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ABSTRACT
One of the most common hospital-acquired infections is caused by toxigenic Clostridioides 
difficile. Although C. difficile ST37 only produces a functional toxin B, it causes disease as severe 
as that caused by hypervirulent ST1. We aim to compare the differences in virulence and drug 
resistance between ST37 and ST1 isolates. We conducted whole-genome sequencing on ST37 and 
ST1 isolates, analyzing their type-specific genes, and the distribution and mutation of genes 
related to virulence and antibiotic resistance. We compared the in vitro virulence-related pheno
types of ST37 and ST1 isolates, including: TcdB concentration, number of spores formed, aggrega
tion rate, biofilm formation, swimming diameter in semi-solid medium, motility diameter on the 
surface of solid medium, and their resistance to 14 CDI-related antibiotics. We detected 4 ST37- 
specific genes related to adherence, including lytC, cbpA, CD3246, and srtB. We detected 97 
virulence-related genes in ST37 isolates that exhibit genomic differences compared to ST1. ST37 
isolates showed increased aggregation, biofilm formation, and surface motility compared to ST1 
in vitro. Chloramphenicol resistance gene catQ and tetracycline resistance gene tetM are present 
in ST37 but absent in ST1 strains. The resistance rates of ST37 to chloramphenicol and tetracycline 
were 45.4% and 81.8%, respectively, whereas ST1 isolates were sensitive to both antibiotics. ST1 
was more resistant to rifaximin than ST37. ST37 isolates showed stronger aggregation, biofilm 
formation and surface motility, and had higher resistance rates to chloramphenicol and tetracy
cline. ST1 isolates showed stronger ability to produce toxin and sporulation, and was highly 
resistant to rifaximin.
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Introduction

Clostridioides difficile is a Gram-positive, anaerobic, 
spore-forming intestinal opportunistic pathogen [1]. 
C. difficile infection (CDI) caused by toxigenic strains 
is one of the most common hospital-acquired infections 
and the leading cause of antibiotic-associated diar
rhea [1].

The occurrence and development of CDI is influ
enced by both host intestinal homeostasis and 
C. difficile virulence factors including spores, toxins, 
adhesions and biofilms [2]. C. difficile can survive for 
several months after sporulation in an environment 
that is not conducive to its growth and then infect the 
host via the fecal-oral route [3]. Prolonged use of anti
biotics or proton pump inhibitors leads to disruption of 
intestinal homeostasis and decreased resistance to 
C. difficile colonization, and hypnozoite spores hidden 

in the intestine can take the opportunity to germinate 
into vegetative cells [4]. Subsequently, C. difficile colo
nizes the intestine via adhesion factors and produces 
toxin A (TcdA) and toxin B (TcdB), which in turn 
cause diarrhea, pseudomembranous colitis, toxic mega
colon, and even death [5]. Furthermore, some 
C. difficile strains use adhesions such as cell wall pro
teins, flagella and type IV pili to form biofilm in the 
intestine, and biofilm contributes to the occurrence of 
recurrent CDI [2]. Hence, the fluctuation of each viru
lence factor can affect the pathogenicity of C. difficile.

Since the beginning of the twenty-first century, the 
epidemic BI/NAP1/027 strain of C. difficile, which was 
characterized as ST1 by multilocus sequencing typing 
(MLST), has emerged in Europe and North America 
[6]. Park and Yeo [7] reported that more than half of 
hospital-acquired CDI and community-acquired CDI 

CONTACT Jianhong Zhao zhaojh_2002@hebmu.edu.cn
*These authors have contributed equally to this work and share first authorship. Author order is determined after consultation. 

Supplemental data for this article can be accessed online at https://doi.org/10.1080/21505594.2025.2502554

VIRULENCE                                                                                                                                                 
2025, VOL. 16, NO. 1, 2502554
https://doi.org/10.1080/21505594.2025.2502554

© 2025 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which 
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been 
published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.

http://orcid.org/0000-0002-7368-7961
https://doi.org/10.1080/21505594.2025.2502554
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/21505594.2025.2502554&domain=pdf&date_stamp=2025-05-10


in Europe and the United States is related to ST1. ST1 
is typically characterized by hypervirulence via produc
tion of high levels of TcdA and TcdB as well as binary 
toxin [5]. Increased toxin production in ST1 is related 
to mutations in tcdC. tcdC is located downstream of 
tcdA within the pathogenicity locus (PaLoc) and func
tions as a negative regulator of toxin production during 
the exponential phase of growth [7]. Moreover, Burns 
et al. [8] reported that ST1 has a stronger sporulation 
ability than non-ST1 strains and is highly resistant to 
fluoroquinolone and rifampicin, resulting in high mor
bidity, recurrence, and mortality of CDI.

In Asia, the dominant strain of C. difficile is ST37 
rather than ST1 [9]. ST37 produces only a functional 
TcdB. A 1.8 kb deletion in the 3’ end of the tcdA gene 
and a point mutation in the 5’ end result in the pro
duction of a truncated, non-functional TcdA, and ST37 
does not produce binary toxin [9]. Despite lacking 
a functional TcdA, ST37 has spread widely, caused 
CDI outbreaks globally, and resulted in CDI as severe 
as that caused by other toxigenic strains that produce 
two toxins and even hypervirulent ST1 strains [9,10]. 
Studies have suggested that ST37 outbreaks may be 
associated with antimicrobial resistance (AMR), as 
ST37 has higher rates of resistance to clindamycin, 
fluoroquinolone, tetracycline, and rifaximin compared 
to other strains [11,12]. Although toxin production and 
AMR of ST37 are well documented, other virulence 
factors and phenotypes that may affect its pathogenicity 
and prevalence, such as sporulation, adhesions, aggre
gation and biofilm formation, have rarely been 
reported.

