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1 | INTRODUCTION

Clostridioides difficile is an anaerobic spore-forming Gram-positive
bacterium. The colonization of C. difficile in the gut can lead to pseu-
domembranous colitis or transient asymptomatic carriage. This bacte-
rium can produce three different toxins (TcdA, TcdB, and CDT). In
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Abstract

Clostridioides difficile is an anaerobic, spore-forming, Gram-positive pathogenic
bacterium. This study aimed to analyze the effect of two samples of healthy fecal
microbiota on C. difficile gene expression and growth using an in vitro coculture
model. The inner compartment was cocultured with spores of the C. difficile poly-
merase chain reaction (PCR)-ribotype 078, while the outer compartment contained
fecal samples from donors to mimic the microbiota (FD1 and FD2). A fecal-free plate
served as a control (CT). RNA-Seq and quantitative PCR confirmation were per-
formed on the inner compartment sample. Similarities in gene expression were
observed in the presence of the microbiota. After 12 h, the expression of genes
associated with germination, sporulation, toxin production, and growth was
downregulated in the presence of the microbiota. At 24 h, in an iron-deficient en-
vironment, C. difficile activated several genes to counteract iron deficiency. The
expression of genes associated with germination and sporulation was upregulated at
24 h compared with 12 h in the presence of microbiota from donor 1 (FD1). This
study confirmed previous findings that C. difficile can use ethanolamine as a primary
nutrient source. To further investigate this interaction, future studies will use a
simplified coculture model with an artificial bacterial consortium instead of fecal

samples.
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Belgium, 2294 cases of CDI were reported in 2022 (Callies et al.,
2024). In 2022, the five most frequent polymerase chain reaction
(PCR)-ribotypes in Belgium were 014 (13%), 002 (10.0%), 078 (8.2%),
102 (8.2%), and 020 (6.4%) (Callies et al., 2024).

Many in vitro models for studying C. difficile growth
have been described (Best et al., 2012; Chilton et al., 2014;
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Ewin et al., 2023; Freeman et al., 2007; Shaban et al., 2018). Two
different in vitro models exist: bacterial fermentation models and
bacterial-human interaction models (Ewin et al., 2023). Never-
theless, there is currently no established transwell coculture
model specifically designed to investigate the impact of the gut
microbiota on C. difficile growth. A simplified coculture model has
been described for Salmonella Typhimurium growth (Avendafo-
Pérez et al., 2015).

New technologies for analyzing C. difficile gene expression and
understanding the behavior of this bacterium have emerged. In
recent years, transcriptome analysis has revealed genes essential for the
physiology and pathology of C. difficile (Dembek et al., 2015; Neumann-
Schaal et al., 2019). The effects of the exponential and stationary phases
of C. difficile growth on gene expression have been studied in vitro
(Hofmann et al., 2018). In the stationary phase, the expression of certain
genes associated with motility and iron transport was downregulated,
while the expression of other genes associated with the Stickland
reaction, the fermentation reaction, and the serine pathway was upre-
gulated. The oxidative pathway of Stickland metabolism is used in the
late stationary phase (Hofmann et al., 2018). C. difficile 6302erm in a
nongrowing state had reduced lipid metabolism, spermine biosynthesis,
glycolysis, riboflavin biosynthesis and CoA biosynthesis in the stationary
phase (Hofmann et al., 2018). In the presence of oxygen, C. difficile
showed an increase in cysteine metabolism and the de novo synthesis
of cysteine (Neumann-Schaal et al., 2018). Another study showed a
relationship between proline fermentation and C. difficile growth
(Lopez et al., 2019). Low zinc availability increased the expression of
genes encoding proline fermentation products (Lopez et al., 2019).

To understand the behavior of C. difficile, knowledge of its
metabolic pathways is essential (Neumann-Schaal et al., 2019).
The fermentation of amino acids (leucine, valine, isoleucine,
phenylalanine, etc.) in C. difficile occurs via the Stickland metab-
olism pathway. The reduction of proline and glycine or the deg-
radation of arginine to ornithine occurs via a modified Stickland
pathway. Glutamate and arginine are converted to ornithine via
the carbamoyl transferase and acetylornithine aminotransferase
pathways (Johnstone & Self, 2022; Pruss et al., 2022). The first
step involves the transamination of an amino acid to its corre-
sponding 2-oxo acid. The second step is either an oxidative or
reductive pathway. The final step is the cleavage of the CoA
thioester with ATP formation (Neumann-Schaal et al.,, 2019).
C. difficile produces acetate, lactate, propionate and butyrate
through pyruvate and acetyl-CoA via the reductive Stickland
pathway (Neumann-Schaal et al., 2019).

In this study, an in vitro coculture model was developed using a
transwell plate: C. difficile spores and nutrient media were in the inner
compartment, and nutrient media with microbiota from fecal donors
were in the outer compartment. The first objective of this work was
to analyze the effect of the presence of microbiota on C. difficile gene
expression. The second objective was to compare the C. difficile gene
expression at two time points (12h and 24 h) in the presence of

microbiota.

2 | MATERIAL AND METHODS

2.1 | Bacterial strain and spore production

The C. difficile strain used in this study belonged to PCR-ribotype 078
and was selected from the bacterial collection available in our labora-
tory. The strain was isolated from piglet feces (Rodriguez et al., 2012).
The strain was laboratory-specific strain-labeled (S0756) and stored
frozen (-80°C) in a solution of 20% glycerol in 80% BHI (VWR
24388.295; Brain Heart Infusion; Oxoid CM1032).

For spore production and purification, C. difficile spores were
prepared according to the following protocol. Briefly, the strain
stored at -80°C was placed in antibiotic-free BHI broth and incubated
at 37°C for 7 days under strict anaerobic conditions. After incubation,
the bacteria were harvested by sample centrifugation (Eppendorf;
Centrifuge 5810R) (20min at 3900rpm) and the spores were
selected via ethanol treatment (1 mL; 95% ethanol at room temper-
ature) and incubated for 1 h. Next, two washing steps with a sterile
0.9% saline solution were performed (5 min at 3900 rpm), and the
final suspension was stored in 1 mL of a sterile 0.9% saline solution at
4°C. To determine the final spore concentration, 10-fold serial dilu-
tions of a sterile 0.9% saline solution were made, and 100 pL of each
dilution was spread on blood agar (Thermo Fisher Scientific;
PB5039A) and on homemade cycloserine cefoxitin fructose agar
taurocholate (CCFAT) (Delmée et al., 1987). The plates were incu-

bated anaerobically for 48 h at 37°C before enumeration.

2.2 | Genome sequencing and analysis

A 10-puL aliquot of the stored bacteria was grown in BHI broth for
genome sequencing. The solution was incubated anaerobically at
37°C for 48 h and further sub-cultured on blood agar. The DNA
extracted from a colony was sequenced by two methods: Illumina
MiSeq (GIGA, sequencing center) (Martinez et al., 2022) and Oxford
Nanopore Sequencing with Ligation Sequencing Kit “flow cell R9.4.1"
(GIGA, sequencing center). The first analysis was performed on the
lllumina MiSeq raw reads and published in Martinez et al. (2022). The
raw reads from Oxford nanopore sequencing were used, and de
novo assembly was performed using Trycycler software (v0.5.3)
(Wick et al., 2021). Trycycler generated four subgroups and made
four assemblies with Flye (v2.9.1) (Kolmogorov et al., 2019), Min-
iasm/Minipolish (v0.3/v0.1.3) (Li, 2016; Wick & Holt, 2019) and
Raven (v1.7.0) software (Vaser & Siki¢, 2021). Clustering and con-
sensus were performed using Trycycler software with the Mash
distance (Ondov et al., 2016). The final step of Polypolish was per-
formed using raw reads from Illumina MiSeq to improve the assembly
quality. Annotation was performed using the NCBI—Prokaryotic
Genome Annotation Pipeline (Tatusova et al.,, 2016) and the circu-
larized genome assembly is available in GenBank in the Bioproject
PRIJNA716140. A fully annotated genome analysis was performed in
BV-BRC (version 3.28.21) (Olson et al., 2023).
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2.3 | Fecal collection and dilution

Fecal samples were collected from two healthy male donors aged 66
and 26 years (called FD1 and FD2, respectively), who had no history
of antibiotic therapy in the 2 months before recruitment.

The absence of C. difficile was determined by both direct culture and
fecal enrichment culture as described previously (Rodriguez et al., 2012).
A C. difficile test kit (Thermo Scientific and Oxoid; DR1107A) was used to
examine the colonies from the fecal samples. Fecal samples containing
morphologically suspected C. difficile colonies were discarded. Fresh feces
were diluted with sterile phosphate buffer and stomached for 120s at
room temperature (Interscience; Bagmixer 400) to obtain a final solution
of 20% filtered feces. Then, glycerol (20% of the final solution) was added,
and the fecal samples were kept at —80°C until further testing.

Amplicon sequencing of these fecal samples was performed in a
previous study (Martinez et al., 2022). These patients were referred to
as donors 4 and 3 in a previous study. For this study, they were selected
based on the age of the donor and the result of the ecological analysis
(Martinez et al., 2022). Donor 4 was over 65 years old and Donor 3 was
26 years old. Donor 4 feces were mainly composed of Faecalibacterium,
Lachnospiraceae_ge, and Blautia. Donor 3 feces were mainly composed
and  Sub-
doligranulum. For this study, feces from Donors 4 and 3 were referred to

of Prevotella_9, Faecalibacterium, Lachnospiraceae_ge,

as feces donor 1 (FD1) and feces donor 2 (FD2), respectively.

