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Importance

Clostridioides difficile is a significant healthcare-associated pathogen, with recurrent
infections presenting a major treatment challenge due to further disruption of the microbiota after
antibiotic administration. Despite the success of fecal microbiota transplantation (FMT) for the
treatment of recurrent infection, the mechanisms mediating its efficacy remain largely
underexplored. This study reveals that effectiveness of FMT may be compromised by a
mismatch between donor microbes and the recipient environment, leading to deficits in key
microbial metabolites. These findings highlight additional factors to consider when assessing the

efficacy of microbial-based therapeutics for CDI and other conditions.

Abstract

Colonization resistance provided by the gut microbiota is essential for resisting both
initial Clostridioides difficile infection (CDI) and potential recurrent infection (rCDI). Although
fecal microbiota transplantation (FMT) has been successful in treating rCDI by restoring
microbial composition and function, mechanisms underlying efficacy of standardized stool-
derived products remain poorly understood. Using a combination of 16S rRNA gene-based and
metagenomic sequencing alongside metabolomics, we investigated microbiome recovery
following FMT from human and murine donor sources in a mouse model of rCDI. We found that
a human-derived microbiota was less effective in clearing C. difficile compared to a mouse-
derived microbiota, despite successful microbial engraftment and recovery of bacterial functional
potential. Metabolomic analysis revealed deficits in secondary metabolites, suggesting a
functional remodeling between human microbes in their new host environment. Collectively, our
data revealed additional environmental, ecological, or host factors involved in FMT-based

recovery from rCDI.


https://doi.org/10.1101/2024.11.19.624317
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.19.624317; this version posted November 19, 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(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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

66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
9%

available under a CC-BY-NC 4.0 International license.

Introduction

Colonization resistance against the healthcare-associated pathogen, Clostridioides difficile, is
predominantly mediated by the indigenous microbes in our gastrointestinal tract, termed the gut
microbiota (1). A diverse gut microbiota typically helps prevent initial colonization and disease
if an individual encounters C. difficile spores from the environment (2, 3). However, disruptions
to this ecosystem, such as following antibiotic treatment (4—7), can create conditions conducive
to C. difficile spore germination, outgrowth, and toxin production, leading to C. difficile infection
(CDD) (8, 9).

Given the crucial role of the microbiota in preventing CDI, there is significant interest in
developing alternatives to standard antibiotic therapies directed against C. difficile, which can
further disrupt the microbiota and heighten the risk of recurrent CDI (rCDI) (10, 11). Antibiotics
that specifically target C. difficile while preserving the gut microbiota show promise in reducing
rCDI rates (12, 13). Advances in treating rCDI have been demonstrated by the success of
microbial-based therapeutics, notably fecal microbiota transplantation (FMT), which involves
transferring stool from a healthy donor to a diseased individual to restore the recipient’s
microbiota (14). In 2023, the FDA approved two standardized stool-derived products for rCDI
treatment (15, 16). While these products have mitigated some safety concerns associated with
using minimally processed stool, they remain non-specific and still carry safety and efficacy
concerns (17-19). Despite the extensive research demonstrating potential mechanisms by which
gut microbes inhibit C. difficile (20-24), single probiotic or targeted microbial formulations do
not always achieve the success rates of FMT or stool-derived products (25, 26). Consequently, a
significant gap in knowledge remains regarding the specific factors and interactions that
determine long-term stability and success of the transplanted microbiota.

Both engraftment of specific microbial species and restoration of overall microbial diversity
is correlated with successful FMT outcomes (27-30). Mechanistically, these species are
hypothesized to reconstitute bacterial functions that inhibit C. difficile. One key microbial
function associated with FMT success is the transformation of primary bile acids in the gut,
which is exclusively performed by microbes and is known to inhibit vegetative growth of C.
difficile (20, 31, 32). Additionally, the levels of the bacterial fermentation products, such as the
short chain fatty acid (SCFA) butyrate, have been positively correlated with successful FMT
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97  outcomes in both mouse studies and patients with rCDI (33, 34). In addition to microbial-derived
98  metabolites, recent studies have also emphasized the importance of bacterial nutrient exclusion
99 in limiting C. difficile colonization (35-38). C. difficile is auxotrophic for several amino acids,
100  such as proline (39, 40), and can ferment amino acids, which are more abundant in a gut with
101  reduced bacterial diversity (5). Transplanting a microbiota capable of competing with C. difficile
102  for these nutrients likely plays a crucial role in successful clearance. The host environment may
103  also play a role in FMT success in addition to microbial functional restoration. For instance, the
104  host immune response has been observed to influence the ability of FMT to clear C. difficile in
105 mice (41). Increased inflammation can also change C. difficile metabolism and virulence (42), as
106  well as microbiota interactions (22, 43), that could influence FMT outcome. Understanding these
107  additional interactions when transplanting microbial communities between hosts is thus a critical
108  consideration for therapeutics relying on microbiota manipulation, particularly for conditions
109 beyond C. difficile where success rates are not as high (44, 45).
110 This study aimed to identify functions important for clearing C. difficile in the gut. However,
111  our results also highlighted additional factors to consider when translating microbial community
112 structure into functional outcomes, particularly in the context of host-microbe adaptation in the
113 gut. Using a mouse model of rCDI, we observed that compared to a mouse-derived microbial
114  community, a diverse human-derived microbial community was unable to clear C. difficile.
115  Independent of their ability to clear C. difficile, both fecal products demonstrated engraftment of
116  microbes typically associated with successful FMT outcome. Metagenomic sequencing also
117  demonstrated recovery of bacterial genetic functions important for C. difficile clearance,
118  suggesting recovery of functional potential, independent of C. difficile clearance. In contrast,
119  both untargeted and targeted metabolomics demonstrated deficits in many secondary
120  metabolites, in line with previous metabolomic comparisons before and after FMT. Collectively,
121  these results suggest human microbes, when transplanted into a mouse with an altered murine
122 microbiome, are unable to realize their functional potential in this new host environment. These
123  results underscore the need to consider not only the functional potential of a microbial-derived
124  therapeutic, but how to ensure that these functions manifest in a treated patient.
125
126
127
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128  Methods

129  Ethics Statement. All animal protocols were approved by the University of Michigan

130 Institutional Animal Care and Use Committee (protocol # PRO00008114), which adhere to the
131  Public Health Service Policy on Humane Care and Use of Laboratory Animals guidelines.

