (Chen et al. 2008a; Theriot et al. 2011), have offered
84 new opportunities to identify other traits, both bacterial and host-associated, that
85  impact disease severity (McDermott et al. 2017; Fletcher et al. 2021). The recent use
86  of such approaches has provided clearer understanding of the metabolic flexibility
87  of these organisms, the role of the microbiome in disease progression (Buffie et al.
88  2015; Fletcher et al. 2021; Girinathan et al. 2021) and established several bacterial
89  factors that influence the host response (Maldarelli et al. 2014; Batah et al. 2017;
90  Arato et al. 2019). Of particular interest in this context, is the role of the S-layer in

91  disease. This paracrystalline protein array is the outermost layer of the C. difficile
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92  cell envelope, with similar structures found in many bacteria and virtually all

93 archaea (Fagan and Fairweather 2014).

94 The S-layer has been shown to perform multiple and vital roles including

95 providing protection from environmental factors such as variations in pH,

96  mechanical and osmotic stresses (Engelhardt and Peters 1998; Claus et al. 2002;

97  Engelhardt 2007). In vivo, it is proposed to play a role in molecular sieving (Sleytr

98  and Beveridge 1999) and ion trapping, protecting the organism from antimicrobial

99  peptides and bacteriolytic enzymes produced in response to infection (Lortal et al.
100 1992; Kirk et al. 2017). The S-layer has also been shown to be a key target in
101  bacteriophage predation (Callegari et al. 1998; Kirk et al. 2017; Royer et al. 2022).
102 In C. difficile, the main component of the S-layer is SlpA, which is post-
103  translationally cleaved by a cell wall protein (CWP), Cwp84, into two functional S-
104  layer proteins (SLPs), SLPL and SLPu (Kirby et al. 2009; Fagan and Fairweather
105  2014). The proteinaceous array is further decorated by other CWPs, which provide
106  additional functionality (Fagan and Fairweather 2014). Assembly of the
107  paracrystalline array relies on tiling of SLPu triangular prisms on the cell wall,
108  interlocked by SLP: ridges facing the environment (Lanzoni-Mangutchi et al. 2022).
109  Exposure of SLP: to the environment is consistent with its high sequence variability
110  observed between different C. difficile strains, with 13 different S-layer cassette
111 types (SLCTs) identified to date (Dingle et al. 2013; Kirk et al. 2017). Strikingly, the
112 lattice is very compact compared to other studied S-layers, which have pores of

113 between 30 — 100 A compared with only “10 A in diameter in C. difficile (Lanzoni-
6
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114  Mangutchi et al. 2022). This tight packing correlates well with the hypothesis that
115  S-layer acts as a molecular sieve (Sleytr and Beveridge 1999), as deletion of the most
116  exposed regions of SLP. results in a strain with increased sensitive to lysozyme, in
117  comparison to the parent strain, R20291 (Lanzoni-Mangutchi et al. 2022).

118 In C. difficile, the S-layer has also been implicated in host cell adhesion
119  (Merrigan et al., 2013), biofilm formation (Kirby et al. 2009; Dapa et al. 2013;
120  Richards et al. 2018) and immunomodulation through cell signalling of the host
121  response (Ausiello et al. 2006; Sakakibara et al. 2007; Sekot et al. 2011). SIpA has
122 been shown to induce innate and adaptive immune responses through activation of
123  TLR4 (Ryanetal., 2011). However, the role of the S-layer in C. difficile pathogenesis
124  and in immune evasion remains poorly understood.

125 Previously, we reported the isolation and characterization of a spontaneous C.
126  difficile strain lacking an S-layer, FM2.5 (Kirk et al. 2017). In initial studies using
127  the Golden Syrian hamster as the infection model, FM2.5 caused no symptoms of
128  disease, despite effectively colonising infected animals (Kirk et al. 2017). However,
129  the acute sensitivity of hamsters to C. difficile toxins and lack of readily available
130  immunological tools, limits their usefulness in studying the more nuanced facets of
131  thisinfection. In contrast, mice are naturally less susceptible to CDI, requiring more
132  extensive antibiotic treatment to suppress the flora, and higher challenge doses to
133  achieve colonisation (Chen et al. 2008b; Winston et al. 2016). However, mice offer
134  greater opportunities to determine the contributions of other virulence-associated

135  traits on disease outcome, including long-term persistence associated with relapsing
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136  disease (Best et al. 2012).

137 Here, we sought to elucidate the role of the S-layer as a major virulence
138  determinant in a murine model of infection, to determine whether the loss of
139  virulence observed in the hamster model is reciprocal in other hosts. Our results
140  suggest that the S-layer offers a competitive colonisation advantage within the

141  mouse intestine and is important for in vivo disease severity.

142

143  Results

144  The S-layer contributes to severe disease in the murine model of C. difficile

145 In a murine model of infection, loss of body weight offers a strong correlative
146  measure of C. difficile disease severity (Jukes et al., 2020). Infection of antibiotic
147  pre-treated mice with strain R20291 resulted in significant weight loss of up to 15%;
148  peaking between 24 and 48 h post-infection (hpi). In contrast, mice infected with
149  the S-layer deficient derivative strain FM2.5 showed consistently less weight loss
150  (average 6%; Fig. 1a). Measurement of total C. difficile in faecal material showed
151  comparable levels of shedding at 24 and 72 hpi (Fig. 1b), while analysis of total C.
152 difficile present in caecal (Fig. 1c) and colonic (Fig. 1d) material taken at post-
153  mortem indicated a trend for less recovery of FM2.5 24 hpi. However, comparable
154  levels of FM2.5 and R20291 were recovered from these tissues at 48 and 96 hpi.
155  Analysis of C. difficile spores within the total faecal, caecal and colonic material
156  showed a similar trend, with less FM2.5 spores recovered at 24 hpi, and comparable

157  numbers of spores at 72 and 96 hpi (Fig. S1).
8
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158 Interestingly, mice infected with R20291 that survived infection showed full
159  signs of recovery by 96 hpi, returning to pre-infection weights, equivalent to those
160  of non-infected mice. In contrast, FM2.5-infected mice failed to return to their pre-
161  infection weight even when animals were monitored for a further five days (9 days
162 pi; typical profile Fig. 4c) despite the animals remaining asymptomatic, with no
163  evidence of loose faeces.

164 Assessment of in vivo toxin production by both R20291 and FM2.5 in the
165  caecum (Fig. 1e) and colon (Fig. 1f) revealed that, at 24 hpi, less toxin was recovered
166  from mice infected with FM2.5. However, at 48 and 96 hpi, comparable levels of
167  toxin were recovered. Histological examination (at 48 hpi) showed that mice
168  infected with R20291 displayed significantly greater pathology than those infected
169  with FM2.5 and a PBS challenged control group (Fig. 1g i-vi. Cumulative scoring of
170  tissue damage is reported in Fig. S1).