To explore the characteristics of virulence factors of 
ST37, and compare the differences in virulence and 
antibiotic resistance between ST37 and ST1, we used 
whole-genome sequencing to analyze the genomic fea
tures, virulence-related genes, and antibiotic resistance- 
related genes of ST37 and ST1 isolates. Additionally, we 
compared the in vitro pathogenicity-related phenotypes 
of ST37 and ST1 strains, including toxin production, 
sporulation, aggregation, biofilm formation and moti
lity, as well as their resistance to antibiotics closely 
associated with CDI. We hope that our results can be 
applied to help control the global prevalence and trans
mission of ST37 and ST1.

Materials and methods

Collection and identification of C. difficile strains

We obtained all standard C. difficile strains (ATCC 
BAA-1870, ATCC43598, ATCC BAA-1382, 
ATCC700057) from the American Type Culture 

Collection (ATCC; Manassas, VA, USA). All 
C. difficile clinical isolates were isolated from patients 
with suspected CDI with diarrhea in China as pre
viously described [13,14]. The stool samples inclusion 
criteria were soft or liquid stools, one specimen per 
patient, fresh or frozen stool within 48 h. Stool samples 
were treated with alcohol, and the mixture was inocu
lated onto C. difficile moxalactam-norfloxacin (CDMN, 
Oxoid, Cambridge, UK) agar plates. After incubation 
for 48 h at 37°C in an anaerobic chamber, presumptive 
C. difficile colonies were selected for Gram staining and 
observed with a microscope based on colony morphol
ogy and odor. Finally, colonies were identified by 
matrix-assisted laser desorption ionization time-of- 
flight mass spectrometry (QuanTOF, IntelliBio, 
Qingdao, China) or Vitek 2 ANC card (bioMérieux, 
France) as previously described [13–15]. We amplified 
the toxin genes tcdA, tcdB, cdtA, and cdtB of the isolates 
and performed multilocus sequencing typing (MLST) 
using previously described methods [15,16]. All 
C. difficile strains were stored at −80°C until use. The 
information of all strains used in this study is shown in 
supplementary Table S1.

Whole genome sequencing and analysis

For economic reasons, only 6 of the 11 ST37 clinical 
isolates were sequenced, and the 12 ST1 isolates were 
all sequenced as part of other studies (data to be pub
lished). We extracted the genomic DNA from the sam
ples using the Cetyltrimethyl Ammonium Bromide 
method with minor modification [17]. We assessed 
DNA concentration and quality using a NanoDrop 
Spectrophotometer (Thermo Fisher Scientific, 
Waltham, MA, USA). Sequencing libraries were gener
ated using the TruSeq DNA Sample Preparation Kit 
(Illumina, San Diego, CA, USA) and the Template 
Prep Kit (Pacific Biosciences, Menlo Park, CA, USA). 
Subsequently, Personal Biotechnology Company 
(Shanghai, China) sequenced the genomes using the 
Illumina Novaseq platform. The filtered reads were 
assembled using SPAdes and A5-miseq after removal 
of raw reads with adapter contamination, low quality, < 
50 base pairs, or 10% ambiguous bases [18,19]. The 
genome sequences were acquired after rectification 
using pilon software [20].

We used GeneMarkS v4.32 [21] to predict the cod
ing sequences and tRNAscan-SE, Barrnap v0.9, and 
Rfam to identify transfer RNA, ribosomal RNA, and 
other non-coding RNA, respectively [22,23]. The 
Virulence Factors of Pathogenic Bacteria (VFDB) and 
Comprehensive Antibiotic Resistance (CARD) data
bases were used to retrieve the virulence loci and 
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antibiotic resistance-associated genes, respectively 
[24,25]. We performed function annotation by con
ducting blast searches against different databases, 
including the Non-Redundant Protein (NR) Database, 
Gene Ontology, Kyoto Encyclopedia of Gene and 
Genomes (KEGG), and Cluster of Orthologous 
Groups of proteins (COG) [26–29]. The orthologous 
genes of different C. difficile isolates were identified 
using the online tool OrthoMCL v2.0.8 [30].

Single nucleotide polymorphisms (SNPs) analyses

We used C. difficile ST1 epidemic strain R20291 (acces
sion number ERR047167) as the reference strain for 
alignment. We identified the SNP sites that differed 
between the ST37 and ST1 isolates and R20291 in 
virulence-related genes and antibiotic resistance- 
associated genes using GATK software and annotated 
them using ANNOVAR software, respectively [31,32]. 
The maximum likelihood trees based on SNPs were 
constructed using FastTree software [33].

In vitro assays

Using simple random sampling combined with phylo
genetic tree analysis, 6 ST1 isolates were selected and 
compared with 6 sequenced ST37 isolates for in vitro 
virulence phenotypes (supplementary Table S1). The 
standard C. difficile strain ATCC BAA-1382 was 
included in each test as the control.