132 Informed consent was obtained from individuals prior to fecal donation using protocols approved
133 by the University of Michigan Institutional Review Board (#HUMO00130242, #HUMO00098164).
134

135  Mouse model of recurrent CDI. All experiments used 5 — 8 week-old C57BL/6 male and female
136  mice from an established breeding colony at the University of Michigan, originally sourced from
137  Jackson Laboratories (Bar Harbor, ME). Animal housing was conducted in specific-pathogen-
138 free and biohazard (autoclave-in / autoclave-out) conditions, received autoclaved food, water,
139  and bedding in a 12-hour light/dark cycle. A laminar flow hood with personal protective

140  equipment and the use of the sporicidal disinfectant Perisept (Triple S, Navigator #62, Los

141  Angeles, CA) was used for all cage changes, infections, and sample collections. Mice were

142 housed in groups of 3 — 5 animals per cage, ensuring multiple cages per group. Results represent
143  eight sets of experiments, with cage assignments and experimental groups detailed in Table S1.
144 A previously described CDI recurrence model was used for all experiments (46). Mice (n
145 = 129) were administered 0.5 mg / ml of cefoperazone (MP Biochemicals, #199695) in sterile
146  drinking water (Gibco, #15230) for 5 days. At day 0, mice received 103 spores of C. difficile

147  strain 630 (ATCC BAA-1382) in 20 ul sterile PBS (Gibco, #10010) via oral gavage, generated
148  as previously described (47). Mice were given 0.4 mg/ml vancomycin (Sigma, #V2002; #V8138)
149  in drinking water days 4 — 9. At day 11, mice were left untreated (‘noFMT’; n = 24) or

150  administered a 100 pl fecal preparation via oral gavage from one of the following sources: feces
151  from healthy, untreated, age-matched animals from the same breeding colony (‘mFMT’; n = 33),
152 feces from healthy, untreated animals from other breeding colonies (‘mFMT-other’; n = 23), or
153  feces from one of six human donors (‘hFMT’; n = 53). Detailed preparation protocols and donor
154  sources are further described in Supplemental Methods. Mice were monitored daily for clinical
155  signs of CDI and weight loss, with indicated fecal samples collected directly from mice

156  throughout the experiment and cecal content collected at euthanization at early (day 21) or late

157  (day 42) timepoints.
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158 Fecal and cecal samples were enumerated in an anaerobic chamber (Coy Laboratory

159  Products, Grass Lake, MI) for C. difficile via colony-forming units (CFUs) (46). Briefly, samples
160  were homogenized in pre-reduced PBS in a 1:10 ratio based on sample weight, and serially

161  diluted to 10°%. Multiple 100 pl dilutions were plated onto taurocholate cycloserine cefoxitin

162  fructose agar (TCCFA) plates (48) for overnight incubation prior to CFU enumeration.

163

164  DNA extraction, library preparations, and sequencing. DNA was extracted with the MO Bio
165  PowerFecal kit (now PowerFecalDNA, Qiagen, Hilden Germany), adapted to the epMotion 5075
166 TMX (Eppendorf, Hamburg, Germany). The UMICH Microbiome Core conducted all DNA

167  library preparation and 16S rRNA gene-based sequencing (46), as developed by Kozich et al
168  (48). Briefly, the V4 region of the 16S rRNA gene was PCR-amplified using barcoded dual-

169  index primers. Upon confirmation of a correctly sized PCR product using gel electrophoresis
170  (Invitrogen, #G401002), PCR products were normalized using the SequelPrep plate kit (Life

171  Technologies, #A10510-01) and pooled per 96-well plate. Each pool was quantified using qPCR
172 (KapaBiosystems, #KK4854) and sized using the Agilent Bioanalyzer high-sensitivity DNA kit
173 (Agilent, #5067-4642). The Illumina MiSeq platform with the MiSeq Reagent 222 kit v2 (#MS-
174  102-2003) was used to sequence amplicons with a 10% PhiX spike according to manufacturer’s
175  protocol using a final concentration of 4 pM.

176 Metagenomic sequencing was conducted by the University of Minnesota Genomics

177  Center (UMGC) and the Clemson University Genomics and Bioinformatics Facility (CUGBF)
178  (Table S1). All libraries were prepared with Nextera XT DNA Library Prep kit (part

179  #15032355), quantified using the Kapa qPCR, and sized via the Agilent Bioanalyzer before

180  pooling to an equimolar concentration and sequencing, using paired-end 2x150 settings on either
181  the [llumina NovaSeq 6000 or NextSeq 550 platform.

182

183  16S rRNA gene-based analyses. Sequences were processed using mothur v1.37.6 (49), with

184  specific quality parameters and commands indicated in the associated data repository (‘Code

185  Availability’). Briefly, the SILVA rRNA database project (v128) (50) was used to align reads to
186  the V4 region of the 16S rRNA gene, using UCHIME to remove chimeric sequences (51).

187  Sequences were taxonomically classified using the mothur-adapted version of the RDP database

188  (v16) (52) using the Wang method (80% minimum bootstrap) (53). Operational taxonomic units
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189  (OTUs) were clustered to 97% similarity using the OptiClust algorithm in mothur (54) and used
190  for Shannon diversity index and pairwise Bray-Curtis dissimilarity index values. A combination
191  of base R commands and packages were used for data visualization and statistical analyses.

192  Nonmetric multi-dimensional scaling (NMDS) and PERMANOVA were implemented using

193  vegan (55). The Kruskal-Wallis test was used for statistical significance across multiple groups,
194  with a post-hoc Dunn’s test when applicable. Multivariable Association with Linear Models

195 (MaAsLin2) was used to calculate significantly abundant OTUs between cleared vs colonized
196  mice (56).

197

198  Metabolomics. Detailed processing and quantification steps are described in Supplemental

199  Methods. Briefly, untargeted metabolomics from cecal samples were conducted by Metabolon
200  (Durham, NC) using Ultrahigh Performance Liquid Chromatography-Tandem Mass

201  Spectroscopy (UPLC-MS/MS) (Table S3). Targeted cecal measurements of bile acids (LC-MS)
202  and SCFAs (GC-MS) were conducted by the University of Michigan Metabolomics Core. Fecal
203  SCFA measurements (HPLC) were conducted at the University of Michigan Microbiome Core,
204  as previously described (57).

205

206  Metagenomic taxonomic and functional profiling. Host reads and adapters were removed from
207  raw reads using KneadData (v0.12.0). Quality-filtered metagenomes were taxonomically profiled
208  using MetaPhlAn v4.1 using the vOct22 CHOCOPhlanSGB with default parameters (58).