171
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172

173  Fig 1. SIpA deficient C. difficile is less pathogenic in a murine model of infection.
174  Female C57/Bl6 mice were challenged with spores of R20291 or FM2.5, or mock

175  infected with sterile PBS. (a) Weight loss was monitored every 24h for four
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176  consecutive days following infection. Each point is the average of several replicate
177  experiments (n>3), with at least 5 animals per time point. (b) CFU/ml of faecal
178  material collected at 24 and 72 hpi. (c) CFU/ml of caecal content at 24, 48 and 96
179  hpi. (d) CFU/ml of colon content at 24, 48 and 96 hpi. (e) Toxin activity of caecal
180 content and (f) colonic content was determined at 24, 48 and 96 hpi; through
181  challenge of Vero cells in vitro. Results displayed indicate the reciprocal of lowest
182  dilution at which toxin activity could be measured. (g) Histopathological sections
183  representing colon (i, ii and iii) and caecal (iv, v and vi) sections following challenge
184  with PBS (i and iv); R20291 (ii and v); or FM2.5 (iii and vi). Scale bars represent 100
185  pm. Results displayed are the mean + SEM of at least three independent biological
186  replicates. Statistical tests were conducted using GraphPad Prism software v.12.
187  Statistical tests include one-way ANOVA with Tukeys post-test; or a student’s t-test
188  with Welch’s correction. Statistical significance is indicated: ns — not significant; *p
189 < 0.05; **p < 0.01; and ***p < 0.001.
190
191  In vivo pressure drives selection for S-layer revertants
192  When grown on selective chromogenic agar (ChromID®; BioMerieux), the
193  morphology of R20291 presents with the typical ‘fried egg’ C. difficile colony,
194  visible after approximately 16 h of incubation (Fig. 2a). In contrast, FM2.5 produces
195  smaller and smoother colonies, which take "24 h to emerge (Fig. 2b). Following
196 infection of mice with R20291 and FM2.5, faecal material was recovered and plated

197  daily. During examination of resultant colonies, it was noted that, while colonies

11
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198  from R20291 infected mice showed the expected morphology, material retrieved
199  from FM2.5-infected mice showed a mixture of both large (FM2.51rge) and small
200  colony types (FM2.5sman) (Fig. 2b). Additionally, FM2.5nre, were countable after 16
201 h incubation, while the expected FM2.5-like colonies, FM2.5mai, were only
202  observable from 24 h. Several colonies from both types, FM2.5man and FM2 5iarge,
203  were streaked from the original plates and were sub-cultured twice to ensure
204  clonality. Individual clones were then stored at -80°C.

205 Amplification of the slpA sequence from these clones revealed that the
206  FM2.51rge colonies contained modifications in the genomic sequence upstream of the
207  FM2.5 mutation site (single nucleotide insertion, Fig. 2c). Several sequence variants
208  were identified, with two most common mutants named Revertant A (RvA) and
209 Revertant B (RvB). In RvA, a single nucleotide deletion (246delT) restored the
210  original reading frame, rescuing translation of the full SIpA; modifying three amino
211  acid residues in the translated protein. In, RvB, an insertion of five-nucleotides
212 (249_253insCTTAG), which again restored the reading frame and resulted in
213  modification of 13 amino acids within the mature protein (Fig 2c Interestingly,
214  revertants were identified in several in vivo experiments, using batches of
215 independently prepared spores.

216 To confirm expression of SlpA, low pH cell surface extracts of strains RvA
217  and RvB were analysed. SDS-PAGE showed that both SLPx and SLP:. proteins were

218  present in R20291, absent in FM2.5 but restored in RvA and RvB (Fig. 2d). This was

219  confirmed through western immunoblot analysis using anti-SLPx and anti-SLP.

12



bioRxiv preprint doi: https://doi.org/10.1101/2022.11.22.517470; this version posted November 23, 2022. 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 4.0 International license.

220  antibodies (Fig. 2e and f).

FM2.5Revertants
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GAG CTT AGT GCA GAA GAT GCA AGT AAA TTA TTG TTT ACA CAA GTA GAT AAT AAA
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GAG CTT AGT GCA GAA GAT GCA AGT AAA TTA TTG TTT ACA CAA AGT AGA TAA TAA A
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GAG CTT AGT GCA GAA GAT GCA AGT AAA TTA TTG TTA CAC AAA GTA GAT AAT AAA
3 L S A E D A S K L B . +H K I D N K

SIpAg.s

GAG CTT AGC TTA GTG CAG AAG ATG CAA GTA AAT TAT TGT TTA CAC AAA GTA GAT AAT AAA

d 15345 ©12345M 2345
. kDa
— 70
- 55
_- _:‘ 40 - s |
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222 Fig. 2 Recovery of S-layer revertants following in vivo challenge.

223  Following challenge with spores of R20291 and FM2.5, faecal material was

13
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224  recovered and plated on C. difficile selective chromogenic agar (Biomerieux). (a)
225  Colonies of R20291. The dashed red boxed area is enlarged and shown below. (b)
226  The two colony types of FM2.5. The dashed red boxed area is enlarged and shown
227  below. FM2.5nre. is representative of the large colony phenotype recovered, while
228  FM2.5¢man is indicative of the typical FM2.5 colony morphology. (c) Sequencing of a
229 region of slpA shows the sequence of R20291; the insertion (red) in FM2.5
230  responsible for the truncation of the SIpA protein; a single nucleotide deletion (blue)
231  in the FM2.5 sequence, resulting in RvA; a five-nucleotide insertion (crimson) in
232 FM2.5 sequence resulting in RvB. (d) SDS-PAGE analysis of cell wall proteins
233  extracted by low pH preparation. Lane 1: MW Marker; Lane 2: R20291; Lane 3:
234  FM2.5; Lane 4: RvA; Lane 5: RvB. (e) Western immunoblot analysis using an anti-
235  SLPu antibody. (f) Western immunoblot analysis using an anti-SLP:. antibody.
236
237  Reversion can affect SIpA structure and assembly
238 To understand the effects of the detected reversions on SlpA structure and
239  S-layer assembly, crystallisation of SlpAr20291, SlpArva and SlpArvs was carried out.
240  Although crystals were obtained for all three variants, only SlpArs crystals were of
241  sufficient quality for x-ray diffraction data collection and structural determination
242 by molecular replacement, using previous SlpA structures as models, including a
243  variant of SlpArenza lacking the most exposed region of SLP1 - SlpAran2 - (PDB ID:
244  7ACZ) (Lanzoni-Mangutchi et al. 2022). SLPx and the interacting domains were