Quantification of TcdB concentration

The quantitative test of in vitro TcdB production was 
performed as previously described [34]. Briefly, 
C. difficile overnight cultures grown in brain heart 
infusion broth supplemented with 5% yeast extract 
and 0.1% L-cysteine (BHIS) were subcultured 1:100 
into BHIS broth and grown to an optical density at 
600 nm (OD600) of 0.5. C. difficile TcdB enzyme-linked 
immunosorbent assay (ELISA) quantitative kits 
(Jingmei, Jiangsu, China) were used to determine the 
amount of TcdB in the culture supernatants at 12 h of 
inoculation. The OD450 was measured and compared 
with the linear range of the standard curve to calculate 
the total toxin concentration.

Sporulation

We conducted sporulation assays as previously 
described with some modification [34]. Briefly, 
C. difficile overnight cultures grown in BHIS were sub
cultured 1:100 into BHIS broth and grown to an optical 

density at OD600 of 0.5. We collected 1 mL of the 
culture every day for the next 5 days to quantify the 
spores. We centrifuged the 1 mL cultures for 10 min at 
3200 × g, removed the supernatant, washed the pellet 
with 1 mL sterile phosphate-buffered saline (PBS), cen
trifuged the sample again, and resuspended the pellet in 
1 mL sterile PBS prior to heat shock for 30 min at 65°C. 
We then serially diluted the heat shock-treated samples, 
plated them on Brucella agar plates with 0.1% tauro
cholate, and incubated them at 37°C for 48 h.

Self-aggregation

Aggregation assays were performed as previously 
described [35]. Briefly, we added 1 mL of overnight cul
tures with OD620 = 0.5 into glass tubes containing 10 mL 
of BHIS broth and incubated the samples at 37°C. We 
assessed aggregation by measuring the cell density in the 
tubes every 2 h before (OD620 pre) and after (OD620 post) 
vortex resuspension of the cell aggregates. The aggrega
tion rate was calculated using the following formula: 
[(OD620 post – OD620 pre)/OD620 post] × 100.

Biofilm formation

We conducted the biofilm assays as previously described 
with some modification [34]. Briefly, overnight cultures 
with OD620 of 0.5 were diluted 1:100 in BHISG medium 
(BHIS supplemented with 1.8% glucose) and then inocu
lated into 24-well plates. They were incubated anaerobically 
at 37°C for 1, 3, 5, and 7 days. After incubation, super
natants were removed and the wells were washed twice 
with sterile PBS. We air dried the biofilms, stained them 
with Crystal Violet (0.2% w/v) for 30 min, washed them 
twice with sterile PBS, and air dried them. The dye was 
solubilized in 75% ethanol and quantified at 570 nm. 
Assays were repeated three times, and the BHISG broth 
was included as a blank.

Motility

Motility assays were performed as previously described 
with some modification [36,37]. We cultured the isolates 
in BHIS at 37°C in an anaerobic chamber. For swimming 
motility assays, we added 2 μL of overnight cultures to 
BHIS-0.3% agar. For surface motility assays, we added 
2 μL of overnight cultures to BHIS-1.8% agar supplemen
ted with 1% glucose. After spots were dry, we incubated the 
plates at 37°C in an anaerobic chamber for 7 days and 
measured the spots at 24-h intervals. The diameter of 
each motility spot (widest part of the colony and perpen
dicular to the widest part) was measured twice and 
averaged.
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Antimicrobial susceptibility testing (AST)

We performed AST using the agar dilution method 
recommended by the Clinical and Laboratory 
Standards Institute (CLSI, Malvern, PA, USA). Eleven 
ST37 and 12 ST1 isolates were tested for susceptibility 
to metronidazole, vancomycin, meropenem, fidaxomi
cin, chloramphenicol, rifaximin, tetracycline, ceftiax
one, ceftazidime, ciprofloxacin, levofloxacin, 
tobramycin, erythromycin, and clindamycin. The stan
dard C. difficile strain ATCC 700,057 was included in 
each test as the control. We identified minimum inhi
bitory concentrations (MICs) according to the criteria 
in the CLSI guidelines and previously reported refer
ences [38,39].

Detection of R505K mutation in RpoB

The presence of rpoB gene in 5 unsequenced ST37 iso
lates were detected by conventional PCR. Primers speci
fic for the rpoB gene were designed using Primer BLAST 
(sequence [5’to 3’]: ATGGAAGCTATAACGCCTCAA; 
ACAGCACCATTTACAGTTCTA). The PCR reactions 
were conducted in a reaction volume of 50 μl that con
sisted of 25 μL of 2× Taq MasterMix, 19 μL of double- 
distilled H2O, 2 μL of DNA, and 4 μL of primers. The 
cycling parameters of conventional PCR were as follows: 
95°C for 5 min; 35 cycles of 95°C for 1 min, 50°C for 
1 min, and 72°C for 1 min; and a final extension at 72°C 
for 5 min. The PCR products were analyzed by electro
phoresis on a 1% agarose gel. Then, the amplified pro
ducts were sequenced at Sangon Biotech (Shanghai, 
China). All rpoB gene sequences were performed multi
ple sequence alignment using Clustal Omega (https:// 
www.ebi.ac.uk/Tools/msa/clustalo/) and Meinverse 
(https://meinverse.cn/home) software.

Statistical analysis

Data analysis was performed using SPSS Version 21.0 
(IBM Corp., Armonk, NY, USA). The differences in 
TcdB concentration, sporulation, biofilm formation 
and motility capacity were analyzed using a t-test. The 
Mann-Whitney test was used to analyze the self- 
aggregation assay data. A p value < 0.05 was considered 
to be statistically significant.