209  Functional gene annotation and quantification of filtered sequence data was conducted using

210 HUMANN v3.6 (59) against the Uniref90 functional gene database (60) with default settings.
211  Pathway annotation was also conducted using HUMAnN3 against the MetaCyc v24.0 database
212 (61). Generated reads per kilobase per million (RPKM) counts of annotations were normalized to
213 copies per million (CPM) to account for sequencing depth variability. For global assessment of
214 genes, Uniref90 IDs were regrouped as KEGG orthologs (KO) (62) using the

215  humann_regroup tables command. A combination of base R commands and packages were used
216  for data visualization and statistical analyses. Inverse-simpson diversity, pairwise Bray-Curtis
217  dissimilarity index values, nonmetric multi-dimensional scaling (NMDS), and PERMANOVA
218  were implemented using vegan (55). Significant differences in taxonomic or gene abundance

219  was determined using MaAsLin2 package (56). The Kruskal-Wallis test was used for statistical


https://doi.org/10.1101/2024.11.19.624317
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.19.624317; this version posted November 19, 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 a CC-BY-NC 4.0 International license.

220  significance across multiple groups, with a post-hoc Wilcoxon rank-sum or Dunn’s test when
221  applicable.

222

223 Data and code availability. Raw sequence data have been deposited in the Sequence Read

224 Archive (Project PRINA1168499). All code involved in generating analyses for this study,

225  including processed raw data, is available at https://github.com/SeekatzLab/mouseCDI-SPF-

226 hFMT.

227

228  Results

229  Human-derived microbiota engraft in mice but fail to clear C. difficile in a mouse model of

230  recurrent infection

231 We previously developed a mouse model of rCDI, demonstrating that employing mouse-
232 FMT derived microbiota from healthy, untreated mice (mFMT) rapidly cleared C. difficile (46,
233 63). In this model, mice are rendered susceptible to C. difficile with cefoperazone prior to spore
234 inoculation (Figure 1A). At maximal disease severity (day 4), mice are treated with vancomycin,
235  which results in C. difficile suppression. However, upon vancomycin cessation, C. difficile will
236  re-colonize. In the current study, we aimed to identify human-specific microbiota with the

237  capacity to clear C. difficile and used fecal material from different healthy human donors,

238 including a subset of fecal sources previously used to successfully treat human patients (hFMT; n
239 =6 unique fecal samples) (Table S1) (34). As previously observed, mice lost weight during

240 initial and recurrent infection (Figure 1B). Without treatment (noFMT), mice remained colonized
241  (Figure 1C). Successful clearance of C. difficile was once again observed by healthy mouse feces
242 (mFMT), as well as additional mouse-derived fecal material from other genotypes colonies or a
243 spore-preparation of mouse feces (mFMT-other; Table S1 and Methods). In contrast to mFMT,
244 none of the hFMT sources used in our study demonstrated capacity to clear C. difficile (Figure
245 1C, D; Table S1) (29).
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Figure 1. Human-derived fecal material fails to clear C. difficile in mice with recurrent C. difficile infection
(CDI). A) Mouse model of recurrent CDI. B) Percent weight loss (compared to day 0, day of C. difficile
infection) over time in mice treated with feces from healthy humans (hFMT; n = 53), colony-matched mice
(mFMT; n = 33), mice representative of different genetic or colony backgrounds (mFMT-other; n =23), or
untreated mice (noFMT; n = 24). C. difficile colonization, as assessed using the logio-normalized colony-forming
units (CFU), identified in C) fecal samples over time or D) cecal samples at day 21 or day 42 post-infection in
mice treated with hFMT, mFMT, hFMT, or untreated (noFMT) mice. Statistical significance determined using
Kruskal-Wallis test, with a post-hoc Dunn test for (D) (*p < 0.01, **p <0.001, ***p <0.0001).

246

247 We conducted 16S rRNA gene-based sequencing to identify whether failure to clear C.
248  difficile was due to limited engraftment of human-derived microbiota in recipient mice. As

249  assessed by non-metric multidimensional scaling (NMDS) of the Bray-Curtis dissimilarity

250 calculated from operational taxonomic units (OTUs), the overall microbiota structure was shifted
251  following both antibiotic treatments and C. difficile inoculation (PERMANOVA, p <0.001;

252 Figure 2A). Although fecal specimens from hFMT recipients were less similar to their input

253  communities than either mFMT or mFMT-other (Dunn’s test, p < 0.0001; Figure 2B, left panel),
254  variability across recipients in each treatment group was relatively similar, with the exception of

255  mice given mFMT-other, which were more similar to each other (Dunn’s test, p < 0.0001; Figure


https://doi.org/10.1101/2024.11.19.624317
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.19.624317; this version posted November 19, 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 a CC-BY-NC 4.0 International license.

256 2B, middle panel). Inter-group dissimilarity was high across all recipient comparisons, with mice

257  receiving mFMT versus noFMT displaying the highest dissimilarity (Figure 2B, right panel).
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Figure 2. Human-derived fecal bacteria engraft mice with CDI. A) Non-metric multidimensional (NMDS)
scaling of the Bray-Curtis dissimilarity index calculated from operational taxonomic units (OTUs) throughout
CDI timeline. Fecal samples throughout the experiment or endpoint cecal samples were collected throughout
experiment (pre-FMT) without treatment (noFMT) and following treatment with various mouse (mFMT1 —4) or
human (hFMT1 — 6) feces, with sample designation (including FMT inputs) as indicated in legend.
PERMANOVA, p <0.001 calculated across groups (mFMT, hFMT, and noFMT) for both cecal and fecal
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timepoints. B) Pairwise Bray-Curtis dissimilarity calculated between treatment groups (mFMT, mFMT-other,
hFMT, and noFMT) and their respective inputs or between and within treatment groups. C) Average relative
abundance of top 98% genera observed in cecal samples prior to any treatment (pre-abx) or at indicated
timepoints without treatment (noFMT) or following mFMT, mFMT-other, or hFMT. Shannon diversity index
calculated from C) fecal samples over time or D) cecal samples at day 21 or day 42 post-infection in mice treated
with hFMT, mFMT, hFMT, or untreated (noFMT) mice. F) Differentially abundant OTUs between mice that did
(mFMT, mFMT-other) versus did not clear (hFMT, noFMT) C. difficile (MaAsLin2, linear model with BH
correction, g < 0.001) with the logio-normalized relative abundance (RA+1) per OTU per treatment group.
Statistical significance for (B, D, E) determined using Kruskal-Wallis test, with a post-hoc Dunn test for (B, E)
(*p <0.01, **p <0.001, ***p <0.0001).