2.4 | Bacterial coculture in an anaerobic chamber

Three experiments were performed: one experiment was performed
without microbiota content, called “CT”; one experiment included
microbiota from Donor 1 (age: 66 years), named “FD1"; and one ex-
periment included microbiota from Donor 2 (Age: 26 years), named
“FD2” (Martinez et al., 2022). Two solutions were used: solution A was
used for the inner compartment called “IN”, and solution B was used
for the outer compartment called “OUT". These two solutions were
prepared with 30 mL of nutritional medium. This medium contained
70% feed (ProDigest, commercial Adult L-SHIME growth medium with
starch, PDNMO0O01B) and 30% pancreatic juice (PJ) (Prodigest, pan-
creatic enzymes, PDDE0O1; bile salts, PDDE002; NaHCO3;, PDDEOQOQ7).
The PJ tubes were filtered through a 0.22 um filter and placed in
an anaerobic jar at 4°C for 12h. The Feed tubes were heated to
95°C to degas. In the control (CT) experiment, a concentration of
10% UFC mL™? of C. difficile spores was added to solution A. In Donor 1
(FD1) and Donor 2 (FD2), a concentration of 10° UFCmL™! of
C. difficile spores was added to Solution A and 1 mL of diluted feces
from Donors 1 and 2 was added to Solution B. A culture transwell
plate was used with a 0.4 pm membrane (Greiner, Thincert® cell cul-
ture insert for six wells, 657641). Four milliliters of Solution B were
added to the outer compartment (OUT) and then, 2 mL of Solution A
were subsequently placed in the inner compartment (IN). Three bio-
logical replicates of each condition were collected at 1, 6, 12, and 24 h.
These experiments were repeated twice. The control (CT) experiment

was the control. The microbiota were present in FD1 and FD2.
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2.5 | DNA extraction, RNA extraction, and cDNA
conversion

Total DNA extractions were performed using QiAamp Power Fecal
Pro DNA (Qiagen). Total RNA was extracted using RNeasy Power-
Microbiome (Qiagen). Two DNase treatments were performed for all
the samples, and a control PCR targeting the 16S rRNA gene was
performed after extraction to verify the absence of DNA. The length
of the fragment was 1500 bp, and the primers used are listed in
Appendix: Table A4 (Minutillo et al., 2023). All extractions were
performed following the manufacturer's instructions. Then, the cDNA
of each RNA extract was synthesized using the QuantiTect Reverse
Transcription Kit (Qiagen). The RNA concentration was normalized to
50 ng before the manipulation. Fifty-ng of RNA extract, 2 uL of
gDNA wipeout buffer and molecular water were added to achieve a
final volume of 14 uL. The samples were heated at 42°C for 2 min.
Then, 1 uL of Quantiscript Reverse Transcriptase, 4 uL of Quanti-
script RT Buffer and 1 pL of RT primer mixture were added to each
sample, which was heated at 42°C for 30 min and at 95°C for 3 min.
cDNA was stored at -20°C.

2.6 | C. difficile enumeration

Two methods were used to monitor the growth of C. difficile:
microbiological analysis and genetic analysis. Microbiological analysis
was performed on the CCFAT in the second experiment
(Delmée et al., 1987). A specific gPCR targeting the 16S rRNA gene
of C. difficile (157 bp, F64-R220) described in Mutters et al. (2009)
was performed for all the inner compartment (IN) samples. Standard
DNA was obtained from the purified PCR products and quantified
using PicoGreen (Thermo Fisher Scientific). gPCR was performed
using CFX96 (Bio-rad) in a final reaction volume of 12.5puL. The
mixture contained 1x master mix Takyon Rox Probe 2x MasterMix
(Eurogentec), 300 nM primers, 250 nM probe, 3.19 uL of molecular
water and 2 uL of DNA. Genome equivalent values were deduced
from CT to 16S copy-transformed values considering 12x 16S rRNA
gene copies per genome and converted to bacterial genome con-
centrations. These results are presented as “logyo (bacterial genome
mL™%)” in Section 3. One-way analysis of variance (ANOVA) was
performed with Prism software v9.1.1 to compare the three condi-
tions. Growth potential was calculated from microbiological analysis
and the growth monitoring was performed using genetic data due to

its best repeatability in this study.

2.7 | C. difficile transcriptome analysis

Two experiments were performed for each of the three conditions
(CT, FD1, and FD2) in three biological replicates at both 12h and
24h. The RNA extracts from the inner compartment (IN) were
transferred on ice to a ULiége-GIGA platform. A QC analysis (Agilent,
2100 bioanalyzer) was performed for all the samples. QC identified
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the samples for which the RNA quantity was sufficient to perform
RNA-Seq. The RNA integrity number (RIN) assessments were con-
ducted on all the samples. The RIN is a tool used to estimate the
integrity of total RNA samples (Mueller et al., 2016). A minimum of
90 pg/uL was necessary to perform the RNAseq using lllumina
Stranded Total RNA Ligation with Ribo-zero Plus (lllumina; Novaseq
S4 V1.5 300 cycles). One to ten nanograms were subjected to
RNAseq sequencing. The quantity of total RNA was sufficient to
perform RNA sequencing. The raw reads (n=27) are available in
GenBank in the Bioproject (accession number PRIJNA1023484).
Appendix: Table A1l provides a correspondence table between the
library ID in GenBank and the names used in this study.

The fastq files were obtained after RNAseq. The first step was to
merge files R1 and R2 using Mothur (version 1.39.5). The second step
was to evaluate the quality of trimming and adapter removal using
FASTp (version 0.20.1). The third step involved removing ribosomal
RNA using SORTMERNA (version 2.1b). The next step was to map
the reads on our reference genome using subread (version 2.0.1) and
subjunc (version 2.0.1) tools. The last step involved counting the
reads using FeatureCount (v2.0.1). Using the count table, DESeq2
(v1.36.0) analysis was realized in R studio (v4.2.2). First, DESeq2
applied standard normalization to the data (median of ratios
method). Second, DESeq2 was used to calculate the log,fold change
of each gene between two conditions (FD1 vs. CT and FD2 vs. CT).
Then, all the tables were integrated into a Perl program to enrich the
data and obtain the KO numbers and modules.

The Kyoto Encyclopedia of Genes and Genomes (KEGG) is an
encyclopedia of genes and genomes that defines a gene by its
metabolic function in a pathway. The KEGG database assigns a KO
(KEGG orthology) number to a set of genes with a similar metabolic/
chemical function.

A module was defined as a gene set with several KO numbers
and the same functional unit. Using GhostKOALA, a database-
internal annotation system, KEGG was used to assign KO numbers to
protein sequences in FASTA (Kanehisa, 2000; Kanehisa, Sato,
Kawashima, et al., 2016; Kanehisa, Sato et al., 2016). These KOs are
associated with one or more modules.

Two different analyzes were performed to analyze the data. First,
the effect of the presence of microbiota on C. difficile gene expres-
sion was examined (Analysis 1) on the six 12 h replicates of the two
experiments. Similar patterns of gene expression in the two fecal
samples were analyzed together in Analysis 1, and gene expression in
the two fecal samples was compared with that of the control (FD1 vs.
CT and FD2 vs. CT). Secondly, in the second experiment, the time
effect on C. difficile gene expression (12 h vs. 24 h) was investigated
on the three replicates of 12 h and 24 h (Analysis 2) (see Figure 2).

From the FeatureCount outputs, normalized counts were calcu-
lated using DESeq2. Several complex heatmaps were created for the
expression of all the genes in the two analyzes using R studio v4.2.2,
as shown in Figure 3. With DESeqg2 outputs, several volcano plots
were realized using R studio (CT 24 hvs. 12 h, FD1 24 h vs. 12 h, FD2
24 hvs.12h; FD1 vs. CT 12h and 24 h, FD2 vs. CT 12 h and 24 h) in
Figure 4.

2.8 | Study of C. difficile virulence and metabolism
Specific gPCR targeting genes of C. difficile via cDNA were performed
for the inner compartment (IN) samples. Details about primers are
provided in Appendix: Table C1. Standard DNA was obtained from the
purified PCR products and quantified using PicoGreen (Thermo Fisher
Scientific). The purified PCR products were subsequently sequenced to
verify the amplicon. Ten-fold dilutions of these standard DNAs were
performed to generate a standard curve. gPCR was performed using
CFX96 (Biorad) in a final reaction volume of 12.5 uL. The mixture for
the multiplex (gluD, tcdA, and tcdB) contained 1x master mix Takyon
Rox Probe 2x MasterMix (Eurogentec), 300nM primers, 200 nM
probes, 3.19 uL of molecular water and 2 uL of DNA. Following 2 min
of activation at 50°C and 5 min at 95°C, the reactions were amplified in
40 cycles of 15s at 95°C and 45 s at 57°C. The second mixture (gluD,
mfG, eutA, eutB, and flaA) contained 1x master mix Takyon Rox Syber
2x MasterMix (Eurogentec), 300 nM primers, 50 ng of bovine serum
albumin (BSA), 1.25 L of molecular water and 2 uL of DNA. Following
2 min of activation at 50°C and 5min at 95°C, the reactions were
amplified in 40 cycles of 15s at 95°C and 45 s at variable temperatures.

To validate RNA-Seq data, two analyzes were performed on data
from gPCR. The first analysis consisted of 27T
of interest were tcdA, tdcB, flaA, rfG, eutA, and eutB and the house-
keeping gene was gluD (Livak & Schmittgen, 2001). The Donor 1 (FD1)

and Donor 2 (FD2) samples are the focus of interest. The second

, in which the genes

element of the conditions is the control condition (CT or FD2 samples).
The second method involved log, (genes of interest copies mL™%)
normalization to the expression of gluD. To standardize the compari-
son in the graph, a log, transformation was applied to all the samples.

3 | RESULTS

3.1 | C. difficile genome characteristics

One strain of C. difficile PCR-ribotype 078 was isolated
(Rodriguez et al., 2012) and sequenced. The C. difficile genome
was circularized using Trycyler (Wick et al.,, 2021) (software
v0.5.3). Appendix B: Figure B1 shows a representation of
C. difficile circularization illustrated by the BV-BRC platform
(Olson et al., 2023) (v3.28.9). This PCR-ribotype contained both
virulence operons (PaLoc and CdtLoc). The genome annotation is
available in the GenBank repository under the PRJINA716140
bioproject and GCA_017 592 625.2 assembly. A grape tree of the
five most common PCR-ribotypes found in Europe, including the

strain used in this study, is shown in Appendix B: Figure B2.

3.2 | C. difficile enumeration and coculture
bacterial model

Cultures were performed using a transwell plate. C. difficile PCR-
ribotype 078 spores and medium were introduced into the inner
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compartment (IN). In the outer compartment (OUT), medium and
feces samples were added under the following conditions: feces from
Donor 1 (FD1) and feces from Donor 2 (FD2). Under the control
condition (CT), no feces were added, and only the medium was added
to the outer compartment (out). The results of the microbiological
counts and the specific qPCR targeting the 16S rRNA gene of
C. difficile are similar. First, there was an exponential phase observed
up to 12h, after which the growth curves reached a plateau
(Figure 1). The initial concentrations of C. difficile in the transwell “in”
were 3.1 (+0.66) logio (CFU mL™), 3.3 (+0.40) logso (CFUmL™) and
3.3 (+0.40) logyo (CFUmML™) for control (CT), Donor 1 (FD1) and
Donor 2 (FD2), respectively. No significant difference among the
three conditions was detected using one-way ANOVA in Prism 9.
Among the three conditions, the difference between 1h and 24 h
time points was significant. The concentrations of C. difficile at 24 h in
the transwell “in” were 7.6 (x0.06) logso (CFU mL™Y), 7.4 (+0.14) log1o
(CFUmL™Y) and 7.5 (+0.09) log,o (CFU mL™2) for control (CT), Donor 1
(FD1), and Donor 2 (FD2), respectively (Figure 1).