245  easily traceable in the electron density but D1 was only partially built, whilst

14
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246  density for domain D2 was very poor and this region could not be traced in the final
247  SlpArv model (Fig. 3a, PDB ID: 8BBY, Table S1). This implies that D2 is flexible
248  and/or unstructured, while the structure of the core domains required for S-layer
249  assembly - SLPy, and, to a lesser extent, D1 and LID/HID (Lanzoni-Mangutchi et al.
250  2022) - seems to be generally maintained. However, the relative orientation of these
251 domains in the SIpA molecule is altered (Fig. 3a), with D1 and the interacting
252  domains rotated towards the SLPu plane by 730 ° (Fig. 3a). The 13 altered residues
253 in o2v in SlpArw result in disruption of the o-helix secondary structure and
254  introduce disorder in the upstream loop that links the preceding f-strand ($3.) and
255  o2u. It is worth noting that SLPx in R20291, which belongs to SLCT 4, has several
256  insertions within the cell wall binding 2 (CWB2) sequence motifs that define CWPs
257 in C. difficile, when compared to other SIpA types. These insertions could not be
258 traced in our SlpArap2 model (Lanzoni-Mangutchi et al. 2022) but were traceable in
259  the SlpAr and result in several loops protruding above the SLPx plane, towards the
260 environment, partially occluding the CWB2 motifs (Fig. 3a, right). Together with
261  the movement of the interacting domains and D1 towards the SLPs tiles, this creates
262  a more compressed arrangement (“66 A compared to ~76 A in SlpAcpex, PDB ID:
263 7ACY, Fig. 3b, bottom).

264 In the crystallographic models of SlpAcpsso (PDB ID: 7ACY), SlpAr7s04 (PDB
265 ID: 7ACX) and SlpArap2 (PDB ID: 7ACZ), o2. was responsible for closing a gap
266  between neighbouring SIpA molecules via D1-D1 interactions (Lanzoni-Mangutchi

267 et al. 2022). In the crystallographic model of the R20291-derived SlpArap2 variant,
15
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268 D1-Dl interactions are mediated by hydrogen bonds between S50:-S50. and Q70:-
269  A49:. from neighbouring molecules.

270 In the SlpArws structure, disruption of a2r and reorientation of D1 and
271  LID/HID relative to SLPu leads to changes in the interactions between neighbouring
272 molecules and, consequently, a rearrangement of the S-layer array. Strikingly, the
273  D1-DI interactions seen in previous models were not observed here, possibly due
274  to the flexibility of a2t and preceding loop caused by the changes in the reverted
275  sequence leading to a different orientation of D1 domains. Unlike in the previously
276  determined structures, neighbouring D1 domains in the SlpArws structure are too
277  far apart to mediate contacts (> 12 A). In the previous models, SLPx tiling creates
278  two wide channels, which are stabilised by interactions mediated by the interacting
279  domains and D1 (Lanzoni-Manguthi, 2022). A different mode of stabilising the SLPu
280 tiling is observed in SlpArs, with the interacting domains now partially inserted in
281  those cavities (Fig. 3b, Fig. S2a). A new interacting interface between HID from one
282  molecule and CWB23 occludes these gaps and stabilises the S-layer lattice (Fig. 3c,
283  Fig. S2a). This new arrangement of the crystal lattice is in line with our proposed
284  assembly model, where the S-layer 2D array is maintained mostly by hydrogen
285 bonds and salt bridges across surfaces with complementary charges (Lanzoni-
286  Mangutchi et al., 2022), largely dependent on SLPu-SLPu interactions and stabilised
287 by varying degree of interactions involving SLP: (Fig. 3c and Table S2). The
288  structural model of RvB confirms that changes in SLPL. can be accommodated with

289  minor structural changes to the (sub)domains, by exploring flexible loops and hinges
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290  to provide a stable S-layer.

291 As no crystal data was obtainable, we also calculated models for SIpArzo2: and
292  SlpArwa using the SWISS-MODEL server, based on previous models (Lanzoni-
293  Mangutchi et al. 2022) and the SlpArws structure determined here. Depending on
294  which template was used (SlpArap2 or SlpArs), different predicted structures of
295  SlpArwa were obtained, varying mostly in the orientation of D1 and interacting
296  domains relative to SLPx (Fig. S2b). Interestingly, one common feature was that the
297  changes resulting from the revertant sequence seem to be accommodated not by
298  altering the a-helix but by varying the length of the upstream loop that links the
299  preceding B-strand (B3c) and a2t (Fig. S2b). It is therefore unclear if SlpArva is more

300 likely to adopt a R20291-like as observed in the SlpArap2 model or RvB-like S-layer

301  assembly, as both can accommodate the modified sequence.
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303

304  Fig. 3 Structure of SlpAzvs shows a different assembly arrangement

305 (a) Structural model of SlpArw (SLPL. — pale red, SLPx — slate blue, PDB ID: 8BBY),
306  superimposed on SlpArap2 model (SLP. — gold, SLPx — slate blue, semi-transparent),
307  with the rotation angle of the D1 and LID/HID domains shown by an arrow. Three

308 distinct structural features are observed: SLPu, LID/HID and DI1. Cartoon
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309 representation of the SLPs/SLP. (H/L) complex, as seen from the environmental side
310  (left) and side view (right). Sequence of o2i, with paler colours indicating
311  differences, is shown schematically. (b) Cartoon representation of the H/L planar
312  array (PDB ID 8BBY, interacting molecules coloured and viewed as in a). (c) 2D
313  schematic of H/L complex crystal packing in SlpArvs (top), SlpArap2 (centre) and
314  SlpAcoen (bottom), indicating the interaction network linking a single H/L (slate
315  blue/crimson or slate/blue/gold) complex with neighbouring molecules in a planar
316  arrangement generated by SLPu tiling. The missing D2 in the SlpArw model is
317  represented as dashed lines. Notably, D1-D1 interactions seen in other models are
318 missing in RvB and the Slps tiles are shifted, with new HID-CWB23 interactions
319  stabilising the lattice. Array is depicted as seen from the extracellular environment,
320 with symbols representing key interaction types in the crystal lattice, detailed in
321  Table S2.
322
323  In vivo S-layer selection is independent of toxin expression
324 FM2.5 has previously been observed to show a delay in toxin production
325 (Kirk etal. 2017), consequently we chose to investigate whether s/pA reversion was
326  accompanied by a potential restoration of toxin production in vivo. Mice were
327  infected with FM2.54Paloc, in which the Pathogenicity Locus (PaLoc), encoding
328  toxins A and B, had been deleted. In contrast to mice infected with FM2.5, animals
329  challenged with FM2.54Palocshowed no weight loss over the 96 hours of infection

330 (Fig. 4a) and as expected, no toxin was observed in the caecum or colon (Fig. S3c).
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331  Total bacteria (Fig. S3a) and spores (Fig. S3b) recovered from the caecum and colon
332  of these mice were comparable at 96 hpi to that observed in animals infected with
333 FM25.