258

259 Composition of the microbiota across treatments demonstrated increased members of
260 Firmicutes (Bacillota) and Bacteroidetes (Bacteroidota) in both hFMT and mFMT-treated mice
261  compared to the noFMT group, which was primarily dominated by Enterobacteria and

262  Verrucomicrobia (Verrucomicrobiota) (Figure 2C). Specifically, many genera frequently

263  associated with resistance to or recovery from C. difficile in mouse and human studies (30, 34,
264  64) were increased following both hFMT and mFMT, including Bacteroides and unclassified
265  Lachnospiraceae species (Figure 2D, Figure S1). Within Bacteroidetes, Bacteroides dominated
266  mice given hFMT whereas mouse-specific unclassified Porphyromonadaceae and Alistipes were
267  more abundant in mice given mFMT. Within Firmicutes, Lactobacillus, unclassified

268  Clostridiales, and unclassified Peptostreptococcaceae (inclusive of C. difficile) were more

269  predominant in noFMT mice, whereas a variety of Firmicutes genera, including Blautia,

270  Faecalibacterium, and unclassified Lachnospiraceae species, were observed in mFMT and

271  hFMT groups. Mice given hFMT also demonstrated increased overall diversity compared to

272 noFMT mice, although not as high as mice given mFMT (Dunn’s test, p < 0.0001; Figure 2D,
273  E). Using MaAsLin2, we identified several differentially abundant OTUs between mice that did
274  (mFMT, mFMT-other) or did not (hFMT, noFMT) clear. However, comparison of the abundance
275  of these OTUs across all four groups demonstrated that many OTUs in mice given mFMT were
276  still taxonomically represented within mice given hFMT, suggesting the presence of different but
277  taxonomically similar species in both FMT groups. Collectively, these results support the

278  engraftment of human-adapted microbiota in mice, including genera typically associated with
279  successful treatment of rCDI via microbiota replacement.

280

281  FMT input source dictates species-level composition post-transplantation independent of C.

282 difficile clearance
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283 We conducted metagenomic sequencing to further resolve taxonomic differences

284  between the treated mice. Similar to the 16S rRNA gene-based taxonomic profiles, the ceca of
285  mice treated with either FMT exhibited distinct strain-level composition from untreated mice, as
286  demonstrated by NMDS of the Bray-Curtis dissimilarity based on species abundance using

287  MetaPhlan4 (PERMANOVA, p < 0.001; Figure 3A). Minor clustering by individual hFMT

288  donors was also observed, although not as pronounced as among the three treatment groups.

289  Bray-Curtis distance was highest between hFMT- and mFMT-treated mice, although the other
290  comparisons (MFMT:noFMT, hFMT:noFMT) were also significantly different (Dunn’s test, p <
291  0.0001; Figure 3B). Compared to mice that received mFMT, untreated mice exhibited

292  significantly decreased species level diversity (Wilcoxon rank-sum test, p < 0.05; Figure 3C).
293  Decreased diversity, albeit higher than untreated mice, was also observed in mice treated with
294  hFMT (Wilcoxon rank-sum test, p < 0.05; Figure 3C). Mice treated with either FMT were

295  dominated by diverse Firmicutes and Bacteroidetes species compared to untreated mice, which
296  exhibited an expansion of Verrucomicrobia (Figure 3D). Individual variation between microbiota
297  of the mice was observed, although overall trends in composition clustered by FMT source

298  (Supplementary S2).
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Figure 3. FMT source determines species composition post-transplantation, regardless of C. difficile
clearance A) NMDS of Bray-Curtis dissimilarity (stress= 0.1390) and B) Bray-Curtis distances based on
bacterial species identified in fecal and cecal samples from mice. Asterisks denote significance (**** p <0.0001)
determined using Kruskal-Wallis test, with a post-hoc Dunn test. C) Inverse Simpson Diversity of bacterial
species identified in cecal samples. Asterisks denote significance (** p < 0.05) determined using Kruskal-Wallis
test, with a post-hoc pairwise Wilcoxon rank-sum test. D) Average relative abundance of bacterial genera
identified by MetaPhlAn4 from cecal samples of mice. E) Mean logio-transformed (CPM + 1) of named bacterial
genera significantly different in abundance across treatment groups compared to mice treated with mFMT (based
on MaAsLin2; linear model with BH correction, g <0.01).

299

300 MaAsLin2 was used to identify differentially abundant bacterial taxa between mice that
301 did (“cleared”; mFMT) or did not clear C. difficile (“‘colonized”; hFMT or noFMT). Many of the
302  bacterial species with the largest variation were unnamed members of the Firmicutes phylum
303  (linear model with BH correction; q <0.001; Supplementary S3). Several species identified,

304 including Acetatifactor muris, Faecalibaculum rodentium, and Duncaniella muris, are

305 commonly found in mouse microbiota (65, 66) and are not typically associated with C. difficile

306 infection or clearance (Figure S3). We also used MaAsLin2 to identify differentially abundant
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307  species across all three groups, independent of C. difficile clearance (Supplementary S4). This
308  multi-group comparison demonstrated taxa unique to each group, although the majority were
309 unnamed or unclassified (linear model with BH correction, g < 0.01; Supplementary S4). Among
310 the 165 species identified as differentially abundant, only 52 were named at the species level
311  (linear model with BH correction, ¢ < 0.01; Figure 3E). Species such as Clostridium butyricum,
312 Flavonifractor plautii, and Eggerthella lenta were unique to hFMT-treated mice, whereas only
313 Clostridium methylpentosum was unique to untreated mice (Figure 3E). Some species that

314  increased in hFMT-treated mice compared to mFMT-treated mice were those associated with a
315  typical human microbiota, including Bacteroides fragilis, Bacteroides thetaiotaomicron, and
316  Phoecaciola vulgatus (Figure 3E). Collectively, our results suggest similar findings from initial
317  16S rRNA gene-based sequencing, in that human-derived taxa colonize mice post-FMT despite
318  their inability to clear C. difficile.

319

320 Metagenomic functions vary depending on source of FMT, independent of C. difficile clearance
321 To investigate the functional potential of the engrafted microbiota, we used Humann2 to
322  identify KEGG Ortholog (KO) counts from the metagenomes. Based on Bray-Curtis

323  dissimilarity of normalized KO abundances, the gene-encoded functional profile also

324  demonstrated distinct clustering by treatment group, with some mice that received hFMT

325  exhibiting overlapping KO profiles with mice that received mFMT (PERMANOVA, p <0.001;
326  Figure 4A). Confirming what was seen on with NMDS, Bray-Curtis distances among all

327  comparisons showed that hFMT samples were significantly more dissimilar to noFMT samples
328 than mFMT samples (Dunn’s test, p < 0.05; Figure 4B). We observed 143 over-represented KOs
329  and 170 underrepresented KOs in mice that did not clear C. difficile compared to those that did
330 (linear model with BH correction, ¢ < 0.001; Figure 4C). The majority of these (n=160) were
331 related to metabolism (Figure S5), with the remainder (n=153) classified under genetic

332  information processing, cellular processing, or environmental processing (Figure S6). For