3.3 | C. difficile transcriptomic analysis

RNA sequencing was performed on samples from the inner com-
partment (IN). Details of the RNA integrity number (RIN), quality
control (QC) value (pg/uL), mapping and genome coverage are pro-
vided in Appendix A: Table A2. Two experiments were performed for
each of the three conditions (CT, FD1, and FD2) at both 12 h and
24 h. In the first experiment, bacterial contamination was detected
in the inner compartment of the 24h samples. These samples
were excluded from the further analysis. Two RNAseq analyzes were
performed. First, the impact of the presence of microbiota on gene
expression of C. difficile was investigated. Analysis 1 was performed
on the six biological replicates of 12 h of both analyzes. For the data
analysis, gene expression in the two fecal samples was compared to
that of the control (FD1 vs. CT and FD2 vs. CT). Similar patterns of
gene expression in the two fecal samples were analyzed together.

104 ‘ * ]
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The pattern of differential gene expression between the two fecal
samples was also analyzed. Second, the impact of time on gene ex-
pression of C. difficile was studied (12h vs. 24 h). Analysis 2 was
performed on the 12 h and 24 h samples of the second experiment.
Figure 2 shows the details of the experimental design. All reads are
available in the GenBank repository under PRJNA103484. All the
nonsignificant and significant data (log,fold change) are available in
Supporting Information: Tables S1 and S2: https://zenodo.org/doi/
10.5281/zenodo.13121217.

3.3.1 | Global gene expression patterns

The global gene expression patterns under different conditions were
clustered as a function of the conditions (CT vs. microbiota)
(Figure 3al). In the absence of microbiota, global gene expression
was constant and repeatable between the two analyzes. When a
microbiota was present, the expression was variable but homoge-
neous within the same analysis. The global gene expression across
various conditions and different time points revealed that control
(CT) and Donor 1 (FD1) exhibited homogeneous expression patterns
over time (Figure 3b1). The Donor 2 (FD2) analysis showed hetero-
geneous expression.

Specific genes were selected based on their involvement in
C. difficile metabolism and virulence (gluD, tcdB, tcdA, cdtA, cdtB, eutA,
eutB, eutC, eutH, rnfB, rnfD, rnfE, rfG, hadA, minE, cspC, cspBA, scleC,
cotJA, cotJB, cotJB1, and cotJB2). The expression of specific genes of
interest clustered in different conditions (CT vs. microbiota)
(Figure 3a2). The expression of specific genes of interest across
various conditions and different times clustered at different time
points (12h vs. 24 h) and different conditions (CT vs. microbiota)
(Figure 3b2).

Significant differences in gene transcription between different
conditions were determined using Deseg2 analysis from analysis 2
(12hvs. 24 h, CT vs. FD1 at 12 h, CT vs. FD2 at 12 h, CT vs. FD1 at
24 h, CT vs. FD2 at 24 h) (Figure 4). Fourteen categories were chosen

% - CT
° 5 g =D
s i FD2
s 6 /
s =1
P 4_ T
Q
2
[}
8§ -
e
[=2]
2 0 T T T T
1h 6h 12h 24h

Hours (times)

FIGURE 1 Growth curve of Clostridioides difficile in transwell plate in three conditions (control (CT), feces donor 1 (FD1), feces donor 2
(FD2)) at different time points (1, 6, 12, and 24 h). The results of gPCR targeting 16S rRNA gene specific for C. difficile are expressed as logso
(bacterial genome mL™2), and on the left, the results of classical microbiology are expressed as logyo (CFU mL™2). (A) The results of the blood agar

count of C. difficile are represented for the three conditions in one graph (@) CT (m) FD1 (

presented for the three conditions in one graph (@) CT (m) FD1 (
software (v9.1.1).

) FD2. (B) The results of 16S C. difficile counts are

) FD2. Source: These growth curves were generated using Prism
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FIGURE 2 Schematic representation of experimental design. (a) Composition of the transwell plate with inner compartment (IN)
(Clostridioides difficile spores, feed, and PJ (nutrient matrix)) and outer compartment (OUT) (feces, feed, and PJ (nutrient matrix)) separated by a
membrane with 0.4 um pores. (b) Two experiments were performed according to the same protocol and were designated as Experiments 1 and
2. There are three conditions: CT (control), FD1 (feces from Donor 1) and FD2 (feces from Donor 2). Samples from the inner compartment were
sequenced at 12 h for Experiment 1 and at 12 h and 24 h for Experiment 2. Two bioinformatic analyzes were performed on the transcriptomic
data to investigate the effects of bacterial microbiota and incubation time. The first analysis (1) was performed on the six replicates at 12 h and
the second analysis (2) on three replicates at 12 h versus 24 h. Data from FD1 and FD2 were compared with the control in Analysis 1 and data
between 12 h and 24 h from the same condition were compared in Analysis 2.

to understand the metabolism of C. difficile and their significance in
these assays: sporulation, virulence, motility, germination, PTS sugar,
cell division, cell wall binding, peptidoglycan synthesis, ethanolamine
synthesis, ornithine synthesis, flavoprotein metabolism, the Rnf sys-
tem, biofilm-associated genes, and iron metabolism. Table 1 and
Appendix A: Figure Al show the variation in gene expression
(logofold change) between the different conditions. All log,fold
changes and nonsignificant genes are listed in Supporting Informa-
tion: Table S3: https://zenodo.org/doi/10.5281/zenodo.13121217.

3.3.2 | Effects of the presence of two different
microbiota on C. difficile gene expression

At the 12 h time point, the expression of several genes was down-
regulated in the samples with microbiota present compared to the
control samples (CT-FD1 =648 and CT-FD2=197) (Figure 4b). At
the 24-h time point, there were fewer significant differences in gene
expression in samples with microbiota (Figure 4c). These genes were
studied based on the 14 selected categories. The detailed gene ex-
pression data are shown in Appendix A: Table A3.

At the 12 h time point, compared with those in control (CT), the
expression of genes involved in sporulation, germination, virulence,
iron metabolism significantly decreased in

cell division and

the presence of the microbiota (see Table 1). In the presence of the

microbiota, the expression of genes coding for sporulation and other
regulators (sigH, spo0A, rstA, and codY) was significantly decreased. In
the presence of the microbiota, the gene expression of tcdA and tcdB
was significantly downregulated compared to the control group. In
the presence of the microbiota, the gene expression of sleC and cspC
was significantly downregulated compared to the control. In the
presence of the microbiota, the gene expression of minE was signif-
icantly downregulated compared to the control. In the presence of
the microbiota, the gene expression of ferrous iron transport proteins
A and B was significantly downregulated compared to the control.
The expression of the permease subunit of the iron chelate uptake
ABC transporter family was downregulated at 12 h and upregulated
at 24 h compared to that in the control group. Figure 5 illustrates the
impact of microbiota on gene expression of C. difficile at 12 h.

At the 12 h time point, compared with those in control (CT), a
significant increase in the expression of genes encoding the Rnf
system, ethanolamine metabolism and cell wall binding proteins was
observed (see Table 1). In the presence of the microbiota, the gene
expression of rnfBDEG and hydroxyisocaproate CoA-transferase was
significantly upregulated compared to that in the control group. In
the presence of the microbiota, the gene expression of 13 genes
involved in ethanolamine metabolism was significantly upregulated
compared to that in the control group (see Figure 5). In the presence
of the microbiota, the gene expression of cpw7 and cpw22 was sig-

nificantly upregulated compared to that in the control group.
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FIGURE 3 Heatmap of normalized counts of whole Clostridioides difficile SO756 genes using complexHeatmap in R studio v4.2.2. (al)
Heatmap representing the expression of the three conditions (CT, FD1, and FD2) at time 12 h of Analysis 1 (n = 6). (a2) Heatmap showing
the expression of the genes of interest and their normalized values. The experimental conditions were clustered according to the
similarity of their expressions. (b1) Heatmap showing the expression of the three conditions (CT, FD1, and FD2) at 12 h and 24 h of
Analysis 2 (n = 3). Two headbands are shown: the first one represents the groups and the second one represents the time. (b2) Heatmap
representing the expression of the genes of interest and their normalized counts. The two headbands represented in b1 and b2 follow
the same organization: the first one represents the group factor and the second one represents the time factor.

At the 24-h time point, compared with those in control (CT),
the expression of genes involved in sporulation (FD2), virulence,
cell division, and cell wall-binding proteins significantly decreased
in the presence of the microbiota (see Table 1). In the presence of
the microbiota, the gene expression of minE was significantly
downregulated compared to the control. In the presence of the
microbiota, the gene expression of tcdA and tcdB was signifi-
cantly downregulated compared to that in the control group. In
the presence of the microbiota, the gene expression of cpw9,
cpw22, and cpw84 was significantly downregulated compared to
that in the control group. In the presence of donor 2 (FD2), the
expression of genes coding for sporulation (cotJA, spolIR, spollAG,
spolllAH, and YabG) decreased significantly.

At the 24-h time point, compared with those in control (CT), the
expression of genes involved in sporulation (FD2), and iron metab-
olism significantly increased in the presence of the microbiota (see
Table 1). In the presence of the microbiota, the gene expression of
ferrous iron transport proteins A and B was significantly upregulated
compared to the control. In the presence of Donor 2 (FD2), the ex-
pression of sigH was significantly upregulated compared to the
control.