334 Interestingly, S-layer revertants were also recovered from these mice, as identified
335 by sequence modifications in the same region of s/pA compared to the R20291
336  sequence (RvD, Fig. 4a). These changes also facilitated restoration of an intact S-
337 layer, indicating that any potential selection advantage is independent of toxin
338  production.

339 Reproducible recovery of S-layer variants in vivo raised the possibility that
340 low numbers of genetic variants exist within the FM2.5 population, which are
341 amplified by the in vivo environment. To test this hypothesis, we undertook
342  amplicon sequencing of s/pA in the spore preparations used for mouse infections,
343  and in bacteria recovered from faecal material from mice infected with FM2.5 at 24,
344 48, 72 and 96 hpi (Fig. 4c). This analysis revealed that revertants in which the
345  original frameshift mutation found in FM2.5 was corrected by deletion of the extra
346  nucleotide (252delA, RvC) were present in the initial spore preparation, albeit as a
347  low proportion of the population (<5%, Fig. 4d). Isolation of revertants as early as
348  24h (>94% of the population) suggests that expressing an intact S-layer provides a

349  competitive advantage in vivo over the S-layer deficient strain.
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351 Fig 4. In vivo challenge of mice with FM2.54Paloc.

352 Female C57/Bl6 mice were challenged with spores of R20291, FM2.5 and
353 FM2.54Paloc. (a) Weight loss was monitored every 24h for four consecutive days
354 following infection. Each point is the average of multiple mice, where n> 5. (b)
355 Sequencing of a region of s/pA shows the sequence of R20291; the insertion in
356 FM2.5 (red) responsible for the truncation of the SIpA protein; with an additional
357  revertant named RvD, which shows a complex array of sequence insertions and
358  deletions (orange) in this region of the s/pA. (c) Time course showing infection and
359  weight loss in nine mice infected with FM2.5. Arrows indicate times of faecal
360 sample collection used in amplicon sequencing of the variable region of s/pA. (d)
361  Description of relative proportion of FM2.5 sequences in samples analyzed prior to

362  and post infection.
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363

364  The revertant strains display differing levels of virulence in mice

365 To assess whether recovery of SIpA by revertants correlated with rescued
366  virulence, mice were infected with spore preparations of RvA and RvB, alongside
367 R20291 and FM2.5 (Fig. 5a). Interestingly, infection with RvA resulted in
368  significant weight loss within the first 48h of infection, which was similar to mice
369 infected with R20291. RvB, in contrast, showed a similar limited pattern of weight
370  loss to animals infected with FM2.5, which stabilized from 48 hpi.

371 To determine whether these differences were associated with changes in
372  toxin production, the revertants were cultured 7n vitro and filtered spent growth
373  medium from 36 and 72h growth was used to determine the level of toxin B activity.
374  Both RvA and RvB produced comparable levels of toxin to R20291 at these time
375 points (Fig. 5b), with toxin-mediated damage to Vero cells, resulting in cell
376  rounding, cellular loss and reduced levels of staining with Giemsa. In agreement
377  with previous reports (Kirk et al. 2017), FM2.5 produced less toxin than R20291 at

378 36 h, although toxin production levels were comparable in all strains by 72 h.
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380  Fig5. Functional analysis of RvA and RvB in vivo and in vitro.
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381 (a) Female C57/Bl6 mice were challenged with spores of R20291, FM2.5, RvA, RvB
382  or mock infected with sterile PBS. Weight loss was monitored at the same timepoint
383  each day for four consecutive days following infection. Each point is the average of
384  multiple individuals, with at least 5 animals. (b) /n vitro toxin activity as measured
385  through challenge of Vero cells. Samples were prepared by filtering supernatant
386 following C. difficile growth for 36 or 72 h and activity was measured through
387  challenge of Vero cells. Supernatants were harvested at the same phase of growth
388  for each strain. ODew represents the optical density of Giemsa stain incorporated
389 and released from intact Vero cells, hence high OD represents limited toxicity.
390  Results displayed are the mean + SEM of at least three independent replicates.
391  Statistical tests were conducted using GraphPad Prism software v.12. Statistical tests
392  include one-way ANOVA with Tukeys post-test; or a student’s t-test with Welch’s
393  correction. Statistical significance is indicated: ns — not significant; *p < 0.05; **p <
394 0.01; and **p < 0.001.

395

396  Modification of the S-layer results in large changes in gene expression

397 To gain a greater understanding of the differences in gene expression
398  between R20291, FM2.5 and revertant strains, comparative RNA-Seq analysis was
399 conducted following in vitro growth. Analysis revealed differences in gene
400  expression between R20291 and FM2.5, with over 287 differentially expressed genes
401 (DEGs) (Fig. 6a), linked to alterations in metabolism, transport, membrane integrity

402  and sporulation (Fig. 6b). In contrast, less differences were observed when R20291
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403  was compared to RvA (44 DEGs), than RvB (185 DEGs), which showed similar
404 numbers of DEGs to FM2.5. This correlates well with the observed behaviour of
405 these strains within animals (RvA associated with WT-like disease and RvB with
406  FM2.5-like attenuation). Analysis of these data suggest that differences in observed
407  disease severity could be linked to changes in transcription of several virulence-
408  associated traits, including toxin A and B, and genes associated with sporulation.
409  While the recovery of an intact S-layer would appear sufficient in the case of RvA,
410  torestore wild type gene transcription, only partial transcription profile restoration,
411  including toxin expression, is observed in RvB. However, as toxic activity was
412  observed at 36h in culture, the alterations in transcription control seen in FM2.5
413 and RvB would appear to be limited to timing rather than absolute prevention of
414  toxin production.

415  Taken together, these data suggest that expression of the S-layer plays a key role in

416  C difficile disease within the host.
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418  Fig. 6 Global transcriptional differences between isolates of C. difficile following in

419  vitro growth.
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420  Analysis of mRNA recovered from in vitro grown cultures of C. difficile isolates
421  R20291, FM2.5, RvA and RvB. (a) Total number of differentially expressed genes
422  (DEGs) between experimental groups are highlighted in blue (upregulated) and gold
423  (downregulated). (b) DEGs from experimental comparison of R20291 and FM2.5
424  were categorised based on function. (c) Transcriptional differences in select genes

425  of FM2.5 relative to experimental comparison with R20291, RvA and RvB.