333  metabolism-related KOs, several were more abundant in the microbiota of mice that did not clear
334  C. difficile. These included genes potentially involved in detoxifying inflammatory products

335  derived from the host such as glutaminase, catalase, and those involved in ethanolamine

336 utilization (Figure S5) Additionally, several translation-associated genes were more abundant in

337  the microbiota of these mice (Figure S6). Conversely, KOs more abundant among the microbiota
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338
339

of mice that cleared C. difficile include those involved in urea metabolism and metal nutrient

uptake (Figure S5, S6).
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Orthologs (KOs) identified in fecal and cecal samples from mice. Asterisks denote significance (** p <0.05)
determined using Kruskal-Wallis test, with a post-hoc Dunn test C) KOs identified to be significantly different in
abundance between mice that did or did not clear C. difficile (based on MaAsLin2; linear model with BH
correction, g < 0.001). D) Mean logio-transformed (CPM + 1) of amine, amino acid, and carbohydrate
metabolism MetaCyc Pathways significantly different across treatment groups compared to mice treated with
mFMT (based on MaAsLin2; linear model with BH correction, ¢ < 0.001). E-K) CPM of genes belonging to the
labeled amino acid metabolism MetaCyc Pathway, colored by the genus that encodes it. L-P) CPM of Uniref90
genes associated with bile salt hydrolase (Bsh) or terminal genes involved in butyrate production (buk, but, 4-Hbt,
and Ato). Asterisks denote significance (** p <0.01, *** p <0.001, **** p <(0.0001) determined using Kruskal-
Wallis test, with a post-hoc pairwise Wilcoxon rank-sum test.

340

341 Due to limitations with KEGG annotation for certain microbial metabolic functions, we
342  used the Uniref90 database to investigate whether the abundance of genes previously associated
343  with C. difficile differed across groups. We hypothesized that bsh, the gene responsible for

344  deconjugating primary bile acids, would be over-represented in mice that cleared C. difficile,
345  given the importance of bile acids in C. difficile pathogenesis (21, 23, 24). Strikingly, hFMT-
346  treated mice had the highest abundance of this gene (Wilcoxon rank-sum test, p < 0.0001; Figure
347  4P). We did not detect a complete bai operon, required for 7a-dehydroxylation of unconjugated
348  bile acids (67) of in any treatment group (Figure S7). We also looked at the abundance of genes
349 involved in the final step of butyrate production (68), which has been correlated with successful
350 FMT treatment (34) and clearance of C. difficile (33) (Figure 4C). Of the main butyrate-

351 producing genes, butyryl-CoA:acetate CoA transferase (but) and butyrate kinase (buk), but was
352  increased in mice given mFMT (Wilcoxon rank-sum test, p < 0.001; Figure 4M), but buk was
353  increased in mice given hFMT and untreated mice (Wilcoxon rank-sum test, p < 0.0001; Figure
354  4L). A similar pattern was observed for two additional genes that encode terminal enzymes

355 involved in producing butyrate from alternative substrates, succinate (44bt) and lysine (ato),
356  where 4hbt was more abundant in mice that cleared (mFMT) (Wilcoxon rank-sum test, p <

357  0.00001; Figure 4N). Although not significant, ato was more abundant in mice that did not clear
358  C. difficile (Figure 40).

359 Given the gene-level functional differences across the microbiomes of mice from

360 different treatment groups, we expanded our analysis to explore these variations at a pathway
361 level. Using MaAsLin2, we identified MetaCyc pathways with significant differences in

362  abundance between mice that received hFMT or no FMT and those receiving mFMT (linear
363 model with BH correction, ¢ < 0.001; Figure 4D, S8). We identified numerous amine, amino

364  acid, and carbohydrate pathways present across the microbiota of mice in all treatment groups,
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365  with distinct variation in pathway abundance depending on the type of FMT administered

366  (Figure 4D). In mice that received no treatment, several pathways involved in amino acid

367  metabolism, including some for which C. difficile is auxotrophic for, were present at higher

368 abundance (Figure 4D).

369 Recognizing the importance of amino acid utilization in C. difficile clearance, we next
370  examined whether the taxa contributing these amino acid pathways would be different (Figure
371  4E-K). In the microbiota of mice that received no FMT, these pathways were dominated by

372 Proteobacteria (Pseudomonadota), whereas the pathways of hFMT-treated mice were

373  predominately attributed to Bacteroides and Firmicutes members (Figure 4E-K). Interestingly,
374  the microbiota contributing these functions in both healthy and mFMT-treated mice are largely
375 unclassified (Figure 4E-K). Altogether, our results reveal distinct functional differences in the
376  microbiota of mice based on FMT treatment, with key genes and pathway differences related to
377  detoxification, amino acid metabolism, and metabolite production.

378

379  Mice treated with human-derived microbiota have limited restoration of microbial metabolites
380 typically associated with C. difficile clearance

381 While recovery of the microbiota community structure is correlated with CDI recovery, it
382 s the functional recovery provided by this community that ultimately contributes to resistance or
383  clearance. To compare how mFMT and hFMT impacted the realized functions in the gut after
384  FMT, we conducted untargeted metabolomics of a subset of cecal samples. This included

385  samples from mice given mFMT or hFMT (from three different donors) compared to no

386 treatment. Comprehensive differences among the three groups were observed (PERMANOVA, p
387 <0.001), as assessed by NMDS of the Bray-Curtis dissimilarity based on the median-scaled and
388  minimum-imputed abundance of metabolites (Figure SA). Based on pairwise Bray-Curtis

389 distance calculations, mice receiving mFMT were significantly more similar to healthy mice than
390 any other group (Dunn’s test, p < 0.001; Figure 5B, right panel). Intra-group dissimilarity was
391 lower than inter-group dissimilarity, with the highest dissimilarity observed between mice

392 receiving mFMT compared to mice receiving no treatment (Figure 5B, middle and right panels).
393  Random Forest analysis of the most important features between cleared (healthy or mFMT-

394  treated mice) and colonized mice (WFMT or noFMT) identified increased lipid-classified

395 compounds in cleared animals, including the bile acids isohyodeoxycholate and
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396 taurohyodeoxycholate, and the SCFAs butyrate and valerate (Figure 5C). In contrast, many
397 amino acids and carbohydrates were decreased in cleared animals, including polyamines such as
398 N-acetyl-cadaverine and N-acetyleputrescine and neuropeptides such as N-