Results

Characteristics of C. difficile ST37 and ST1 strains

The strains used in this study are shown in supplemen
tary Table S1. Some strains were isolated from different 
cities, and the strains from the same city were from 

different hospitals or different departments of the same 
hospital. All ST37 strains were tcdA-tcdB+cdtA-cdtB-, 
all ST1 strains were tcdA+tcdB+cdtA+cdtB+.

Genomic features and type-specific genes of 
C. difficile ST37 and ST1

Supplementary Table S2 lists the general information 
and details about the genomic sequencing results for 
the 6 ST37 and 12 ST1 strains. All C. difficile isolates 
were similar in GC content (28.39–28.61%).The gen
ome size of 6 ST37 isolates (4.16–4.26 Mb) was similar, 
and the genome size of 12 ST1 strains (4.07–4.09 Mb) 
was smaller than that of ST37 strains. All strains shared 
3,398 core genes (Supplementary Figure S1). Strain 
ST37-B2 and ST37-B7 had the most total (n = 3954) 
and unique (n = 43) coding sequences, respectively. 
The phylogenetic tree based on SNPs showed that 
ST37 strains were tightly clustered together 
(Supplementary Figure S2).

Then, we divided the two types of C. difficile into 
two groups, and found that 3,395 genes were shared 
between ST37 and ST1 groups, and 263 genes and 213 
genes were unique to ST37 and ST1, respectively 
(Figure 1(a)). We assigned the unique genes of the 
two C. difficile strains to COG functional categories 
and found that the largest number of them were 
involved in genetic information storage and processing 
(Figure 1(b,c)). We found 18 and 36 unique genes 
related to metabolism in ST37 and ST1 strains, respec
tively. Among them, ST37 contain more genes related 
to carbohydrate transport and metabolism (44.4%, 8/ 
18), while only five genes (13.9%, 5/36) related to 
carbohydrate transport and metabolism were detected 
in ST1strains (Figure 1(b,c)). Among the carbohydrate 
transport and metabolism-related genes unique to ST37 
strains, 3 genes encode glycoside hydrolases, including 
6-phosphate-β-glucosidase (GH1), glycoside hydrolase 
38 (GH38) and sucrose hydrolase (GH13_18) 
(Supplementary Table S3). The five unique carbohy
drate transport and metabolism-related genes identified 
in ST1 strains all encode phosphate transferase system 
(PTS) transporter subunits (Supplementary Table S3). 
We also detected the srlD gene in ST1 strains, which 
encodes sorbitol-6-phosphate dehydrogenase. Although 
the srlD gene is not classified as a carbohydrate trans
port and metabolism-related gene in the COG annota
tion, it has been reported that C. difficile 630 (ST54) 
containing the srlD gene can metabolize sorbitol, while 
the ST81 lacking the srlD gene cannot utilize sorbitol.

The ST37-specific genes also included four genes 
related to C. difficile adherence, including lytC 
(cwp84), cbpA, srtB and CD3246 genes 
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(Supplementary Table S3). CWP84 is a cysteine pro
tease that plays an important role in maturation of 
SlpA, the principal component of surface layer 
(S-layer). Class B sortases (SrtB), a cysteine transpepti
dase enzyme that catalyzes covalent attachment of col
lagen-binding protein (CbpA) to the meso- 
diaminopimelic acid of the peptidoglycan, thereby pro
moting the biofilm formation of C. difficile. The type- 
specific genes in ST37 strains also include the tetracy
cline resistance gene tetM, and three genes encoding 
GGDEF and/or EAL domain-containing proteins 

(Supplementary Table S3). These proteins are predicted 
to have diguanylate cyclases (DGCs) and/or phospho
diesterases (PDEs) activity that regulate the level of 
the second messenger cyclic diguanylate (c-di-GMP) 
in C. difficile. DGCs catalyze the synthesis of c-di- 
GMP, and the high intracellular levels of c-di-GMP 
can promote the aggregation and biofilm formation of 
C. difficile.

Among the ST1-specific genes, in addition to the 
toxin genes tcdA, cdtA and cdtB, more genes related 
to vancomycin resistance are worthy of attention. 

Figure 1. Distribution of orthologous genes in ST37 and ST1 strains. (a) Venn diagram showing the number of shared and unique 
genes for the ST37 and ST1 strains. (b) and (c) show the enrichment of cluster of orthologous groups of proteins (COG) annotation of 
unique genes in ST37 and ST1, respectively. Other groups represent genes not annotated in the COG database.
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Taken together, we found more genes related to carbo
hydrate transport and metabolism and bacterial adhe
sion in ST37 strains.

SNP analyses of virulence-related genes in ST37 
and ST1 strains

Given that multiple virulence factors play different impor
tant roles in the pathogenesis of C. difficile, we then focused 
on the genomic differences of virulence-related genes 
between ST37 and ST1 strains. Based on KEGG annotation 
and existing studies, in addition to toxin genes tcdA, tcdB, 
cdtA and cdtB, genes related to sporulation, adherence, 
biofilm formation, and motility, which are involved in the 
pathogenic process of C. difficile, were included in the 
category of virulence-related genes.

We first analyzed the PaLoc region of ST37 strains. As 
shown in Figure 2, the PaLoc region of the 6 ST37 strains 
were highly similar. They all contained tcdR, tcdB, tcdE, 
tcdC, and incomplete and discontinuous truncated tcdA 
genes. In addition to the mutant tcdA gene, the tcdB, tcdR, 
and tcdC genes all contained non-synonymous single 
nucleotide variants (SNVs). The tcdB gene contained the 
highest number of SNVs, whereas the tcdE gene was 
relatively conserved, with only one synonymous SNP 
(Figure 2). Mutations in genes within the PaLoc region 
were not detected in any of the 12 ST1 strains sequenced.