426
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427  Discussion

428  The S-layer of C. difficile has long been considered as integral to its physiology and
429  pathogenesis, with several roles reported, including adherence to the epithelial
430  barrier (Merrigan et al., 2013), immune cell signalling (Ryan et al., 2011; Chen et
431 al, 2020) , sensitivity to antimicrobial peptides (Kirk et al. 2017) and sporulation
432  efficiency (Kirk et al. 2017). Here, we describe the pathogenesis of the S-layer-null
433  mutant FM2.5 within the mouse model of disease and report the recovery of toxin-
434  independent, spontaneous S-layer variants in which SIpA expression is restored.
435  This unexpected but reproducible phenomenon supports the growing evidence that
436  this structure plays a key role in adaptation and survival within the host.

437 FM2.5, a strain originally selected through its resistance to the R-type
438  bacteriocin Av-CD291.2, was previously reported to be attenuated in the Syrian
439  hamster model of C. difficile (Kirk et al. 2017). These studies indicated that SlpA
440  was essential for disease, with no diarrhoeal symptoms observed in infected animals,
441  despite the recovery of FM2.5 from the caecum and colon of infected hamsters 14
442  days pi. While here we confirmed that the attenuated phenotype was reproducible
443  inmice, we also detected SIpA revertant clones from infected animals. Interestingly,
444  SIpA revertants were not observed during hamster infections, despite using the
445  same chromogenic agar for recovery of FM2.5 isolates from infected animals.

446 Isolation of FM2.5 SIpA revertants in mice but not in hamsters suggests that
447  differences in the local environmental conditions between the hamster and mouse

448  may influence the amplification and outgrowth of these S-layer variant strains.
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449 Indeed, it has been suggested that C. difficile colonisation efficiency may reflect
450  variation in expression of cathelicidins (such as LL-37) within these hosts (Woods
451  etal. 2018), which would help to explain why revertants were not amplified in the
452  hamster gut. This observation also lends support to the hypothesis that an intact S-
453  layer confers resistance to the antimicrobial activity of enzymes (such as lysozyme)
454  and antimicrobial peptides (LL-37) (Kirk et al. 2017). The observation that FM2.5
455  is acutely sensitive to LL-37 and lysozyme (Kirk et al. 2017) and becomes resistant
456  following S-layer restoration (Lanzoni-Mangutchi, 2022) further supports the
457  premise that revertants with an intact S-layer have a competitive advantage in vivo.
458 Selection and amplification of the revertants in this study further highlights the
459  competitive advantage offered by the S-layer in C. difficile intestinal survival. Poor
460 recovery of C. difficile at 24 hpi in FM2.5-infected mice could also be linked to
461  lower or less efficient rates of germination by FM2.5 compared to R20291. However,
462  in vitro studies using taurocholic acid as a germinant, indicate that these strains
463  show equivalent rates of germination (Kirk et al. 2017). Alternatively, lower rates
464  of FM2.5 at 24h hours could be a result of an increased susceptibility of the SIpA-
465 null mutant to anti-microbial peptides within the gut. The equivalent recovered
466  numbers at 48 and 72h for infections with FM2.5 when compared to R20291 may
467  correspond to an increased population of revertant clones, considering the high
468  level of reversion, as quantified by genetic analysis.

469 Although SIpA variants have not been observed during sequential growth of

470  the FM2.5 isolate in vitro, several factors may influence their presence, albeit at low
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471  numbers, within the inoculum used to infect mice. As a largely obligate anaerobe,
472  the sensitivity of C. difficile vegetative cells to oxygen complicates their use in
473  animal models of infection. In contrast, the preparation and use of spores correlates
474  with the natural infection and avoids co-administration of toxins expressed during
475  in vitro growth. However, as FM2.5 has a known reduced sporulation efficiency
476  (Kirk et al. 2017), it is possible that any variants expressing an intact S-layer present
477  would sporulate more efficiently and therefore represent a higher proportion of the
478  inoculum used for infection. Sequence analysis of s/pA of several different batches
479  of FM2.5 spores supported this hypothesis, with a small (>2.5%) proportion of the
480  population displaying variations upstream of the original s/pA mutation.

481 A delay in toxin production by FM2.5 has been reported previously (Kirk et al.
482  2017) which, coupled with the apparent delayed growth in vivo, could account for
483  the difference in weight loss between R20291 and FM2.5 infected mice after 24 hpi.
484  Using our FM2.54Paloc strain, we were able to demonstrate that the weight loss is
485  entirely dependent on toxin production. However, this raises the question as to why
486 animals infected with FM2.5, that show high and equivalent levels of tissue
487  colonisation by 48 hpi, do not show equivalent levels of weight loss and tissue
488 inflammation as R20291 infected animals. Several studies have shown that the S-
489  layer is essential in immune activation (Jarchum et al. 2012; Mamareli et al. 2019),
490  driving the production of proinflammatory cytokines via TLR4/MyD88 dependent
491  pathways and enhancing the toxin-activated inflammasome (Ryan et al., 2011;

492  Cowardin et al., 2015; McDermott et al., 2016). Together, this implies that the
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493  timing or spatial localisation of toxins and the S-layer relative to the epithelial
494  barrier could be crucial to immune activation. This is further supported by the
495  observation that RvB showed an equivalent reduction in toxin expression to FM2.5
496 in the RNA-Seq analysis and a reduction in disease severity in the mouse.

497 Alternatively, as a feedback mechanism between sporulation and the complex
498  regulatory network controlling toxin production has been proposed (Deakin et al.
499  2012), it is possible that a defect in FM2.5 sporulation may result in a delay in toxin
500 production. The observed reduction in toxin activity at 36h in the filtered culture
501 supernatant from FM2.5 correlated well with the log2 fold reduction in tcdB
502  transcripts (-4.14) and tcdA (-2.24) in mRNA recovered from FM2.5 cultures grown
503 for 6h, when compared to transcripts recovered from R20291 cultures, at the
504 equivalent timepoint. In contrast, RvB which also presented a reduction in toxin
505 gene expression compared to R20291 by RNA-Seq, demonstrated equivalent toxin
506 functional activity to R20291 when grown in vitrofor 36h; RvA and R20291 showed
507 comparable toxin expression in both systems. This suggests that whilst
508 modifications in S-layer can result in delays to toxin production, these changes do
509 not prevent or limit final activity supporting the hypothesis that disease severity
510 might be linked to the timing and co-ordination of S-layer and toxin by the host.
511 Mice infected with either RvA or RvB showed different disease severity, as
512  indicated by differences in weight loss. The low virulence of an RvB infection may
513  be, in part, explained by the structural differences. Indeed, structural analysis of