399  Acetylaspartylglutamic acid and gamma-aminobutyric acid.
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Figure 5. Mice treated with human feces (hFMT) demonstrate differential metabolic recovery. A) Non-
metric multidimensional (NMDS) scaling of the Bray-Curtis dissimilarity index calculated from metabolite
abundances from untargeted metabolomics in cecal samples of uninfected mice (healthy), mice with rCDI
receiving no treatment (noFMT), or treated with human (hFMT1 — 3) or mouse feces (MFMT). PERMANOVA, p
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< 0.001 calculated across groups (healthy, mFMT, hFMT1 — 3 combined, and noFMT). B) Pairwise Bray-Curtis
dissimilarity calculated between (healthy, mFMT, hFMT, and noFMT) and within groups. Statistical significance
determined using Kruskal-Wallis test, with a post-hoc Dunn test (*p < 0.01, **p <0.001, ***p <0.0001). C)
Mean Decrease Accuracy (MDA) of top 25 important metabolites increased or decreased post-FMT from
untargeted metabolomics, as identified by Random Forest Analysis. Mean logio-normalized median-scaled and
minimum-imputed abundance of each metabolite. Targeted analysis of (D) acetate, (E) propionate and (F)
butyrate fecal abundances over time in mice with rCDI treated with mFMT, hFMT, or noFMT. Targeted analysis
of cecal (G) acetate, (H) propionate and (I) butyrate abundance at day 21 or 42 post-infection in uninfected mice
(healthy; grey) compared to mice with rCDI treated with mFMT, hFMT, or noFMT. J) Total levels of primary
and secondary bile acids from targeted metabolomics in the ceca of uninfected mice (healthy) compared to mice
with rCDI treated with mFMT, hFMT, or noFMT.. K) Deoxycholic acid (DCA), L) ow-muricholic acid (MCA),
M) cholic acid (CA), N) taurocholic acid (TCA), O) a-MCA and P) 3-MCA in the same mice. Statistical
significance for (D — P) determined using Kruskal-Wallis test, with a post-hoc Dunn test for (G-I, K—P) (*p <
0.05, **p < 0.005, ***p < 0.0005).

400

401 We also conducted targeted analysis of metabolites previously associated with C. difficile
402  susceptibility or resistance. The predominant gut SCFAs acetate, propionate, and butyrate all
403  decreased during antibiotic treatment (Figure SD-I). While acetate and propionate levels both
404  increased following mFMT or hFMT compared to untreated mice, butyrate levels remained

405  significantly decreased in mice given hFMT compared to mFMT (Kruskal-Wallis, p < 0.05). Of
406 note, cecal levels of all three SCFASs never recovered to levels of uninfected mice, with untreated
407  and hFMT-treated mice demonstrating the lowest levels of cecal butyrate (Figure 5G-I). Total
408 primary and secondary bile acids were also decreased following hFMT compared to mFMT

409  (Figure 5J). Following antibiotic exposure, we observed overall decreases in the secondary bile
410 acids deoxycholic acid (DCA) and w-muricholic acid (w-MCA), as well as the primary bile acids
411  cholic acid (CA), a-MCA, and B-MCA (Figure SK-P). Overall, levels of any measured bile acid
412  were decreased in the hFMT-treated group. While partial recovery of DCA was observed in

413  hFMT-treated mice (Figure 5K), little recovery of the mouse-specific w-MCA was observed in
414  mice that did not clear (WFMT or noFMT) (Figure 5L). The primary bile acid and spore

415  germinant, taurocholic acid (TCA), increased following antibiotic exposure, but decreased back
416  to low levels in all three groups after treatment (Figure SN). In contrast, cholic acid (CA) was
417  highest in the no FMT group and lowest in the hFMT-treated group (Figure SM).

418

419  Discussion

420 The success of FMT in treating rCDI has been linked to both the restoration of key taxa (29,
421 30, 64) as well as the recovery of specific metabolic functions (24, 32, 34). Although specific

422  OTUs after FMT vary across human studies, taxonomic similarity across individuals likely
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423  fulfills redundant and necessary functions that aid C. difficile clearance. Our results using a

424  mouse model of rCDI suggest that engraftment alone does not guarantee the functional outcomes
425  necessary for C. difficile clearance. Despite observing engraftment of similar taxa and recovery
426  of many gene-encoded functions following both mFMT and hFMT mice, C. difficile clearance
427  did not occur with hFMT treatment. The inability to clear C. difficile was accompanied by

428  deficits in microbial metabolites typically associated with clearance, implying that the mere

429  presence of ‘healthy’ taxa and their gene-encoded functions is not sufficient to ensure FMT

430  success. While human studies suggest that inter-individual variation in FMT outcomes for rCDI
431  may be of minimal concern, host-or microbe-related differences between recipients and their
432  donors could explain FMT failures for rCDI or decreased efficacy for conditions other than rCDI
433 (45,69, 70).

434 Our study assessed microbiome recovery after FMT from human- or mouse-derived sources
435 by examining microbial composition (taxonomic), genomic potential (gene-encoded functions),
436  and metabolites (realized functions). At the compositional level, both 16S rRNA gene-based and
437  metagenomic sequencing demonstrated increased recovery of overall diversity and species

438  engraftment from hFMT into mice. These findings suggest that failure to clear C. difficile was
439  not due to an inability of human microbes to colonize the mouse gut. This observation aligns
440  with previous studies showing that a humanized microbiota can engraft antibiotic-treated mice
441  (71) and specifically that human microbes in a mouse can confer resistance to primary infection
442  with C. difficile (72, 73). However, C. difficile clearance in mice using a human microbiota in the
443  context of rCDI has not been demonstrated in the literature. More commonly, studies have

444  assessed the ability of different human feces to resist initial C. difficile colonization, using

445  disease severity as a measure of C. difficile resistance to identify potentially relevant resistance
446  mechanisms (74—76). This indicates that while human microbiota transplanted into mice may be
447  effective in preventing the initial germination and colonization of C. difficile, clearing an

448  established infection requires a different mechanism, one that, at least in our model, could not be
449  achieved by human microbes transplanted into a mouse gut.

450 Compared to taxonomic differences, differences in the gene-encoded functions across the
451  FMT groups in our study were less pronounced. In human studies of FMT for rCDI,

452  metagenomic analyses have primarily focused on pre- versus post-FMT changes, comparing two

453  markedly different gut environments. More nuanced comparisons that could identify microbial
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genes specific to CDI recovery, such as those between successful and failed cases, are
challenging due to limited sample sizes (77, 78). Our metagenomic results demonstrate that
hFMT resulted in restoration of relevant functional potential, with many differences attributed to
the individual fecal source independent of C. difficile clearance. Notably, hFMT-treated mice
exhibited similar or even elevated levels of gene-encoded functions previously associated with
C. difficile clearance (29, 38, 79, 80), including high representation of amino acid modulation in
both mFMT- and hFMT-treated mice compared to untreated mice. It is possible that this result is
explained by inherent bias of commonly used databases, which include many unknown bacterial
genes, many of which may be biased towards cultured organisms and human-associated bacteria
(81, 82). For instance, the genes responsible for the transformation of muricholic acid, a mouse-
specific secondary bile acid, remain unidentified. If this function is the mouse-specific
representative of the bai operon, the operon responsible for the transformation of deoxycholic
acid in humans (67), our metagenomic analyses would not recover this. While our findings
highlight the successful transplantation of human-derived microbes in mice, they also underscore
the limitations of our current metagenomic tools in fully capturing functional dynamics,
particularly in mouse models. This highlights the need for more comprehensive databases that
include a broader range of bacterial genes, especially from non-human backgrounds.