The KEGG modules and KO numbers were obtained using
GhostKOALA. The results are shown in Table 2. Supporting
Information: Table S4 lists CDSs for which a KEGG module or KO
annotation is available and for which DESEQ2 analysis showed a

significant difference in abundance (https://zenodo.org/doi/10.
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FIGURE 4 Effect of the presence of bacterial microbiota on Clostridioides difficile gene (a and b) and effect of the time on C. difficile gene (c).
(a) Bacterial microbiota effects at 12 h using Experiment 2. The DESeq2 analysis has compared the normalized data between FD1 and FD2 at
12 h (n = 3), with CT as baseline. This is a representation of the significant genes that are downregulated or upregulated in FD1/FD2 compared
to no bacterial microbiota. Most of the FD1/FD2 genes are downregulated compared to the control. (b) Bacterial microbiota effect at 24 h using
Experiment 2. The DESeq2 analysis has compared the normalized data between FD1/FD2 and CT at 24 h (n = 3), with CT as baseline. This is a
representation of the significant genes that are downregulated or upregulated in FD1/FD2 compared to no bacterial microbiota. (c) Time effect
using Analysis 2. The DESeqg2 analysis has compared the normalized data between 12 h and 24 h in the same condition, with 12 h as the baseline
for this analysis. This is a representation of the significant genes that are downregulated or upregulated between the two times. Most of the FD1
genes are upregulated in the presence of bacterial microbiota. Volcano plots created using R studio (v4.2.2). The x-axis shows the log,fold
change. The y-axis shows the -log;o (p adj). The more significant the gene is, the higher the point. Three red lines are shown in the graph, the
x-axis is the log,fold change threshold (-1 and 1) and the y-axis is the significance level (p-value < 0.05). (®) UP: genes upregulated (#) DOWN:
genes downregulated (@) NO: nonsignificant genes.

5281/zen0do.13121217). In the presence of the microbiota, a proline metabolism (prd) was significantly upregulated in FD1 at 12 h

decrease in the expression of genes involved in amino acid metab- and in FD2 at 24 h. The expression of genes involved in ornithine
olism was observed at 12 h. A decrease in the expression of genes metabolism increased in FD2 at 24 h. The expression of antimicrobial
coding for sporulation and cell division was observed, and an increase resistance genes (arg genes) was significantly upregulated in FD2. The
in the expression of genes coding for secondary metabolism expression of genes encoding spermidine and putrescine transport
(spermidine and ethanolamine) was shown. A decrease in the ex- systems (pot genes) was significantly upregulated in FD2 at 12 h. The
pression of genes encoding genes involved in amino acid metabolism expression of genes encoding pD-glucosaminate PTS (dga) genes was
was observed at 24 h. In Donor 2 (FD2), an increase in the expression significantly downregulated in FD1 at 12 h. The expression of genes
of genes involved in secondary metabolism (ornithine, polyamine, and encoding the clp gene was upregulated in FD2 at 24 h and in FD1 at
ethanolamine) was observed compared to that in the control. 12 h and was downregulated in FD2 at 12 h. The main significant

Differences in gene expression were observed between the two differences in terms of C. difficile gene expression between the two
fecal donor groups. At 12 h, the expression of genes encoding the different microbiota are listed in Table A4 (Appendix A). The microbial
cellobiose PTS was significantly downregulated in FD1 and signifi- profiles of the two donors were described in a preliminary study

cantly upregulated in FD2. The expression of genes involved in (Martinez et al., 2022).
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TABLE 1 Genes expression (log, fold change) variations between the different conditions tested.

Metabolism

Sporulation

Cell division

Proteins name

Spore coat-associated protein CotJA
Spore coat-associated protein CotJB

RNA polymerase sporulation sigma
factor SigkE

RNA polymerase sporulation sigma
factor SigG

RNA polymerase sporulation sigma
factor SigH

Sporulation transcription factor
(spo0A)

Spore coat protein

Stage Il sporulation protein R
Stage Ill sporulation protein AA
Stage Ill sporulation protein AB
Stage Ill sporulation protein AC
Stage Ill sporulation protein AD
Stage Il sporulation protein AE
Stage lll sporulation protein AF
Stage Ill sporulation protein AG
Stage Ill sporulation protein AH
Stage Il sporulation protein D
Stage IV sporulation protein A
Stage V sporulation protein AC
Stage V sporulation protein AD
Stage V sporulation protein AE
Stage V sporulation protein D
Stage V sporulation protein E
Stage V sporulation protein T
Sporulation peptidase YabG
Sporulation protein YqfD

Sporulation integral membrane
protein YlbJ

Sporulation integral membrane
protein Ytvl

Sporulation protein YunB

Cell division topological specificity
factor

Rod-shape-determining protein RodA
Cell division protein sepF

Cell division protein Ftsz

Gene ID

J5010_12400
J5010_07385
J5010_13765

J5010_13760

J5010_00595

J5010_05835

J5010_01620
J5010_18060
J5010_05725
J5010_05730
J5010_05735
J5010_05740
J5010_05745
J5010_05750
J5010_05755
J5010_05760
J5010_01190
J5010_13680
J5010_04050
J5010_04055
J5010_04060
J5010_13830
J5010_13810
J5010_17750
J5010_18085
J5010_12630
J5010_05600

J5010_05075

J5010_04095
J5010_05515

J5010_05520
J5010_13645
J5010_13780
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TABLE 1 (Continued)

Cell wall-binding

Peptidoglycan

Germination

Virulence genes

UDP-N-acetylmuramoyl-L-alanyl-p-
glutamate--2%2 C 6-diaminopimelate
ligase (murE)

Cell wall-binding protein Cwp2
Cell wall-binding protein Cwp5
Cell wall-binding protein Cwp7
Cell wall-binding protein Cwp9
Cell wall-binding protein Cwp13
Cell wall-binding protein Cwp14
Cell wall-binding protein Cwp18
Cell wall-binding protein Cwp19
Cell wall-binding protein Cwp20
Cell wall-binding protein Cwp22
Cell wall-binding protein Cwp25
Cell wall-binding protein Cwp28
Cell wall-binding protein Cwp84
Bifunctional protein GImU
Phosphoglucosamine mutase

Glutamine-fructose-6-phosphate
transaminase

Undecaprenyldiphospho-
muramoylpentapeptide beta-N-
acetylglucosaminyltransferase

UDP-N-acetylglucosamine
1-carboxyvinyltransferase

N-acetylmuramic acid 6-phosphate
etherase

Anhydro-N-acetylmuramic acid
kinase anmK

N-acetylmuramoyl-L-alanine
amidase AmiA

Alanine racemase

L%2CD-transpeptidase/peptidoglycan
binding protein

peptidoglycan DD-
metalloendopeptidase family protein

Peptidoglycan editing factor PgeF
Peptidoglycan-binding protein

Spore cortex-lytic germination
protein SleC

Bile acid germinant receptor
pseudoprotease CspC

Bifunctional germination protease/
germinant receptor pseudoprotease
CspBA

ADP-ribosylating binary toxin
enzymatic subunit CdtA

J5010_13870

J5010_14580
J5010_14555
J5010_14535
J5010_14605
J5010_08755
J5010_14305
J5010_05085
J5010_14460
J5010_07145
J5010_14150
J5010_04395
J5010_10260
J5010_14560
J5010_17830
J5010_01155

J5010_01160

J5010_13805

J5010_05030

J5010_15565

J5010_15590

J5010_14545

J5010_17565
J5010_15145

J5010_09410

J5010_13745
J5010_.12345
J5010_02975

J5010_11655

J5010_11660

J5010_13575

*

* *
*
* *
*

*
* *
*
* *
*
*
* *
* *
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TABLE 1 (Continued)

Motility

Ethanolamine
synthesis

Ornithine
synthesis

ADP-ribosylating binary toxin
enzymatic subunit CdtB

Glycosylating toxin TcdA
Glycosylating toxin TcdB
TcdC

Holin-like glycosylating toxin export
protein TcdE

Glycosylating toxin sigma factor TcdR
Flagellar motor protein

Isopeptide-forming pilin-related
protein SpaA

Ethanolamine ammonia-lyase
reactivating factor EutA

Ethanolamine ammonia-lyase
subunit EutB

Ethanolamine ammonia-lyase
activity EutC

Ethanolamine utilization phosphate
acetyltransferase EutD

Ethanolamine utilization protein EutH
Ethanolamine utilization protein EutH

Ethanolamine utilization
microcompartment protein EutL

Ethanolamine carboxysome structural
protein EutM

CcmlL family microcompartment
protein EutN

Ethanolamine utilization protein EutQ
Ethanolamine utilization protein EutS

Ethanolamine utilization cobalamin
adenosyltransferase EutT

TIGR02536 family ethanolamine
utilization protein

Acetaldehyde dehydrogenase
(acetylating) EutE

Acetylglutamate kinase

N-acetyl-gamma-glutamyl-phosphate
reductase

Ornithine carbamoyl transferase
GlmL-related ornithine degradation protein
p-ornithine 4%2C5-aminomutase subunit
ornithine aminomutase subunit alpha
2%2C4-diaminopentanoate dehydrogenase
2-amino-4-oxopentanoate thiolase subunit

2-amino-4-oxopentanoate thiolase subunit

J5010_13580

J5010_03485
J5010_03470
J5010_03490
J5010_03475

J5010_03465
J5010_03915
J5010_09435

J5010_09865

J5010_09870

J5010_09875

J5010_09905

J5010_09925
J5010_03900
J5010_09880

J5010_09885

J5010_09915

J5010_09930
J5010_09845
J5010_09900

J5010_09910

J5010_09890

J5010_10550
J5010_10560

J5010_10540
J5010_02420
J5010_02415
J5010_02410
J5010_02415
J5010_02400
J5010_02405
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Iron
metabolism
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(Continued)

RnfABCDGE type electron transport
complex subunit B

RnfABCDGE type electron transport
complex subunit D

electron transport complex subunit E

RnfABCDGE type electron transport
complex subunit G

Electron transport complex subunit RsxA

Electron transfer flavoprotein subunit
beta EtfA

Electron transfer flavoprotein subunit
alpha/FixB family protein EtfB

Flavodoxin family protein
Flavodoxin family protein
Flavodoxin family protein

Electron transfer flavoprotein subunit beta/
FixA family protein

Electron transfer flavoprotein subunit
alpha/FixB family protein

FprA family A-type flavoprotein

Electron transfer flavoprotein subunit beta/
FixA family protein

Electron transfer flavoprotein subunit alpha

Bifunctional riboflavin kinase/FAD
synthetase

FprA family A-type flavoprotein
Riboflavin synthase

Flavodoxin

Flavin reductase family protein
Flavodoxin domain-containing protein
Flavin reductase

NADH:flavin oxidoreductase
desulfoferrodoxin family protein
EFR1 family ferredoxin