As shown in Figure 3(a), in addition to the toxin 
genes tcdA and tcdB, we detected 95 virulence-related 
genes containing non-synonymous SNPs in ST37 
strains, and most were motility-related genes (n = 40), 
followed by 29 sporulation-, 22 adherence- and 4 bio
film-related genes (Figure 3(a)). Notably, flagellar genes 
accounted for the vast majority of all mutated motility- 
related genes, and only five mutated type IV pili genes 

were detected. The filament cap gene fliD had the most 
mutation sites, followed by the flagellar hook gene fliK, 
the filament gene fliC, and hook-filament junction 
genes flgL and flgK. Flagellin proteins FliD, FliC, FlgL, 
FlgK, and FliK together form the extracellular part of 
flagella, which is involved in the swimming motility, 
adherence and biofilm formation of C. difficile.

Among the mutated adherence-related genes in the 
ST37 strains, we identified 18 genes encoding cell-wall 
proteins (CWPs) (Figure 3(a)). CWPs are components 
of the surface layer (S-layer), and more than 30 CWPs 
and the S-layer protein SlpA together form S-layer 
proteins, which are involved in C. difficile adhesion 
and colonization and in evoking a strong immune 
response. We found that gene CD2831, which encodes 
a surface protein that binds collagen and promotes 
adhesion and biofilm formation in C. difficile, harbored 
the most non-synonymous SNP sites among the 
mutated adherence-related genes. We also identified 
the gene zmpI (CD2830), which encodes zinc metallo
protease (ZmpI). It contains five non-synonymous 
SNPs, which can cleave the surface protein CD2831 
from peptidoglycan. The expressions of two other iden
tified genes, CD2831 and zmpI, are affected by the 
bacterial second messenger cyclic diguanylate (c-di- 
GMP): under high levels of c-di-GMP, expression of 
CD2831 is upregulated, whereas zmpI expression is 
repressed and C. difficile adhesion and early biofilm 
formation are promoted. We also identified three 
genes encoding c-di-GMP metabolizing enzymes, 
including adrA, yegE, and bifA. The first two genes 
encode diguanylate cyclase and the last one encodes 
c-di-GMP phosphodiesterase (Figure 3(a)).

Figure 3(b) shows all genes with non-synonymous 
mutations in the ST1 strains. Clearly, we detected fewer 

Figure 2. Comparative analysis of the PaLoc region of ST37 strains and R20291. The heat map below the PaLoc region corresponds 
to mutations in genes of the same color within the PaLoc region. The color changes from light to dark represent frameshift, stop 
gain, non-synonymous single nucleotide variants (SNV), and synonymous SNV, respectively. Numbers within the heat map represent 
the number of mutation sites.
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Figure 3. Heat map of non-synonymous mutations of genes in ST37 and ST1 strains. (a) Heat map of non-synonymous mutations of 
virulence-related genes in ST37 strains. (b) Heat map of all genes with non-synonymous mutations in ST1 strains. Numbers within 
the heat map represent the number of mutation sites.
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non-synonymous mutated genes and mutation sites in 
ST1 strains compared to ST37 strains. Only one 
mutated virulence-related gene, slpA, was detected in 
the ST1 isolates, which is the only mutant virulence- 
related gene shared between ST37 and ST1 isolates 
(Figure 3).

The above results showed that the virulence-related 
genes of ST37 were genomically distinct from those of 
ST1, but whether this indicates that there are differ
ences in pathogenesis-related phenotypes between the 
two strains remains to be investigated.

ST37 showed decreased sporulation but increased 
aggregation, biofilm formation, and surface 
motility compared to ST1

Since the virulence-related genes of ST37 were genomi
cally distinct from those of ST1, we accordingly com
pared in vitro pathogenesis-related phenotypes of ST37 
and ST1, including TcdB production, sporulation, 
aggregation, biofilm formation and motility.

We first determined the growth of C. difficile in 
BHIS medium. As shown in Supplementary Figure S3, 
both ST37 and ST1 strains entered the stabilization 
phase after approximately 6 h of growth. Therefore, 
we tested the concentration of TcdB protein in the 
culture supernatant after 12 h of growth. As shown in 
Figure 4(a), the accumulated TcdB protein concentra
tion of ST1 strain after 12 h of growth was approxi
mately 1.87 pg/mL, which was slightly higher than that 
of ST37 strain (1.80 pg/mL, p > 0.05).

Subsequently, we performed spore counts for five 
consecutive days to compare the sporulation capacity 
of ST37 and ST1. As shown in Figure 4(b), at all five 
experimental time points, the number of spores of ST1 
strains was more than that of ST37 strains, and the 
difference on day 1 and day 2 was statistically signifi
cant (p < 0.05).

The adherence of C. difficile includes not only the 
adhesion to host intestinal epithelial cells, but also the 
adhesion between individual bacteria. Here, we com
pared the adhesion ability between bacteria of ST37 and 
ST1 isolates by self-aggregation assay. We calculated 
the self-aggregation rate by continuously measuring 
the absorbance changes of C. difficile growing in tubes 
over a 12 h period. As shown in Figure 4(c), the aggre
gation rate of ST37 strains increased over time, but that 
of ST1 strains changed little, and the aggregation rate of 
ST1 strains was significantly lower than that of ST37 
strains at 6 h, 8 h and 10 h. At 24 h of culture, the 
aggregation rate of ST1 was only about 20%, whereas 
more than half of the ST37 strains were aggregated at 
the bottom of the glass tubes (Figure 4(c)).