Our metabolomic analyses concurred with metabolomic analyses of patients with rCDI pre-
and post-FMT, demonstrating recovery of SCFAs and bile acid ratios only alongside successful
clearance (32, 34, 38). In our study, mice that received hFMT exhibited lower butyrate levels
compared to mice that cleared, despite metagenomic presence. Mice treated with hFMT also
displayed reduced levels of secondary bile acids compared to uninfected and mFMT-treated
mice, despite the known genes being present in their metagenomic counterparts. Recent advances
have identified new microbial-derived bile acids that may hold importance for CDI and other
host-microbe interactions, which were not included in our targeted approach (83). Emerging
research has also highlighted factors beyond BA modulation and SCFA production that may aid
CDI recovery, such as nutrient competition in a resistant microbiota (84, 85). C. difficile has
demonstrated metabolic flexibility and is capable of metabolizing various amino acids (40).
Colonization by a microbiota with diverse amino acid-utilizing capabilities is thought to restrict

C. difficile through depleting available free amino acids (36, 37, 86). Although we did not
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484  directly measure amino acid levels, we observed distinct taxa across FMT groups that contribute
485  these functions.

486 While transplanting microbes from one host to another represents an extreme comparison, it
487  isreasonable to posit that certain host environments (inclusive of their extant microbes and

488  environmental or host-specific differences) may not be translatable across the human population
489  or disease conditions. A recent study suggested that the success of FMT in treating rCDI depends
490  on donor-derived species that initially reduce inflammation through metabolite production,

491 thereby facilitating the recovery of existing recipient microbes (87). Variations in diet, which has
492  been demonstrated to influence severity of CDI (88, 89), could also drive differences in how a
493  transplanted microbial community behaves in another host, whereby adaptation to the host’s

494  previous diet no longer renders the same function in the new host. Perhaps most relevant, the
495  immune status of the recipient may drive differential recognition, and thus variable activity, of
496  the transplanted microbiota (90). Additionally, interactions between host and microbiota,

497  including immune response, likely impact FMT efficacy. Prior inflammation has been

498  demonstrated to increase CDI severity in mice via sustained presence of pro-inflammatory Th17
499  cells (91). More relevant to clearance, it was observed that Ragl” mice had a decreased capacity
500 to clear C. difficile in a model of primary CDI (41). While our study did not assess immune

501 profiles, species-specific host differences to recognize their microbial ‘self” might impair the

502  collective functional ability of the microbiome (92). Finally, interactions with other species may
503 influence C. difficile virulence and microbiota functions, as has been demonstrated with

504  Enterococcus (43). Altogether, this highlights the complexity of ecological factors involved in
505 microbe-mediated conditions, many of which remain unresolved. Our findings provide additional
506 insight into host-microbe interactions, offering potential avenues for enhancing the effectiveness
507  of microbial interventions.
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940 Figure legends

941

942  Figure 1. Human-derived fecal material fails to clear C. difficile in mice with recurrent C.
943  difficile infection (CDI). A) Mouse model of recurrent CDI. B) Percent weight loss (compared
944  to day 0, day of C. difficile infection) over time in mice treated with feces from healthy humans
945  (hFMT; n = 53), colony-matched mice (mFMT; n = 33), mice representative of different genetic
946  or colony backgrounds (mFMT-other; n = 23), or untreated mice (noFMT; n = 24). C. difficile
947  colonization, as assessed using the logjo-normalized colony-forming units (CFU), identified in
948 () fecal samples over time or D) cecal samples at day 21 or day 42 post-infection in mice treated
949  with hFMT, mFMT, hFMT, or untreated (noFMT) mice. Statistical significance determined
950 using Kruskal-Wallis test, with a post-hoc Dunn test for (D) (*p <0.01, **p <0.001, ***p <
951  0.0001).

952

953  Figure 2. Human-derived fecal bacteria engraft mice with CDI. A) Non-metric

954  multidimensional (NMDS) scaling of the Bray-Curtis dissimilarity index calculated from
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955  operational taxonomic units (OTUs) throughout CDI timeline. Fecal samples throughout the

956  experiment or endpoint cecal samples were collected throughout experiment (pre-FMT) without
957 treatment (noFMT) and following treatment with various mouse (mFMT1 — 4) or human

958 (hFMTI — 6) feces, with sample designation (including FMT inputs) as indicated in legend.

959 PERMANOVA, p <0.001 calculated across groups (mFMT, hFMT, and noFMT) for both cecal
960 and fecal timepoints. B) Pairwise Bray-Curtis dissimilarity calculated between treatment groups
961 (MFMT, mFMT-other, hFMT, and noFMT) and their respective inputs or between and within
962 treatment groups. C) Average relative abundance of top 98% genera observed in cecal samples
963  prior to any treatment (pre-abx) or at indicated timepoints without treatment (noFMT) or

964 following mFMT, mFMT-other, or hRFMT. Shannon diversity index calculated from C) fecal
965  samples over time or D) cecal samples at day 21 or day 42 post-infection in mice treated with
966 hFMT, mFMT, hFMT, or untreated (noFMT) mice. F) Differentially abundant OTUs between
967  mice that did (mFMT, mFMT-other) versus did not clear (hlFMT, noFMT) C. difficile

968 (MaAsLin2, linear model with BH correction, ¢ < 0.001) with the logio-normalized relative

969  abundance (RA+1) per OTU per treatment group. Statistical significance for (B, D, E)

970  determined using Kruskal-Wallis test, with a post-hoc Dunn test for (B, E) (*p <0.01, **p <
971  0.001, ***p <0.0001).