Ferritin

Ferrous iron transport protein A
Ferrous iron transport protein A
Ferrous iron transport protein A
Ferrous iron transport protein A
Ferrous iron transport protein B
Ferrous iron transport protein B
Ferrous iron transport protein B
Ferric uptake regulation protein Fur

Hydroxylamine reductase

J5010_05470

J5010_05450

J5010_05460
J5010_05455

J5010_05465
J5010_02245

J5010_02240

J5010_02355
J5010_04210
J5010_14750
J5010_05125

J5010_05130

J5010_05545

J5010_05615

J5010_05620
J5010_06360

J5010_08050
J5010_08410
J5010_10430
J5010_10990
J5010_11490
J5010_12385
J5010_14755
J5010_04290
J5010_15985
J5010_11425
J5010_07185
J5010_07190
J5010_07425
J5010_08710
J5010_07195
J5010_07420
J5010_16770
J5010_04290
J5010_11285

* *
* *

*
* *
* *

* *
*
*
*
*
* *
* *
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TABLE 1 (Continued)

Indolepyruvate ferredoxin oxidoreductase J5010_12285 * * *
subunit alpha lorA
Iron ABC transporter permease J5010_08600 -
Iron ABC transporter permease J5010_16040 * * *
Iron hydrogenase J5010_16695 * * *
Iron-containing alcohol dehydrogenase J5010_15865 -
Iron-only hydrogenase system regulator J5010_11210 * * *
NifB/NifX family molybdenum-iron cluster- J5010_08385 *
binding protein
NifH nitrogenase iron protein NifH J5010_08590 - - - -
30S ribosomal protein S12 J5010_06415 * * *
methylthiotransferase RimO
Phosphomethylpyrimidine synthase ThiC J5010_08435 * *

FromOto 5 From O to -4.99

From 5 to 10 From -5- to -9.99

From 10 to 15 From -10 to -14.99

From 15 to 30 From -15 to -30

3.3.3 | Effect of incubation time on C. difficile gene
expression

For each condition, the data from the 24-h and 12-h analyzes were
compared to identify differences. There were many differences in
gene expression between these two time points in FD1 (n = 1075, of
which 658 were overexpressed) and FD2 (n = 307, of which 107 were
overexpressed) (Figure 4a).

According to the results of the KEGG module and KO number
analyzes, there was a decrease in the expression of genes involved
in amino acid metabolism (see Table 2). An increase in the expres-
sion of genes involved in ornithine metabolism, sporulation and
proline metabolism was observed at 24 h. Between 12 h and 24 h,
gene expression of ornithine metabolism was increased in the
control (CT).

Between 12 h and 24 h, compared with those in control (CT), the
expression of genes involved in sporulation, germination, virulence,
ornithine metabolism, and iron metabolism was significantly
increased in the presence of the microbiota (see Table 1). In the
presence of the microbiota, the gene expression of the ferrous iron
transport proteins A and B was significantly upregulated at 24 h
compared to 12 h. In the presence of donor 1 (FD1), the expression
of genes coding for sporulation stage Il, stage Ill and stage IV was
significantly increased at 24 h compared to 12 h. In the presence of
donor 1 (FD1), the gene expression of cdtA, cdtB, tcdA and tcdB was
significantly upregulated at 24 h compared to 12 h. In the presence of
donor 1 (FD1), the gene expression of sleC, cspC and CspBA was
significantly upregulated at 24 h compared to 12 h. In the presence of

donor 1 (FD1), the gene expression of genes associated with orni-
thine metabolism (oraE, ora$, ortA, and ortB) was significantly upre-
gulated at 24 h compared to 12 h.

Between 12 h and 24 h, compared with those in control (CT), the
expression of genes involved in the Rnf system, cell wall binding
proteins, ethanolamine, and cell division metabolism was significantly
decreased in the presence of the microbiota (see Table 1). In the
presence of the microbiota, the gene expression of minE, rodA, sepF,
and ftsZ was significantly downregulated compared to the control. In
the presence of the microbiota, the gene expression of rnfBDG was
significantly downregulated at 24 h compared to 12 h. In the pres-
ence of the microbiota, the gene expression of cpw19, cpw22, and
cpw84 was significantly downregulated compared to that in the
control group. In the presence of donor 1 (FD1), the gene expression
of 10 genes involved in ethanolamine metabolism was significantly
downregulated at 24 h compared to 12 h.

3.4 | Study of C. difficile virulence and metabolism
The validation of the RNA-Seq data was performed using qPCR
analysis of the 6 genes (see Appendix C: Table C1): tcdA, tdcB, flaA,
rnfG, eutA, and eutB at 12 h (see Figure 6). Three out of the 6 genes
(rnfG, eutA, and eutB) displayed similar results between gPCR and
RNA-Seq. The tcdB and tcdA genes showed a similar trend, but the
PCR results had a large standard deviation. The flaA gene exhibited
opposite results according to the RNA-Seq, with a large standard
deviation.
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Impact of bacterial microbiota on gene expression of Clostridioides difficile at 12 h. A schematic representation of the

Analysis 1: bacterial microbiota effect on gene expression of C. difficile. Different categories of genes are represented in this figure: (a)
Genes associated with sporulation, (b) germination-associated genes, (c) genes associated with toxin production, (d) genes associated
with cell growth, (e) genes associated with amino acid, (f), genes associated with spermidine metabolism, (g) genes associated with

arginine metabolism, (h) Rnf complex associated genes, (i) genes involved in ethanolamine metabolism. Red arrow: the gene expression is
higher in the FD conditions compared to the control and blue arrow: the gene expression is lower in the FD conditions compared to the

control.

4 | DISCUSSION

An in vitro coculture model was established to study the effect of the
gut microbiota on C. difficile gene expression under anaerobic con-
ditions. Two fecal donors were used to mimic the gut microbiota
(FD1 and FD2). Several parameters were analyzed, namely, the
growth of C. difficile under different conditions, gene expression ac-
cording to RNA-Seq and confirmation data based on RT-gPCR. This
work aimed to analyze the influence of the microbiota on C. difficile
gene expression using a coculture model.

C. difficile growth was similar in the three conditions tested (see
Figure 1). The presence of the microbiota had no significant positive
or negative effect on the C. difficile growth. Under the control con-
dition (CT), the levels of C. difficile were significantly increased by 4.3
log1o (CFU mL™Y) after 24 h. In the same media, the growth potential
in this study is doubled after 24 h compared to previous work
(Martinez et al., 2022). The difference with this previous work was
the volume of media in contact with C. difficile spores (30 mL vs. 2 mL
in this study).

Sporulation is essential for C. difficile survival under aerobic
conditions and to facilitate transmission of the bacteria. In vivo, in
mice, C. difficile spores were detected in the colon at 24 h, and + 20%
of viable C. difficile spores were present (Koenigsknecht et al., 2015;

Shen, 2015). The expression of genes encoding sporulation started to
increase at 14 h in vivo (Janoir et al., 2013). The rate of germination
depends on optimum conditions such as pH, anaerobiosis, presence
of germinants and temperature (Wheeldon et al., 2008). The genes
associated with germination are sleC, cspBA, and cspC. cspBA is ex-
pressed as a fusion protein during sporulation and is cleaved by the
YabG protease into two proteins, CspB and CspA. CspC and CspA are
pseudoproteases that recognize germinants in the external environ-
ment (Francis et al., 2013). SleC is a key lytic transglycosylase that is
involved in spore germination (Gutelius et al., 2014). In this study, in
the presence of microbiota, the expression of genes associated with
germination, sporulation and other regulators (sigH, spo0A, rstA, and
codY) was significantly reduced compared to the control. In the
presence of feces from donor 2 (FD2), the expression of sigH was
decreased and the expression of spoOA was increased compared to
the control (CT). In a study in vitro, expression of the spoOA was
downregulated in the stationary phase, while expression of several
genes involved in sporulation was upregulated in the stationary phase
in the casamino acid medium (Hofmann et al., 2018). In the presence
of feces from donor 1 (FD1), the expression of genes involved in
sporulation and germination was significantly upregulated at 24 h
compared to 12 h. These results showed that the microbiota influ-
ences C. difficile gene expression by reducing genes associated with



MicrobiologyOpen

MARTINEZ et AL

—Wl LEY 15 of 28

Open Access,

(senunuo))

"dulwejoueyl3 | O € ‘wsijogelsw aupA|s3 |, O g ‘wsijogeiaw
auljoid |, OX ¢ ‘uoneniods T O £ (Al 98e3s) uoirejniods |, OM ¢

"UOISIAIP [[9D T OM T ‘@2UsjnUIA |, OX T ‘wsljogelsw vy T O ¢

‘wsjjogejaw aujjoid
J OX G ‘9s01qoj|3D T OM ¢ ‘UoISIAIP ||9D T O ¢ ‘uole|niods T O £

‘Buisuas wnionb |, O z ‘auipiwiads | OY ¢ ‘uonieiniods 1 OM €

‘aujwejoueyyy | O 0T ‘duipiwiads
1 O T ‘@Us|niiA 1 OX T ‘Wsijogeiaw auPAi8 T OM + ‘Wsljogesw
uoJ| | OM T pue T OM ¢ ‘UoIsIAp [[8D T OM Z ‘uoiejniods 1 OX 0T

[43]

6L

174
€8

8¢l

sSojoyo [euonduny Q) SIaquinu Q)

aUIDN3|0S] <= 9}E0UBINCOXO0-Z

<= dUluoaJy} ‘sisayjuAsolq aupnsjos| T

QUIS0JAY

<= ddH <= 9jewWSLIOYD ‘sISaYIuAsSOlq auISoJA] T
QuIS0JA}

<= ddH <= 91ewWsSLOYD ‘SISOYIUASOIq BUISOJA] |
dllp <=

ddn ‘sIsayjuAsolq ap130s|oNUOgLIAXOSpP SuIplwUAd |,
dN <= (ddYd+)

aulweln|3 ‘sisayjuAsolq aulpiwiAd oAou oq |,
d12/dad ‘dln/dan < =dinNN

‘SIS9UIUASOI] SpI303[d2NUOQL SUIPIWLIA]
aulplwiads <= aujpsasind

<= aunewse <= auluidie ‘sisayjuAsolq aujweAjod |,
dd1/dNL <= (3UPAI3

/dXA+) ¥IV ‘se10Aiexoud ‘sissyjuAsolq sulwelyy |
ddl/dNL <= (auisolhy

/dXQd+) ¥IV ‘sa10Aiex04d ‘sisayiuAsolq aulwelyy |
SUIYHUIO <= S1eweln|3 ‘sISaYuAsolq sulyHuIO |
aUIdN3|0S] <= 9}E0UBINCOXO-Z