We further compared the biofilm formation ability 
of the two strains on days 1, 3, 5, and 7. As shown in 
Figure 4(d), the biofilm formation of ST1 was slightly 
higher than that of ST37 in the early stages (day 1) (p >  
0.05). However, with the prolongation of culture time, 
the biofilm formation of ST1 strains increased slightly, 
while the biofilm formation of ST37 strains increased 
significantly. On days 5 and 7, the biofilm formation of 
ST37 was significantly higher than that of ST1 
(Figure 4(d)).

Finally, we compared the swimming motility of 
ST37 and ST1 strains on BHIS-0.3% agar and surface 
motility on BHIS-1.8% agar plates. The results showed 
that ST1 was better at locomotion in semi-solid agar 
(Figure 4(e)), while ST37 had significantly stronger 
motility on the solid agar surface than ST1 
(Figure 4(f)).

In summary, the virulence-related genes of ST37 
were genomically distinct from those of ST1, and the 
in vitro pathogenesis-related phenotypes in the two 
types of strains were also different. ST37 isolates 
showed stronger self-aggregation and biofilm formation 
ability and surface motility, while ST1 was superior in 
toxin production, sporulation and swimming motility.

Antibiotic resistance of the ST37 and ST1 strains

Given the significance of AMR in the epidemic and 
pathogenesis of C. difficile, we then analyzed the pre
sence of antibiotic resistance-related genes and their 
SNP profiles in ST37 and ST1 isolates. The retrieval 
of antibiotic resistance-related genes combines the 
CARD databases, the KEGG annotation, and available 
studies. As shown in Table 1, We detected 33 and 32 
antibiotic resistance-related genes in ST37 and ST1, 
respectively. catQ gene and tetM gene were present in 
ST37 strains but absent in ST1 strains, which are asso
ciated with chloramphenicol resistance and tetracycline 
resistance, respectively. In contrast, the ST1 strains 
contained more genes associated with vancomycin 
resistance, including vanB, vanRG2, vanSG and 
vanTG genes (Table 1).

Table 2 shows non-synonymous mutation sites in 
common antibiotic resistance-related genes in ST37 
and ST1 isolates. The number of non-synonymous 
SNP sites detected in ST37 isolates was also higher 
than in ST1 isolates. The XdhD and XdhA related to 
metronidazole resistance in ST37 isolates contained the 
most non-synonymous SNPs. There were only two 
identical mutations in ST37 and ST1 isolates, including 
the I155L mutation in NimA and R505K mutation in 
RpoB.
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To investigate the relationship between the detected 
antibiotic resistance-related genes and the drug resis
tance of ST37 and ST1 isolates, we conducted in vitro 
AST. In addition to the 6 sequenced ST37 isolates, we 
also included 5 ST37 clinical isolates from different 
sources for the AST to obtain more comprehensive 
results. We selected 14 antibiotics according to the 
above antibiotic resistance-related genes and common 
antibiotics associated with the pathogenesis and treat
ment of CDI. As shown in Figure 5, both ST37 and ST1 
were 100% resistant to ceftiaxone and ceftazidime 
(beta-Lactam), ciprofloxacin and levofloxacin 

(fluoroquinolones), tobramycin (aminoglycoside), ery
thromycin and clindamycin (macrolide-lincosamide- 
streptogramin B, MLSB). Compared to ST1 strains, 
ST37 strains had higher resistance rates to chloramphe
nicol and tetracycline, which were 45.4% and 81.8%, 
respectively, whereas ST1 strains were sensitive to both 
antibiotics (Figure 5). The resistance rates of ST1 
strains to rifaximin is as high as 100%, while the resis
tance rate of ST37 to rifaximin is lower than that of 
ST1, at 63.6 %. MICs of 14 antimicrobial agents against 
11 ST37 and 12 ST1 C. difficile clinical isolates were 
shown in supplementary Tables S4 and S5, respectively.

Figure 4. Comparison of pathogenesis-related phenotypes between ST37 and ST1 strains. (a) Comparison of TcdB production 
between ST37 and ST1 strains. (b) Comparison of the number of spores measured for five consecutive days. (c) Comparison of self- 
aggregation rates. (d) Comparison of biofilm formation capacity. (e) and (f) show comparison of swimming motility and surface 
motility ability measured for seven consecutive days, respectively. Error bars represent standard error of the mean. ns, no 
significance, *p < 0.05; **p < 0.01.
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Finally, we detected the R505K mutation in RpoB in 
5 unsequenced ST37 isolates by Sanger sequencing. As 
shown in Supplementary Figure S4, the R505K 
(AGA>AAA) mutation in RpoB was detected in all 
four rifaximin-resistant ST37 strains.

Discussion

The pathogenicity of ST37 was not appreciated until 
1999, when an outbreak of TcdA-TcdB+ C. difficile- 
associated diarrhea occurred in a Canadian tertiary 
care hospital [40,41]. Since then, a global outbreak of 
ST37 has occurred, especially in Asia, but also in many 
non-Asian countries such as Germany, Canada, 
Portugal, South Africa, and the United States [10]. As 
a toxigenic strain that produces only functional TcdB, 
ST37 is not only capable of causing disease as severe as 
that caused by other toxigenic strains that produce both 

TcdA and TcdB, but its pathogenicity is also compar
able to the most to that of the “notorious” epidemic 
hypervirulent C. difficile ST1 [42,43]. Moreover, 
researchers have reported that ST37 is usually asso
ciated with severe CDI or even lethal CDI [9,44]. 
Hence, C. difficile ST37 is considered to be one of the 
most successful epidemic strains in terms of both 
pathogenicity and prevalence.