514  SlpArws revealed a new packing of SIpA molecules in the array, with a
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515  rearrangement of the position of SLPu and both interacting domains, now involved
516 intiling of the S-layer (Fig. 3). This suggests a considerable degree of adaptability of
517  both SLPi, where the reversion is located, and SLPu, to accommodate varying
518 interactions between neighbouring molecules. The absence of density to model D2
519  in SlpArs further illustrates that this domain is dispensable for S-layer assembly, as
520 previously reported (Lanzoni-Mangutchi et al., 2022). As S-layer assembly is
521 maintained mostly by hydrogen bonds and salt bridges (Lanzoni-Mangutchi et al.,
522  2022), rearrangement of the subdomains to create structures with complementary
523  surface charges seems to enable the different assemblies observed so far. These
524  changes in quaternary structure, with minor changes of secondary and tertiary
525  structure of the subdomains, suggests that the ability to form a paracrystalline array
526  is central to S-layer function and can be achieved in different arrangements. The S-
527 layer must retain a certain degree of flexibility, not only to account for the cell pole
528  curvature and allow cell division, but also for incorporation of minor cell wall
529  proteins that enhance functionality. The presence of a more intricate network of
530 interactions and more extensive interface areas when compared to the R20291-
531  related SlpArap: structure (Table S2) between neighbouring molecules seen in the
532  SlpArs structure suggests a potentially less flexible paracrystalline array, with less
533 ability to incorporate specific functions of minor CWPs, which may help to explain
534  differencesin disease patterns observed between RvB and the other revertant strain,
535  RvA; the structure of which needs to be studied in more detail. Further structural

536  studies of SlpArva revertant and SlpAr2emo: as well as detailed analysis of S-layer
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537 assembly and composition, including the capacity to incorporate other minor cell
538  wall proteins, will help elucidate the role of specific aspects of the S-layer.

539 While identification of SIpA revertants was unexpected and adds complexity to
540 the interpretation of the data from the mouse disease model, the rapid recovery of
541  these strains highlights the key contribution that the expression of an intact S-layer
542  offersto C. difficile infection in vivo. This work supports previous observations that
543  strains lacking the S-layer are less virulent in vivo, although it remains difficult to
544  identify the specific contribution of the S-layer in the infection process. Instead,
545  this work highlights the potential multifunctional contribution that the S-layer
546  plays in disease as, despite the number of differentially expressed genes observed
547  between R20291, FM2.5 and the revertants in vitro, recovery of the intact S-layer
548  was sufficient to restore virulence, at least in one revertant. Importantly, isolation
549 and characterisation of these variants, together with greater knowledge of gene
550 regulation and metabolic pathways impacted, offers a new opportunity to better

551 understand the role of the S-layer in C. difficile pathogenesis.

552
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553  Materials and Methods

554  Bacterial strains and growth conditions

555 The bacterial strains used in this study include C. difficile strain R20291, its
556  derivative FM2.5 (Kirk et al. 2017), RvA, RvB, RvC, RvD and FM2.5A PalLoc (this
557  study). Strains were routinely grown under anaerobic conditions on Braziers
558 cycloserine, cefoxitin egg yolk (CCEY) agar (Oxoid, UK); CHROMID® C. difficile
559  Chromogenic medium (bioMérieux); or in Tryptone yeast (TY) broth (Oxoid, UK).
560

561  Generation of FM2.5A PaLoc

562 Homologous recombination was used to generate a derivative of strain
563 FM2.5 that lacked the entire pathogenicity locus (PaLoc). Briefly, 1.2 kb up and
564 downstream of the Paloc was amplified by PCR wusing RF920
565  (cgtagaaatacggtgttttttgttaccctal[GGAATTTAGATATAAAAACCAATTC) and
566 RF921 (atttattttggtgtgGACAACATTGGAATTAAATCAG), and RF922
567  (aattccaatgttgtcCACACCAAAATAAATGCC) and RF923
568 (gggattttggtcatgagattatcaaaaaggCCCAACTATGGAAAAACC), respectively, and
569 cloned by Gibson assembly into plasmid pJAK112 (Fuchs et al. 2021) that had been
570 linearised by PCR using RF311 (TAGGGTAACAAAAAACACCG) and RF312
571 (CCTTTTTGATAATCTCATGACC). The resulting plasmid, pJAK143, was then
572  conjugated into C. difficile (Kirk and Fagan 2016) and mutagenesis to knock out the
573  Paloc was carried out using standard allele exchange (Cartman et al. 2012b).

574
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575 Murine model of infection
576 All procedures were performed in strict accordance with the Animals
577  (Scientific Procedures) Act 1986 with specific approval granted by the Home Office,
578 UK (PPL 60/8797 and PPL P1440270). Food and water were provided ad /ibitum and
579  animals kept at a constant room temperature of 20-22 °C with a 12 h light/dark
580 cycle. Groups of up to six C57/bl6 mice aged 68 weeks supplied by Charles River
581 (Edinburgh) were used in each treatment group. An antibiotic cocktail (kanamycin
582  [0.40 mg ml']; metronidazole [0.215 mg ml!]; colistin [850 U ml!]; gentamicin
583 [0.035 mg ml!]; and vancomycin [0.045 mg ml?] [all Sigma Aldrich, UK]) was
584  administered ad libitum in the drinking water as previously described (Jukes et al.,
585 2020) with clindamycin sulphate (150 mg Kg'!), administered by oral gavage
586 following cessation of the antibiotic cocktail. Animals were each challenged with
587  approximately 10° spores of C. difficile 72 h after clindamycin treatment. Mice were
588  monitored closely post-infection and weighed daily to determine the severity of the
589  disease. Animals with a weight loss greater than 10 % of pre-challenge weight were
590 given soft food and were culled if weight loss reached 20 %.
591
592  C. difficile shedding and organ colonization
593 Fresh faecal samples collected daily were weighed, serially diluted in
594  phosphate buffered saline (PBS) and cultured on CCEY agar at 37 °C for 48 h. At the
595  experimental endpoint, animals were culled, and the caecum and colon harvested.