/3UlleA <= 3]eANnJAd ‘SISSYIUASOIQ SUIDNS|OSI/SUlleA |,
aujuidie <=

aul|nJydjAlede <= ajeweln|3 ‘sisayjuAsolq suluiday |
suluiie <= sulyHUIO ‘SISayjuAsolq suluIdly |,

QUIISS ‘SISaYIUASOIq duIRlSAD 1

2UI2N3|0S| <= 9}EOUBRINCOXO-Z
<= dUIUO3JY} ‘sisayjuAsolq aupnajos| T

dULISS <= dE-93eIDAI3 ‘sIsayjuAsolq auLss T

dd1l/dNL

<= (+AVN+) ¥IV ‘eseydie ‘sisayjuAsolq suiwelyy T
9]e0UBINQOX0-Z

<= 9JeAnJAd ‘sisayjuAsolq sunajos|
91204ded0S10X0-7

<= 9]BI9|BAOSIOXO-Z ‘SISayjuAsolq aupna 1

dd¥d ‘sisayjuAsolq suipnsiy T

dUIdNS|0S| <= 9}E0UBINCOXO-Z

/auljeA <= 91eAnJAd ‘sisayjuAsolq auionajosi/auljep T

sa|Npon

14 1D 'sA zad
1D 'sA
TIT 1Add4 ANV 1D 'sA zdd (E=u)uvye
4 1D 'sA zad
LT 1D 'sA zad
1D 'sA
T 2d4 ANV 1D 'sA Tad (9=uyyer

1X3)JU0D |eIqOIN
sanpow suonRIpuo) awi]
JO JaquInN

‘(slaquinu O pue SINPOW HOHIH) WSIOGEISW JJJIP SAPIOPLISO[D UO 199449 dwiy Buljdwies pue 109449 e10IGODIN 2 379V L



MARTINEZ et AL

wsijogqe}aw aulyHUIO | O
auiwejoueyy3 T O £ pue | OM T
uonejniods | O 0Z

uixopoae|{ T O) €
uopeniods 1T O ¢
UoISIAIp 9D T OM ¢

wajsAs Juy T OM §

wsljogeaw suPA|IS T OM T pue | OM T
wsijogelaw auljoid | OY §

UoISIAIp 19D T OM 1

uone|niods |, OM £

Open Access,

s30joyo |euonduny O

‘wisijoqelsw uoi| |, OX T ‘Uxopoeld T OX €

WI LEy_MicrobiologyOpen

sg8ojoypio [euonduny O

16 of 28

"A80J0YHO HHFY| ‘O ‘SSWOUSD pue SaUID) JO eIpado|dAdUT 03J0AY ‘DY {|0JIU0D ‘1D SUOIIEIARIGQY

dd1l/dINL

<= (+@VN+) ¥IV ‘edeydie ‘sisayjuAsolq sulwelyy |
uone3uols ‘sisayjuAsolq pioe Ajeq |

aulplwiads <= aulsasind

<= aunewse <= suluidJe ‘sISaYjuAsolq sulweA|od |
aujuelejAuayd <= a1eAntAdjAuayd

<= 9lewsloyd ‘sisayluAsolq auluejelAusyd 1

suuidie <=

TOy SuljnudjAlede <= ajeweln|3 ‘sissyjuAsolq suiuissy T
dd1/dNL <= (uisoiAy

/dXA+) ¥IV ‘se10Aexoud ‘sissyjuAsolq sulwely] T
9g QUISISAD <= BUMIBS ‘SISAYIUASOIQ dUIRISAD T

uoljepes3sp suluolysN T
cer QUIISAD <= BUIUOIYIDW ‘SISSYIUASOI] SUIRISAD T

siaquinu O S3|NpoA|

uoneniul ‘sisayjuAsolq pioe Apeq T
1p1sly <= dd¥d ‘sisayjuhsolq suipisiH T
€11 dULISS <= dg-93eIadA|3 ‘sIsayjuAsolq aulasg T

aujuejejAuayd <= a3eAniAdjAuayd
<= 9jewsoyd ‘sissyjuAsolq auluejejAuayd 1

siaquinu Q) sa|Npo

(0)4

125

(0)°

sa|npow
J0 JaquinN

9T

sa|npow
JO JaquinN

a4
ca4d
(e=u)yer
¢d4d pue 1d4 SAYye
IX33U0D W]
suopipuo) awi]
12 'sa 1dd
suoipuo) awi)

(penupuod) z 374VL



MARTINEZ et AL

Microbiol O 17 of 28
icrobiologyOpen “WILEY

EutB expression

104

8 ® log, aacT

1095 (copie/mi)

0 —fensmeenesmmene s ” RN L. 4 log, fold change

T T
FD1-CT FD2-CT

Condtions

T
FD1-FD2

flaA expression

10+
8- ® log, aac)
1095 (copie/mi)

log,, fold change

T T
FD1-CT FD2-CT

Condtions

T
FD1-FD2

tcdA expression
10+ ® 109y gettadeltacT)
6 IOgz(copie/ml)

4 log, fold change

T T
FD1-CT FD2-CT

Condtions

T
FD1-FD2

Open Access,

EutA expression

104
8 °
6—

4—E i ¢ Py

2—

S UUUUEUUUUUUURRD SRRy oS A
5 bk
-4
-6 -
-8
-10 -
12
14

10g; (aac)
1095 (copie/mi)

log,, fold change

T T
FD2-CT FD1-FD2

Condtions

T
FD1-CT

rnfG expression

10
8- °
6 -
4 1095 copiemi)

g:i -------- S LY N § -------- - A

24
4
-6
-8
10
12
14

1095 ettadettacT)

S log, fold change
o
|

T T
FD2-CT FD1-FD2

Condtions

T
FD1-CT

tcdB expression

10 ® log, deltadeltaCT)
8 -
2‘ 1095 (copie/mi)
2 4 log, fold change

F T T B e I T

g 2

= -4 E 1 i

-6

-8
104
124
14

T T
FD2-CT FD1-FD2

Condtions

T
FD1-CT
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sporulation and germination. This study didn't show the presence of
germination and sporulation, but the growth curve showed that there
was growth of the vegetative forms, so spore germination did occur
in this study. One hypothesis for this reduction is that essential nu-
trients for germination (proline and taurocholic acid) are less available
due to competition from other bacteria (Reed & Theriot, 2021).
Toxins are essential for C. difficile pathology. The genes present
in PalLoc are tcdR, tcdB, tcdE, tcdA, and tcdC. spoOA negatively reg-
ulates toxin genes (Deakin et al., 2012) in ribotype 027 (Edwards &
McBride, 2014), but this regulation occurs during the early stationary
phase in ribotype 078 (Edwards & McBride, 2014; Mackin
et al., 2013). The presence of microbiota has a negative impact on

gene expression associated with toxins genes (tcdA and tcdB). In the
presence of feces from donor 1 (FD1), the gene expression of tcdA,
tcdB, cdtA, and cdtB was upregulated at 24 h compared to 12h. In
vivo, mice exhibited symptoms 6 h after toxin detection (Shen, 2015).
In vitro and in vivo, the gene expression of tcdA and tcdB increased
after 38h in mice, in TY medium and C. difficile 630 (Janoir
et al., 2013), and in the stationary phase in casamino acid medium in
C. difficile 6302erm (Hofmann et al., 2018). Toxin synthesis is corre-
lated with nutrient limitation (Chandra, 2022; Dineen et al., 2007).
The presence of glucose (Dupuy & Sonenshein, 1998), cysteine
(Karlsson et al., 2008), proline (Karlsson et al., 1999) and glycine
(Karlsson et al., 1999) decreases toxin production. This study did not
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measure the toxins levels. One hypothesis of this reduction of gene
expression is that fewer nutrients were available for germination and
thus the production of toxins.

The Stickland pathways use amino acids as an energy source
(Neumann-Schaal et al., 2019). The genes involved in the reductive
pathway are hydroxyisocaproate CoA-transferase (hadAIBC), acetyl-
CoA dehydrogenase (acdB), and electron transfer flavoprotein sub-
unit beta and alpha (etfBA) and the genes involved in the oxidative
pathway are ferredoxins (4S-4F ferredoxins) (Supporting Information:
Table S2: https://zenodo.org/doi/10.5281/zenodo.13121217). In
the presence of microbiota, expression of genes involved in amino
acid metabolism (valine, histidine, leucine, isoleucine, cysteine) was
decreased. In the presence of the microbiota, the expression of genes
encoding hydroxyisocaproate CoA-transferase and the Rnf complex
was significantly upregulated. In donor 1 (FD1), the expression of
genes involved in ornithine metabolism was increased at 24 h com-
pared to 12 h. In vitro, expression of the prd and grd operons was also
increased in the early stationary phase (Hofmann et al., 2018), and
the expression of genes involved in cysteine metabolism (cysE, cysK,
and J5010_007910) increased in the transient phase. In casamino
acid media, the expression of genes in the Rnf complex decreased in
the late stationary phase (Hofmann et al., 2018). In this study, both
Stickland metabolism pathways were activated in C. difficile tran-
scriptome analysis in the presence of the microbiota.

Another source of nutrients in the intestine is ethanolamine, which
is a ubiquitous component of the cell membrane (Nawrocki et al., 2018).
This nutrient is a source of carbon and nitrogen (Nawrocki et al., 2018).
The use of ethanolamine is advantageous for bacteria in nutrient-limited
environments. Ethanolamine utilization is controlled by the eut operon
which consists of 19 genes (Nawrocki et al., 2018). Throughout the
growth phase, the expression of genes coding for ethanolamine
metabolism was significantly upregulated compared to that in
the control group. At 24 h, the expression of 11 genes was down-
regulated in the presence of both microbiota. This can be explained by
the presence of eucaryotic cells in human feces (FD1 and FD2).