The pathogenicity of C. difficile is affected by both 
the host intestinal environment and its own virulence 
factors. Imbalance of intestinal homeostasis and 
reduced colonization resistance create the prerequisites 
for the occurrence of CDI, and the synergistic toxic 
effect of many virulence factors of C. difficile is the 
decisive factor for the occurrence and development of 
CDI [45]. In this study, we explored the differences in 
virulence and drug resistance between ST37 and ST1 
isolates through comparative genomics and in vitro 

Table 1. Description and function of antibiotic resistance-related genes in ST37 and ST1 strains.

Gene symbol Description of the encoded protein Putative function
ST37 

(n = 33)
ST1 

(n = 32)

aac(6”) -Ie- 
aph(2”’) -Ia

AAC(6”)-APH(2”) bifunctional resistance protein Aminoglycoside resistance √a √

ant(6)-Ib Aminoglycoside adenylyltransferase Aminoglycoside resistance √ ×b

aph(3’’)-Ib 
(strA)

aminoglycoside O-phosphotransferase APH(3’’)-Ib Aminoglycoside resistance √ √

dfrD_2 Dihydrofolate reductase Antifolate resistance √ ×
bcrA bacitracin resistance ABC transporter ATP-binding subunit Bacitracin resistance √ √
mecRI BlaR1 family beta-lactam sensor/signal transducer beta-Lactam resistance √ √
rtcB RNA ligase RtcB family protein beta-Lactam resistance √ √
SaurJH1_0031 Penicillinase repressor beta-Lactam resistance √ ×
catQ Chloramphenicol acetyltransferase Chloramphenicol resistance √ ×
gyrA DNA gyrase subunit A Fluoroquinolone resistance √ √
gyrB DNA gyrase subunit B Fluoroquinolone resistance √ √
arlR Member of the two-component regulatory system ArlS/ 

ArlR
Involved in the regulation of adhesion, autolysis, 

multidrug resistance and virulence
√ √

ermB 23S rRNA (adenine(2058)-N(6))-methyltransferase Erm(B) Macrolide-lincosamide-streptogramin B(MLSB) resistance √ √
mecI (blaI) Penicillinase repressor Methicillin resistance × √
feoB1 Ferredoxin oxidoreductase Metronidazole resistance √ √
nimA 5-nitroimidazole reductase Metronidazole resistance √ √
xdhD Xanthine dehydrogenase Metronidazole resistance √ √
xdhA Xanthine dehydrogenase Metronidazole resistance √ √
mepA MATE family efflux transporter Multidrug resistance √ √
rpoB DNA-directed RNA polymerase subunit beta Rifampicin/fidaxomicin resistance √ √
rpoC DNA-directed RNA polymerase subunit beta Rifampicin/fidaxomicin/vancomycin resistance √ √
rpsL 30S ribosomal protein S12 Streptomycin resistance √ √
tetM Tetracycline resistance protein Tetracycline resistance √ ×
gdpP DHH family phosphoesterase Vancomycin resistance √ √
murG Undecaprenyldiphospho-muramoylpentapeptide beta- 

N-acetylglucosaminyltransferase
Vancomycin resistance √ √

vanB D-Ala:D-Ser ligase Vancomycin resistance × √
vanR Vancomycin resistance response regulator transcription 

factor VanR
Vancomycin resistance √ √

vanRF Two-component response regulator Vancomycin resistance √ √
vanRG Response regulator VanRG Vancomycin resistance √ √
vanRG2 D,D-peptidase Vancomycin resistance × √
vanS Vancomycin resistance histidine kinase VanS Vancomycin resistance √ √
vanSG Sensor histidine kinase Vancomycin resistance × √
vanTG Serine racemase Vancomycin resistance × √
vanU Glycopeptide resistance transcriptional regulator VanU Vancomycin resistance √ √
vanZF Glycopeptide antibiotics resistance protein Vancomycin resistance √ ×
SAV2088 Cardiolipin synthetase – √ √
tufA Elongation factor Tu – √ √
vatB Acetyltransferase – √ √

aPresence; bAbsence, cFunction unknown. 

10 Z. OUYANG ET AL.



phenotypic analysis. Genomic analysis revealed four 
ST37-specific genes known to be associated with 
C. difficile adhesion, as well as significant differences 
in virulence-related genes between ST37 and ST1 iso
lates. We also compared the in vitro pathogenicity- 
related phenotypes of ST37 and ST1 isolates and 
found that ST37 isolates exhibited stronger capabilities 
in aggregation, biofilm formation, and surface motility, 
while ST1 isolates exhibited superior TcdB production 
and spore formation capabilities.