596  Enumeration of total counts and spore-specific counts in lumen associated material
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597  were performed as previously described (Jukes et al., 2020) . In brief, total viable
598 counts were determined by plating serial dilutions on ChromID selective media
599  (Biomeuriex). Spores were enumerated following heat treatment at 56 °C for 20 min.
600

601  Quantification of toxin expression

602 Quantification of toxin activity was performed using monolayers of Vero
603 cells (kidney epithelial cells) as described previously (Buckley et al. 2011). Briefly,
604  toxin was recovered from the spent filtered TY medium used to support bacterial
605 growth for 36-72 h. Spent medium was recovered at the same stage of the growth
606 cycle and at the same ODesoonm. /nn vivo toxin activity was measured by filtering
607  luminal content collected from the caecum and colon of infected mice. Luminal
608 content collected from the caecum and colon of uninfected mice was used as a
609  control. Samples for toxin measurement were tested by the addition of serial
610  dilutions to confluent monolayers within 72 h of collection. Cells and toxin were
611  co-cultured for 24 h before cells were washed with phosphate buffered saline (PBS),
612  fixed with 5 % formal saline (Fisher), and stained with Giemsa for 30 min, before
613  thorough washing to remove excessive stain. For data presented in Figures 1d, and
614  S3, toxin activity was determined as the reciprocal of last dilution in which toxin
615  activity was observed, i.e. showing cell destruction. In Figure 5, in an attempt to
616  quantify the toxin activity more precisely, excess stain was removed by washing
617  with PBS before cells were permeabilised to release internalised stain using 200 pl

618 1% SDS. 100 pl of the supernatant was transferred to a fresh plate and the ODe2onm
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619  values determined. In this context higher values indicate Vero cells are intact and
620  unaffected by the toxin, lower values indicate that toxin mediated damage prevents
621  uptake and retention of the dye.
622
623  Histology and immunohistochemistry
624 Tissue samples were harvested from the caecum and colon of antibiotically
625  susceptible animals infected with either R20291 or FM2.5 at post-mortem, 48 hpi.
626  These tissues were gently washed in sterile PBS and immediately fixed in 10%
627  formalin. Embedded tissue sections were cut and stained with Hematoxylin and
628  Eosin (Jukes et al., 2020). Blind histological scoring of tissue was performed on 3
629 independent sections of caecal and colonic tissue. Each section was scored out of a
630  total of 20, with a score of 1 indicating no change, 2 mild change, 3 moderate change
631 and 4 severe changes, for the following categories: epithelial damage, neutrophil
632  migration, haemorrhagic congestion, tissue oedema and crypt hyperplasia. Data
633  presented represents the mean scores for 3 mice for each treatment.
634
635  slpA sequencing from isolated revertant clones
636 Individual clones of bacteria, recovered from faecal or tissue associated
637  material that showed different morphology on ChromID plates, where subject to at
638  least two rounds of clonal selection. Genomic DNA was isolated from a 20 ml
639  culture grown anaerobically for 18 h in tryptic soya broth (TSB). Bacterial cells were

640 initially disrupted enzymatically by resuspending the pellet in lysis buffer (20 mM
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641  Tris-Cl, pH8.0, 2 mM Na EDTA, 1.2 % Triton X-100, lysozyme 200 mg ml'), and
642  incubated at 56 °C for 90 min. The DNA was recovered using the DNeasy Blood and
643  Tissue Kit (Qiagen), following manufacturer’s instructions. A 478 bp fragment of
644  slpA, centred on the FM2.5 point mutation (Kirk et al. 2017), was amplified by using
645 oligonucelotides RF110 (GACATAACTGCAGCACTACTTG) and RF111
646 (CAGGATTAACAGTATTAGCTTCTGC). The resulting fragments were subjected
647  to Sanger sequencing and compared to wild type and FM2.5 sequences.

648

649  Isolation and sequencing of s/pA from faecal extracts

650 Faecal samples were also collected for sequencing of s/pA, by directly
651  extracting DNA from faecal samples using the FastDNA SPIN kit for soil (MP
652  Biomedicals). Briefly, approximately 200-600 mg of faeces sample was suspended in
653 978 pl sodium phosphate buffer with 122 pl MT™ buffer lysis solution. Samples
654  were then homogenised in a FastPrep instrument using two 30 second pulses, at
655  speed setting 6.5, in lysing matrix E. Samples were centrifuged for 10 min at 14,000
656  x gto remove debris. 250 pl protein precipitation solution was added to the lysate
657  supernatant, and the precipitant formed removed by centrifugation at 14,000 x g for
658 5 min. DNA was then bound to a silica matrix, washed using the kit wash buffer,
659  and eluted with water.

660 DNA extracted from faeces was used as a template for PCR amplification of
661  a 330 bp fragment of s/pA using Phusion polymerase (NEB) and RF2193

662 (ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTACTTGTAGCTACTTTTA
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663 TTGCAC) and RF2194 (GACTGGAGTTCAGACGTGTGCTCTTCCGATCT

664 CAAGGATATACAGTAGTACAGAGC) oligonucleotides. Resulting DNA

665  fragments were purified and sequenced using the amplicon-EZ service offered by
666 GENEWIZ (Azenta Life Sciences).

667

668  Extraction and western immunoblot analysis of S-layer and associated proteins

669 Surface layer proteins were extracted using low pH glycine as previously
670  described (Fagan et al. 2009) and analysed by SDS-PAGE using standard methods
671  (Laemmli 1970). Proteins were transferred to nitrocellulose membranes via semi-
672  dry transfer (Bio-Rad Trans Blot Turbo; 25 V, 30 min) for western immunoblot
673  analysis. Transfer efficiency was confirmed by PonceauS staining of membrane post
674  transfer, and Coomassie staining of the polyacrylamide gel following transfer (Fig.
675  S5). Membranes were blocked for 1 h in Phosphate-buffered Saline containing 0.1
676 % Tween20 (PBS-T) with 5 % milk powder. Blots were subsequently incubated in
677  primary antibody (rabbit anti-SLPx raised against C. difficile 630 1:100,000 dilution;
678  rabbit anti-SLP. raised against C. difficile R20291 1:200,000 dilution) in PBS-T
679  containing 3 % milk powder, for 1 h at room temperature. Membranes were washed
680 thoroughly in PBS-T before incubation with secondary antibodies (anti-rabbit
681  horseradish peroxidase, Promega WB401B 1:2,500 dilution) for 1 h at room
682  temperature. Blots were washed in PBS-T before detection by chemiluminescence

683  (Bio-Rad). Molecular weight (MW) markers (Thermo Scientific™ 26616) were
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684 imaged (Bio-Rad ChemiDoc XRS+) simultaneously and overlaid onto the blots to
685  aid visualisation.
686
687  Protein purification and X-ray crystallography
688 C. difficile revertant strains were cultured in 400 ml of TYG broth for 16 h.
689  Cultures were then centrifuged at room temperature at 4,696 x g and resulting
690 pellets were washed with 40 ml of 0.01 M HEPES pH 7.4 and 0.15 M sodium
691 chloride (HBS) buffer. S-layer extraction was performed by resuspending the
692  washed pellet in 4 ml of 0.2 M glycine-HCI pH 2.2 and centrifugation for 5 min at
693 21,100 x g Collected supernatant was then neutralized with 2 M Tris-base. S-layer
694  extract was filtered and resolved onto a Superdex 200 26/600 column using an AKTA
695  Pure FPLC system (Cytiva) in 50 mM Tris-HCl pH 7.5, 150 mM NaCl buffer.
696 Purified SlpArw at 10 mg ml! was subjected to crystallization using a
697 Mosquito liquid handling robot (TTP Labtech), with the sitting drop vapor-
698  diffusion method, at 20 °C. Crystals were obtained in 0.03 M magnesium chloride
699  hexahydrate; 0.03 M calcium chloride dihydrate, 0.12 M ethyleneglycol, 0.05 M Tris
700  (base); 0.05 M bicine pH 8.5, 20% v/v glycerol; 10% w/v PEG 4,000.
701 Data were collected on the 124 (A = 0.71 A) beamline at the Diamond Light
702  Source Synchrotron (Didcot, UK; mx24948-136) at 100 K. The data were acquired
703  from the automatic multi-crystal data-analysis software pipeline xia2.multiplex
704  (Gildea et al. 2022) within the Information System for Protein Crystallography