Iron is a key element in many metabolic and cellular pathways
(Miethke & Marahiel, 2007). The use of iron by pathogenic bacteria
is beneficial. The major transcriptional repressor is Fur (a ferric
uptake regulator) (Ho & Ellermeier, 2015; Troxell & Hassan, 2013).
In an iron-limited environment, Fur activates several genes involved
in iron acquisition systems (Ho & Ellermeier, 2015), and Fur
inactivation allows the expression of genes (Berges et al., 2018). Fur
also regulates ferredoxin genes and genes associated with flavo-
proteins (Ho & Ellermeier, 2015). In this study, the gene expression
of C. difficile genes associated with iron metabolism suggested that
the environment was deficient in iron. In the gastrointestinal tract,
iron is limited because bacteria and the host compete for iron
(Skaar, 2010). In this study, the expression of genes encoding the
Rnf system significantly increased in the presence of microbiota. At
12 h, the expression of etfA and etfB was significantly greater than
that in the control group. At 24 h, the expression of the FprA family
A-type flavoprotein, flavin reductase family protein and NADH:-
flavin oxidoreductase significantly decreased compared to that in

the control group. In the literature, under an iron-limited environ-
ment, the expression of genes encoding other metabolic pathways,
such as flavodoxin (FIdX), proline reductase (Prd), the iron pump ion
Rnf complex and the reaction 5-aminovalerate, was upregulated and
the expression of genes encoding ferredoxin-dependent amino acid
fermentation products was downregulated (had, etf, acd, grd, trx,
bdc, and hbd) (Berges et al., 2018; Ho & Ellermeier, 2015). In vitro,
the expression of etfAB increased throughout the growth phase
(Hofmann et al., 2018). Based on the expression of these genes,
one hypothesis is that this environment at 12 h was iron-limited by
the presence of the microbiota and that C. difficile established a
number of metabolic pathways to overcome this iron limitation.
Differences in gene expression were observed between the two
fecal donor groups. At 12 h, the expression of genes encoding the
cellobiose PTS was significantly downregulated in FD1 and signifi-
cantly upregulated in FD2. In the literature, the cel operon allows
C. difficile to use cellobiose as a carbon source in a depleted en-
vironment (Hasan et al., 2021). Cellobiose metabolism is linked to
sporulation (Hasan et al., 2021). Indeed, a celA mutant produces
fewer spores than a wild-type (Hasan et al., 2021). C. difficile detected
the cellobiose in the environment and activated genes in the cel
operon. This suggests that cellobiose is present in the environment in
our transwell model when feces are present. The hypothesis is that
cellobiose is present in the environment and originates the degra-
dation of the cellulose into oligosaccharides and cellobiose by
the bacteria (Cellulomonas spp., Bacteroides spp., Clostridium spp.,
Ruminococcaceae, and Streptomyces spp.) (Koeck et al., 2014;
Parisutham et al., 2017). The bacterial profiles of two fecal donors
(FD1 and FD2) in our study showed that the relative abundance of
Clostridiales_ge, Ruminococcaceae and Bacteroides was 20.9% and
7.3% for FD2 and FD1, respectively. The proportion of these bacteria
is higher in FD2 suggesting that cellobiose is more present in the
presence of FD2. This needs to be confirmed by determining the
concentration of cellobiose in the inner and outer compartments.
The expression of genes involved in proline metabolism (prd) was
significantly upregulated in FD1 at 12h and in FD2 at 24 h in com-
parison with the control (CT). The expression of genes involved in
ornithine metabolism increased in FD2 at 24 h. Ornithine is a key
nutrient that allows C. difficile to colonize the asymptomatic gut
(Marshall et al., 2023). Proline inhibits the production of the toxin
(Karlsson et al., 1999). The ability to utilize ornithine (ornithine
transcarbamylase) has been observed in other bacteria: Escherichia
coli, Mycobacterium tuberculosis, Pyrococcus furiosus, Thermotoga
maritima, Pseudomonas aeruginosa, and Thermus thermophilus (Shi
et al., 2015). A hypothesis is suggested to explain the differential
expression of ornithine and proline metabolism: proline is directly
available and utilized in the FD1 microbiota at 12 h and several steps
are realized to metabolize proline in the FD2 microbiota at 24 h.
The expression of genes encoding spermidine and putrescine
was significantly upregulated in FD2 at 12 h. These are polyamines
(Emerson et al., 2008). Putrescine is produced from arginine
by arginine decarboxylase or from ornithine by ornithine

decarboxylase (Emerson et al., 2008). Many food-borne bacteria
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are capable of producing biogenic amines: Staphylococcus spp.,
Bacillus spp., lactic acid bacteria (Lactobacillus spp., Pediococcus
spp., Enterococcus spp.), Pseudomonas spp., and a lot of En-
terobacteriaceae (Salmonella spp., Proteus spp., Serratia spp., Yersinia
spp., Citrobacter spp., Enterobacter spp., Escherichia spp., and Kleb-
siella spp,...) (Wunderlichova et al., 2014). The bacterial profiles of
two fecal donors in our study showed that the relative abundance
of these bacteria is not relevant (<1.0%).

The expression of antimicrobial resistance genes (arg genes) was
significantly upregulated in FD2. The expression of genes encoding
p-glucosaminate PTS (dga) genes was significantly downregulated in FD1
at 12 h. The expression of genes encoding clp genes was upregulated in
FD2 at 24 h (clpB) and in FD1 at 12 h (clpB) and downregulated in FD2 at
12 h (clpX and clpP). clpB expression is upregulated with heat stress in
C. difficile (Jain et al., 2011; Ternan et al., 2014).

qPCR analysis was used to compare and confirm the RNA-Seq
data. According to the literature, between 15.1% and 19.4% of genes
exhibit dissimilarity between gPCR and RNA-Seq results. Our results
indicate a similar concordance; with 83.33% of the studied genes
showing similarities with RNA-Seq.

An interesting aspect of this work is the investigation of the gene
expression of a C. difficile strain belonging to PCR-ribotype 078. This
PCR-ribotype was chosen because it is one of the five most common
PCR-ribotypes in Belgium (Callies et al., 2024), contains both virulence
operons (PaLoc and CdtLoc) and is widespread in animals (Rodriguez
et al., 2012). Several perspectives of this work are (i) studying other
relevant PCR-ribotypes (such as 014 and 027) to validate this effect of
microbiota; (ii) increasing the volume of the inner compartment
(75 mm Transwell [VWR]) and quantifying several phenotypes (such as
SCFA, PBS, SBS, L-proline, L-ornithine, and toxins); (iii) using mutants
(such as a deletion of tcdA, tcdB, cdtA, and cdtB) to see the effect of
these proteins on C. difficile growth in contact with microbiota.

To study the impact of the microbial community, we used samples
from two fecal donors. Further work is needed to determine the dif-
ferences between fecal donors. The perspectives of this work for
studying the impact of microbiota on C. difficile gene expression are (i)
to develop metatranscriptomic analysis in the outer compartment; and
(i) to simplify the outer compartment by using a bacterial consortium.

In conclusion, the presence of microbiota did not affect the
C. difficile growth in this study. The presence of microbiota did affect the
expression of C. difficile genes such as sporulation genes, germination
genes and virulence genes. These three categories of genes are essential
for the transmission of the pathology. In the presence of microbiota,
C. difficile exerts a defence mechanism to survive the competition (iron-
limited environment and ethanolamine metabolism). To further investi-
gate this interaction, future studies will use a simplified coculture model

with an artificial bacterial consortium, replacing the use of fecal samples.
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APPENDIX A

TABLE A1 Corresponding SRA metadata.
Experiment Library ID in GenBank
1 Insert2-T12-replicates-1_NGS22- W265_AH7TV2DSX3_S51_L001
1 Insert2-T12-replicates-2_NGS22- W266_AH7TV2DSX3_S52_L001
1 Insert2-T12-replicates-3_NGS22- W267_AH7TV2DSX3_553_L001
1 Insert3-T12-replicates-1_NGS22- W268_AH7TV2DSX3_S54_L001
1 Insert3-T12-replicates-2_NGS22- W269_AH7TV2DSX3_S55_L001
1 Insert3-T12-replicates-3_NGS22- W270_AH7TV2DSX3_S56_L001
1 Insert4-T12-replicates-1_NGS22- W271_AH7TV2DSX3_S57_L001
1 Insert4-T12-replicates-2_NGS22- W272_AH7TV2DSX3_S58_L001
1 Insert4-T12-replicates-3_NGS22- W273_AH7TV2DSX3_S59_L001
2 Insert-sans-MF-T12h-rep-1-R7_NGS22- W937_AHJH7CDSX3_S274_L002
2 Insert-sans-MF-T12h-rep-2-R8_NGS22- W938_AHJH7CDSX3_5275_L002
2 Insert-sans-MF-T12h-rep-3-R9_NGS22- W939_AHJH7CDSX3_S276_L002
2 Insert-sans-MF-T24h-rep-1-R10_NGS22- W940_AHJH7CDSX3_5277_L002
2 Insert-sans-MF-T24h-rep-2-R11_NGS22- W941_AHJH7CDSX3_S278_L002
2 Insert-sans-MF-T24h-rep-3-R12_NGS22- W942_AHJH7CDSX3_5279_L002
2 Insert-2-MF4-T12h-replicate-1_NGS22- W943_AHJH7CDSX3_5299_L002
2 Insert-2-MF4-T12h-replicate-2_NGS22- W944_AHJH7CDSX3_S300_L002
2 Insert-2-MF4-T12h-replicate-3_NGS22- W945_AHJH7CDSX3_S301_L002
2 Insert-2-MF4-T24h-replicate-1_NGS22- W945_AHJH7CDSX3_S302_L002
2 Insert-2-MF4-T24h-replicate-2_NGS22- W945_AHJH7CDSX3_S303_L002
2 Insert-2-MF4-T24h-replicate-3_NGS22- W945_AHJH7CDSX3_5304_L002
2 IP3-12-4_NGS22-X612_BHJH7KDSX3_S89_L001
2 IP3-12-5_NGS22-X613_BHJH7KDSX3_S90_L001
2 IP3-12-6_NGS22-X614_BHJH7KDSX3_S91_L001
2 IP3-24-4_NGS22-X615_BHJH7KDSX3_592_L001
2 IP3-24-5_NGS22-X616_BHJH7KDSX3_S93_L001
2 IP3-24-6_NGS22-X617_BHJH7KDSX3_594_L001

Library ID in paper

CT - 12h - replicate 1
CT - 12h - replicate 2
CT - 12h - replicate 3
FD1 - 12h - replicate 1
FD1 - 12 h - replicate 2
FD1 - 12h - replicate 3
FD2 - 12h - replicate 1
FD2 - 12 h - replicate 2
FD2 - 12h - replicate 3
CT - 12h - replicate 1
CT - 12h - replicate 2
CT - 12h - replicate 3
CT - 24 h - replicate 1
CT - 24h - replicate 2
CT - 24h - replicate 3
FD1 - 12h - replicate 1
FD1 - 12h - replicate 2
FD1 - 12h - replicate 3
FD1 - 24 h - replicate 1
FD1 - 24h - replicate 2
FD1 - 24h - replicate 3
FD2 - 12 h - replicate 1
FD2 - 12 h - replicate 2
FD2 - 12 h - replicate 3
FD2 - 24 h - replicate 1
FD2 - 24 h - replicate 2

FD2 - 24 h - replicate 3
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TABLE A2 General characteristics of RNAseq raw reads.