972

973  Figure 3. FMT source determines species composition post-transplantation, regardless of
974  C. difficile clearance A) NMDS of Bray-Curtis dissimilarity (stress= 0.1390) and B) Bray-

975  Curtis distances based on bacterial species identified in fecal and cecal samples from mice.

976  Asterisks denote significance (**** p < 0.0001) determined using Kruskal-Wallis test, with a
977  post-hoc Dunn test. C) Inverse Simpson Diversity of bacterial species identified in cecal

978  samples. Asterisks denote significance (** p < 0.05) determined using Kruskal-Wallis test, with
979  apost-hoc pairwise Wilcoxon rank-sum test. D) Average relative abundance of bacterial genera
980 identified by MetaPhlAn4 from cecal samples of mice. E) Mean logjo-transformed (CPM + 1) of
981 named bacterial genera significantly different in abundance across treatment groups compared to
982  mice treated with mFMT (based on MaAsLin2; linear model with BH correction, ¢ < 0.01).

983

984  Figure 4. Genes, pathways, and contributing taxa vary with FMT source, independent of C.

985 difficile clearance A) NMDS of Bray-Curtis dissimilarity (stress= 0.1109) and B) Bray-Curtis
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distances based on KEGG Orthologs (KOs) identified in fecal and cecal samples from mice.
Asterisks denote significance (** p < 0.05) determined using Kruskal-Wallis test, with a post-
hoc Dunn test C) KOs identified to be significantly different in abundance between mice that did
or did not clear C. difficile (based on MaAsLin2; linear model with BH correction, ¢ < 0.001). D)
Mean logio-transformed (CPM + 1) of amine, amino acid, and carbohydrate metabolism
MetaCyc Pathways significantly different across treatment groups compared to mice treated with
mFMT (based on MaAsLin2; linear model with BH correction, ¢ < 0.001). E-K) CPM of genes
belonging to the labeled amino acid metabolism MetaCyc Pathway, colored by the genus that
encodes it. L-P) CPM of Uniref90 genes associated with bile salt hydrolase (Bsh) or terminal
genes involved in butyrate production (buk, but, 4-Hbt, and Ato). Asterisks denote significance
(** p<0.01, *** p <0.001, **** p <0.0001) determined using Kruskal-Wallis test, with a post-

hoc pairwise Wilcoxon rank-sum test.

Figure 5. Mice treated with human feces (hFMT) demonstrate differential metabolic
recovery. A) Non-metric multidimensional (NMDS) scaling of the Bray-Curtis dissimilarity
index calculated from metabolite abundances from untargeted metabolomics in cecal samples of
uninfected mice (healthy), mice with rCDI receiving no treatment (noFMT), or treated with
human (hFMT]1 — 3) or mouse feces (mFMT). PERMANOVA, p <0.001 calculated across
groups (healthy, mFMT, hFMT1 — 3 combined, and noFMT). B) Pairwise Bray-Curtis
dissimilarity calculated between (healthy, mFMT, hFMT, and noFMT) and within groups.
Statistical significance determined using Kruskal-Wallis test, with a post-hoc Dunn test (*p <
0.01, **p <0.001, ***p <0.0001). C) Mean Decrease Accuracy (MDA) of top 25 important
metabolites increased or decreased post-FMT from untargeted metabolomics, as identified by
Random Forest Analysis. Mean logio-normalized median-scaled and minimum-imputed
abundance of each metabolite. Targeted analysis of (D) acetate, (E) propionate and (F) butyrate
fecal abundances over time in mice with rCDI treated with mFMT, hFMT, or noFMT. Targeted
analysis of cecal (G) acetate, (H) propionate and (I) butyrate abundance at day 21 or 42 post-
infection in uninfected mice (healthy; grey) compared to mice with rCDI treated with mFMT,
hFMT, or noFMT. J) Total levels of primary and secondary bile acids from targeted
metabolomics in the ceca of uninfected mice (healthy) compared to mice with rCDI treated with

mFMT, hFMT, or noFMT.. K) Deoxycholic acid (DCA), L) ®w-muricholic acid (MCA), M)
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1017  cholic acid (CA), N) taurocholic acid (TCA), O) a-MCA and P) B-MCA in the same mice.
1018  Statistical significance for (D — P) determined using Kruskal-Wallis test, with a post-hoc Dunn
1019 test for (G — I, K—P) (*p <0.05, **p < 0.005, ***p < 0.0005).

1020

1021  Supplemental figure legends

1022  Figure S1. Genus-level taxonomy across mice by donor type. Average relative abundance of
1023  top 98% genera observed in FMT inputs and cecal samples in mice A) prior to any treatment
1024  (pre-abx) or after different individual mFMT sources, B) different individual hFMT sources, or
1025 ) no FMT, at indicated timepoints (day 21 or 42 post-infection).

1026

1027  Figure S2. Relative abundance of individual mice. Relative abundance of genera identified by
1028 MetaPhlAn4 from cecal samples of mice. Each bar represents an individual mouse.

1029

1030  Figure S3. Bacterial genera significantly different in abundance between cleared and

1031  colonized mice. Mean logjo-transformed (CPM + 1) of all bacterial genera significantly different
1032  in abundance between mice that cleared (mFMT) or did not clear (WFMT, noFMT) C. difficile
1033  (based on MaAsLin2; linear model with BH correction, ¢ < 0.01).

1034

1035 Figure S4. Bacterial genera significantly different in abundance across treatment groups.
1036  Mean logio-transformed (CPM + 1) of all bacterial genera significantly different in abundance
1037  across treatment groups compared to mice treated with mFMT (based on MaAsLin2; linear
1038  model with BH correction, ¢ < 0.01).

1039

1040  Figure S5. Microbial genes (KOs) associated with metabolism significantly different in
1041  abundance between cleared and colonized mice. Mean logio-transformed (CPM + 1) of

1042  metabolism associated KEGG orthologs (KOs) significantly different in abundance between
1043  mice that cleared (mFMT) or did not clear (hWFMT, noFMT) C. difficile (based on MaAsLin2;
1044  linear model with BH correction, ¢ < 0.001).

1045

1046  Figure S6. Microbial genes (KOs) not associated with metabolism significantly different in

1047  abundance between cleared and colonized mice. Mean logjo-transformed (CPM + 1) of KOs
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from non-metabolism categories significantly different in abundance between mice that cleared
(mFMT) or did not clear (hFMT, noFMT) C. difficile (based on MaAsLin2; linear model with
BH correction, ¢ <0.001).

Figure S7. Abundance of microbial genes associated with bai operon. CPM of Uniref90
genes associated with the bile acid inducible (bai) operon. Statistical significance determined

using Kruskal-Wallis test, with a post-hoc Dunn test (*p < 0.01, **p <0.001)

Figure S8. Microbial pathways associated with other metabolism significantly different in
abundance across treatment groups. Mean log10-transformed (CPM + 1) of other metabolism
MetaCyc Pathways significantly different across treatment groups compared to mice treated with

mFMT (based on MaAsLin2; linear model with BH correction, ¢ < 0.001).
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