705 Beamline (ISPyB), re-processed using Automatic Image Processing with Xia-2
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706  (DIALS [Winter et al. 2018] and Aimless 3d [Evans and Murshudov 2013]) and
707  scaled with  Aimless within ccp4.cloud of CCP4 (Winn et al. 2011) software suit.
708 The initial model of the core SLPu was obtained by molecular replacement
709  in Phaser (McCoy et al. 2007), using an SlpAr+s model of CWB2 domains, derived
710  from the SlpArapz model (PDB ID: 7ACZ) and calculated using SWISS-MODEL
711  (Waterhouse et al. 2018). The generated solution model was then subjected to
712 automatic model building with Modelcraft (Cowtan et al. 2020), followed by
713  manual building with Coot (Emsley and Cowtan 2004) and refinement in Refmac5
714  (Murshudov et al. 2011).

715 Final models were obtained after iterative cycles of manual model building
716  with Coot and refinement in phenix_refine (Liebschner et al. 2019). Data collection
717  and refinement statistics are summarized in Table S1.

718 PDBePISA (Krissinel and Henrick 2007) was used to investigate interdomain
719  and protein-protein interfaces in the crystallographic lattice to identify interacting
720  residues, which were confirmed by manual inspection within COOT.

721 Structural representations were generated using PyYMOL Molecular Graphics
722 System (Schroédinger, LLC).

723

724  Protein structure prediction

725 Homology models for SlpArae and SlpArw were generated by providing
726  SWISS-MODEL webserver with the SlpArvs (PDB ID: 8BBY) or SlpArap2 (PDB ID:

727  7ACZ) as user templates, as well as without a template. Structural alignments
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728  between predicted models and templates were performed using COOT (Emsley and
729  Cowtan, 2004). As SlpAram lacks the D2 domain, predicted models based on this
730  experimental model have a disordered D2 domain. Therefore, overall comparison
731  of the three predicted models was based on models calculated in the default mode,
732 which uses SlpAr7404 (PDB ID: 7ACX) as a template, while analysis of the reversion-
733  containing region in the D1 domain was done using SlpArap2 or SlpArws derived
734  models.
735
736  Recovery of mRNA for RNA sequence analysis
737 RNA was recovered from C. difficile strains R20291, FM2.5, RvA and RvB
738  which had been cultured in vitroin TY broth. Briefly, bacterial cells reaching an
739  ODeé2onm = 0.6 were pelleted (5000 x g, 15 min) and immediately fixed in 1.5 ml RNA-
740  protect (Qiagen) for 10 min before being processed using a PureLink RNA mini kit
741  (Ambion) to extract total RNA. To ensure maximal lysis of bacteria and recovery of
742  RNA, the bacterial pellet was additionally subject to treatment with 100 ml
743  lysozyme solution (10 mg ml! in 10 mM Tris-HCI [pH8.0] 0.1 mM EDTA), 0.5 ml
744  10% SDS solution and 350 ml of Lysis Buffer (Invitrogen PureLink RNA Mini Kit)
745  containing 2-mercaptoethanol. Cells were then homogenised using MP Biomedical
746  beads (0.1 mm) and bead beater (MP Biomedical FastPrep24) with cells subject to 2
747  cycles of 60 s beating, followed by incubation on ice for 2 min. Total RNA was then
748  extracted using the standard PureLink RNA mini kit protocol, according to the

749  manufacturer’s specifications. Genomic DNA was removed using a TURBO DNase
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750 kit (Ambion) and samples were tested for efficient removal of DNA by conventional
751  PCR. Samples for RNA-Seq were prepared in triplicate on two separate occasions (6
752  samples for each) for all four bacterial strains.
753 Mlumina library preparation of mRNA samples for RNA-Seq was prepared
754  using a TruSeq Stranded mRNA library prep kit (Illumina) according to the
755  manufacturer’s instructions. Sequencing was performed on the Illumina NextSeq
756 500 platform (75 bp length; single-end). Library generation, optimisation of
757  amplification and sequencing were performed at the University of Glasgow
758  Polyomics facility. Quality control of sequencing data was performed using FastQC
759  (Babraham Bioinformatics) to assess the minimum Phred threshold of 20 and
760  potential data contamination. The raw data will be deposited to the Gene Expression
761  Omnibus reference ID GSE205747.
762
763  RNA analysis and identification of differentially expressed genes
764 Raw RNA-Seq datasets were subject to the following pipeline. Firstly, fastQ
765  files were assessed using FastP (Chen et al. 2018) and then were aligned to the C.
766  difficile R20291 (accession number NC_013316) reference genome using STAR
767  (Dobin et al. 2013) (v2.6) with —quantMode GeneCounts —outFilterMultimapNmax
768 1 and —outFilterMatchNmin 35. We used a Star index with a —sjdbOverhang of the
769  maximum read length — 1. Next, read count files were merged and genes with mean
770  of<1 read per sample were excluded. Finally, the expression and differential

771  expression values were generated using DESeq2 (Love et al. 2014) (v1.24). For
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772  differential comparisons, we used an A versus B model with no additional
773  covariates. All other parameters were left to default.
774 The processed data was then visualised using Searchlight (Cole et al
775  2021), specifying one differential expression workflow for each comparison, an
776  absolute logz-fold cut-off of 1 and adjusted p of 0.05. All other parameters were left
777  to default.
778
779  Pathway Analysis Methods
780 Functional and metabolic pathways were implied by interrogation of the
781 WP numbers assigned using the C. difficile annotated genome (NC_013316.1) and
782  entered into Uniprot or NCBI Blastp databases. Gene ontology (GO) was assigned
783  based on Biological Process assignment within Uniprot.
784
785  Statistical analysis
786 Statistical analysis was carried out in GraphPad Prism v.9. The tests and
787  parameters used are detailed in the figure legends throughout. Tests used included
788  t-test with Welch correction, ANOVA with Tukey’s post-test and Kruskal-Wallis
789  with Dunn’s multiple comparisons.
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