Samples Mean QC (pg/pl) Mean RIN Mean % Mapping Mean % Coverage
CT_12h (n=6) 9,799.3 5.9 98.1% 92.0%
CT_24h (n=3) 888 7.7 98.2% 93.4%
FD1_12h (n=6) 2,377.2 5.5 62.4% 71.5%
FD1_24h (n=3) 694.6 7.3 77.6% 72.3%
FD2_12h (n=6) 2,650.3 52 53.3% 49.2%
FD2_24h (n=23) 555.3 6.9 3% 2.8%
% genome coverage
Samples names QC (pg/uL) RIN % Binning (BV-BRC) % mapping (Subjunc) (FeatureCount)
C samples
CT_1.12h 4422 7.6 94.8% CD 97.8% 90.1%
CT_2_12h 7333 5 87.0% CD 98.1% 91.4%
CT_3_12h 4835 6.1 87.8% CD 97.9% 91.5%
CT_4_12h 23,431 5.20 66.7% CD 97.5% 92.0%
CT_5_12h 18,041 4.90 75.2% CD 98.4% 93.4%
CT_6_12h 734 6.40 87.5% CD 98.8% 93.4%
CT_1_24h 758 7.20 65.1% CD 97.5% 92.7%
CT_2_24h 917 7.90 67.9% CD 98.9% 94.4%
CT_3_24h 989 8 64.0% CD 98.3% 93.2%
FD1 samples
FD1_1_12h 370 4.3 88.2% CD 95,9% 86.0%
FD1_2_12h 9720 5.40 86.6% CD 96,0% 88.2%
FD1_3_12h 2708 6.9 89.6% CD 96,7% 89.3%
FD1_4_12h 513 4.30 30.1% CD 81.1% 72.3%
FD1_5_12h 293 6.60 NA 43.3% 39.1%
FD1_6_12h 659 5.40 NA 62.9% 54.0%
FD1_1_24h 979 7 35.3% CD, 84.8% BL 42.4% 39.8%
FD1_2_24h 751 7.30 39.7% CD 95.0% 88.4%
FD1_3_24h 354 7.5 35.1% CD 95.5% 88.8%
FD2 samples
FD2_1_12h 356 6.8 62.8% CD 30.2% 29.4%
FD2_2_12h 4896 4.5 NA 85.5% 74.9%
FD2_3_12h 8762 6.6 60.4% CD 95.4% 88.4%
FD2_4_12h 565 7.2 NA 35.5% 33.9%
FD2_5_12h 256 34 NA 34.8% 33.1%
FD2_6_12h 1067 27 NA 38.6% 35.3%
FD2_1.24h 452 6.9 87.3% CD, 80% R. sp., 0.1% 0.1%
96.9% UC

(Continues)



24 of 28 WI LEy_MicrobiologyOpen MARTINEZ €T AL.

Open Access,

TABLE A2 (Continued)

% genome coverage

Samples names QC (pg/uL) RIN % Binning (BV-BRC) % mapping (Subjunc) (FeatureCount)
FD2_2_24h 311 6.6 88.7% CD, 99.1% UC, 5.8% 5.4%

82.4% and 69.4% R. sp.,

45.8% B. sp.
FD2_3_24h 903 71 NA 0.8% 0.6%

Abbreviations: B. sp.: Bacteroides sp.; BL, Bifidobacterium longum; CD: Clostridioides difficile; NA, not associated; R. sp.: Roseburia sp.; RIN, RNA integrity
number; UC, uncultured Collinsella.

TABLE A3 Number of significant genes from different conditions (CT, FD1, and FD2) and different time points (12 h, 24h).

Timing 12-24h (n=3)
Condition CT FD1 FD2
Significant genes 42 1075 307
Overexpressed genes 17 658 107
Downregulated genes 25 417 200
Timing 12h (n=3)
Condition CT-FD1 CT-FD2 FD2-FD1
Significant genes 893 366 890
Overexpressed genes 245 (27.4%) 169 144
Downregulated genes 648 (72.6%) 197 746
Timing 12h (n=6)
Condition CT-FD1 CT-FD2 FD2-FD1
Significant genes 422 422 67
Overexpressed genes 171 138 14
Downregulated genes 234 284 53
Timing 24h (n=3)
Condition CT-FD1 CT-FD2 FD2-FD1
Significant genes 312 324 231
Overexpressed genes 106 146 104
Downregulated genes 206 178 127

TABLE A4 Main significant differences between the Clostridioides difficile transcriptome in the presence of the two bacterial microbiota.

12h 24h
Genes FD2 FD1 FD2 FD1
Cellobiose PTS system celA 3.24 celB - 4.2, celC - 3.58
clp genes clpP - 0.92, clpX - 1.16 clpB 2.87 clpB 5.83
arg genes argC 6.6, argG 1.6
dga genes dgaB - 5.54, dgaC - 5.73, dgaD - 5.52
prd genes prdA 2.77, prdB 2.26, prdD 4, prdE 3.44, prdF 3.54 prdB 2.56, prdD 4.42, prdE 4.02

pot genes potB 2.08, potD 2.2
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FIGURE A1 Main genes of categories shown in log, fold change. (1) Log, fold change of several genes grouped into categories between 12h
and 24h in the three conditions of Analysis 2; (a) FD1 condition; (b) FD2 condition; (c) no feces condition. Each gene is represented by a dot (e).
The pink dots are significant genes. The complete lists of genes are provided in Supporting Information: Table S3. (2) Log, fold change of several
genes grouped into categories at 12h (n = 6) from Analysis 1; (a) FD1 versus CT condition; (b) FD2 versus CT condition; (c) FD1 versus FD2
conditions. Each gene is represented by a dot (e). The pink dots are significant genes. The full lists of genes are provided in Supporting
Information: Table S3.
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FIGURE B1 Circularization of the S0756_078 C. difficile genome This figure was generated using Trycyler (Wick et al., 2021) (software
v0.5.3) and illustrated by BV-BRC platform (Olson et al., 2023) (v3.28.9). The different layers from the outside to the inside. Layer 1 represents
the CDS forward; Layer 2 represents the CDS reverse; Layer 3 is the RNA genes, the Layer 4 is the antimicrobial resistance (AMR) genes, the
Layer 5 is the virulence factors (VF) genes, Layer 6 is the GC content and Layer 7 is the GC skew. The complete genome comprises 4,071,782 bp
which contains 3740 genes, including 3541 CDCs. (with protein), 35 rRNAs and 90 tRNAs. This strain contains both virulence operons (PalLoc
and CdtLoc). The ribotype 078 is commonly found in animals (Rodriguez et al., 2012) and is the third most common in European hospitals
(Abdrabou et al., 2022). The GC content was 29.05%. Ninety- nine genes were involved in the stress response, defence, and virulence. This
strain has 12 copies of the 16S rRNA gene.
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FIGURE B2 Grape tree of the five most common PCR-ribotypes of Clostridioides difficile. Phylogenetic grape tree generated using the 2556
loci cgMLST+hierCC V1 design in Enterobase. The analysis was performed with the five most common PCR-ribotype 001 (n=237), 014 (nh =
217), 023 (n = 60), 027 (n = 659), and 078 (n = 588) (Frentrup et al., 2020; Zhou et al., 2018). Our strain (S0756) is located in the PCR-ribotype
078 group.
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TABLE C1
Genes

16S rRNA gene
(1500 bp)

16S rRNA gene
(157 bp)

gluD (116 bp)

tcdA (100 bp)

tcdB (110 bp)

rnfG (164 bp)

flaA (192 bp)

eutA (154 bp)

eutB (140 bp)

MARTINEZ et AL

Open Access,

Name

16S

16S rRNA gene
of C. difficile

Glutamate
dehydrogena
se

Toxin A

Toxin B

Rnf complex

electron
transfer
flavoprotein A

Ethanolamin
eA

Ethanolamin
eB

Primer reverse

5' TACGGTTACCT
TGTTACGAC 3’

5!

CCATCCTGTAC
TGGCTCACCT 3’

5'- CCTCTATAACT
CTCATAGGTTC -3’

5'-
TTTACTAGATA
AATCGCTCATA
ATAG-3'

5'-
TTTATAATACC
CTTACTATTAA
ATGC-3'

5'-
TGTTACCAATG
TCAACACCT-3'

5'- ACTCCATAGTC
AGCGATTTC-3'

5'- AAGCCTTCCAC
CTATATCCA-3'

5'- GGAGCACCAT
TTCTTATTGC- 3’

Main characteristics of gPCR and PCR targeting specific genes.

Primer forward

5' GAGTTTGATC
MTGGCTCAG 3'

5!

TTGAGCGATT
TACTTCGGTA
AAGA 3’

5'- AAAAGATGTA
AATGTCTTCG AG-3'

5'-

ATATGAAGTA
AGAATTAATA
GTGAGG-3'

5'-
GCTTCTAAGT

CAGATAAATC AG-3'

5'-

AGACCTTGGA
GATGGTCTTA- 3’

5'- TGTTGATGCT
GGATGGATAG -3'

5'- AATATCAGGA
AAAGGGGCTG-3'

5'- CCAGTTGATG
ACTCTGTTGA- 3'

Abrreviations: NR, not realized; gPCR, quantitative polymerase chain reaction.

Probe
NR

5' FAM-

CGGCGGACG
GGTGAGTAA CG-
TAMRA 3’

5'-Hex-

TTCATAAACT

GCTGGTTCC ATACCT-

BHQ2-3
5'-FAM-
AAGAACTTC

TGGCTCACTC AGGTAA-

TAMRA-3'
5'-CY5-
ACTTCTAGTG

GTGATGCCT CCATAT-

BHQ3-3'

NR

NR

NR

NR

Tm
56

55

57

57

57

54

55

54

57
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