In this study, we observed that ST37 isolates exhibit 
a notable characteristic of aggregative growth, suggest
ing that ST37 isolates may possess a strong capacity for 
inter-bacterial adhesion. Adhesion is a critical factor 
influencing the colonization and survival of C. difficile 
in the host’s intestinal [2,45]. Adhesion encompasses 
not only the attachment to host intestinal epithelial 
cells but also the adherence between individual bacter
ial cells [45]. Adhesion to intestinal epithelial cells 
facilitates successful colonization within the gut, mak
ing it less likely for the bacteria to be expelled with the 
intestinal contents [46]. Adhesion between bacterial 
cells aids in the rapid establishment of communities, 
enabling them to collectively resist adverse environ
mental influences [46]. C. difficile face various survival 
pressures in the host intestine, such as antibiotic expo
sure and nutrient and niche competition from other 

intestinal bacteria, which makes it difficult for a single 
C. difficile to survive [47]. In this case, the same or 
a variety of bacteria use extracellular polymers as the 
matrix, and adhere to and cross-link under the media
tion of extracellular accessory structures such as cap
sule, flagella and type IV pili, forming the phenomenon 
of aggregation growth [48]. Aggregation is not only 
beneficial for C. difficile to obtain more nutrients, 
more importantly, cross-linking between aggregated 
bacteria facilitates the rapid transmission of virulence 
genes and drug resistance genes in the colony, further 
endowing C. difficile with stronger resistance and 
pathogenicity [35,36].

Greater biofilm formation ability is another survival 
and pathogenic advantage of ST37 [48]. Biofilms are 
infectious complexes formed by the adhesion of bacteria 
to hydrated extracellular matrices such as proteins, poly
saccharides, and extracellular DNA [49]. Biofilm forma
tion not only provides nutrition and a suitable growth 
environment for C. difficile, but it also protects it from 
drug toxicity and host immune system attack [49]. 
Biofilms are extremely difficult to clear via drugs, and 
biofilm-related CDI is prone to developing into chronic 
and recurrent infections [50]. Most CDI patients are 
immunocompromised older patients with underlying dis
ease, and if they are infected with a strong biofilm- 
forming C. difficile such as ST37, they are likely to have 

Table 2. Nonsynonymous mutations in common antibiotic resistance-related genes of ST37 and ST1 strains.
Gene 
symbol Antibiotic resistance ST37 ST1

gyrA Fluoroquinolones resistance I406L, N468D D71Aa, 
R296G 

b

gyrB Fluoroquinolones resistance S366A D426Nc

ermB Macrolide-lincosamide- 
streptogramin B(MLSB) 
resistance

×d ×

feoB1 Metronidazole resistance × ×
nimA Metronidazole resistance I155L I155L, 

Y130S
xdhD Metronidazole resistance E561D, G559D, T413I, M212I, M212T, M144V, T143I, T143A, L129I, V58I, N31D, Q767E, L747I, 

I678K, A598S, D548E, R420K, N351D, A311V, V299I, I231L, A186V, D264G, D559N, K233R, V95I, 
T51I

×

xdhA Metronidazole resistance S146N, S694G, L601R, D567N, T550I, V541L, M417I, R399H, I726M, I640V, D355E ×
rpoB Rifampicin/fidaxomicin resistance H502Ne,f, R505K e,f, I750M, Q1037E, V1205A, A1207Df, A1207Tf, T1208Af, E1232D D492E, 

R505K
rpoC Rifampicin/fidaxomicin resistance L833I ×
gdpP Vancomycin resistance × ×
murG Vancomycin resistance G236E, D158E ×
vanB Vancomycin resistance -g ×
vanR Vancomycin resistance S2N, I117L T115A
vanRF Vancomycin resistance × ×
vanRG Vancomycin resistance D45N ×
vanRG2 Vancomycin resistance – ×
vanS Vancomycin resistance K17E, N179D ×
vanSG Vancomycin resistance – ×
vanTG Vancomycin resistance – ×
vanU Vancomycin resistance × ×

aThe mutation was only detected in ST1-A2; bThe mutations were only detected in ST1-A10, cThe mutations were only detected in ST1-A9, ST1-A14, dNo 
mutations were detected, eThe mutations were only detected in ST37-B2, ST37-B4 and ST37-B7; fThe mutation was not detected in ST37-B5; ST1-A12 and 
ST1-A13, gThe gene is absent in ST37. 
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more severe infection symptoms, worse prognosis, and 
higher recurrence rate. The strong biofilm formation 
ability of ST37 has been reported. Rahmoun et al. [51] 
compared the biofilm production capacity of isolates 
from different STs such as ST1, ST2, ST37 and ST42, 
and found that most (44.4%) isolates of ST37 were strong 
biofilm producers, while most (42.9%) isolates of ST1 
were weak/moderate biofilm producers.

The strong adhesion and biofilm formation ability of 
ST37 isolates may be related to its four specific adhesion 
proteins, including LytC (CWP84), CbpA (CD2831), 
CD3246 and SrtB, as well as proteins containing 
GGDEF domain. Dawson et al. [52] have reported that 
cell surface proteins CD2831 (CbpA) and CD3246 can 
promote biofilm formation in C. difficile. SrtB and LytC 
(CWP84) catalyze the binding of collagen binding protein 
CbpA to cell wall peptidoglycan and the maturation of 
surface protein SlpA, respectively [52]. Interestingly, we 
also detected three putative DGCs containing GGDEF 
domain that can catalyze the synthesis of c-di-GMP, and 
the expression of CD2831 (CbpA) is increased in the 
presence of high levels of c-di-GMP, and C. difficile 

adhesion and biofilm formation are also promoted 
[48,52,53]. Unfortunately, we did not test the expression 
levels of the above four proteins and the concentration of 
c-di-GMP in ST37 and ST1 aggregates and biofilms, so 
the specific virulence factors and mechanisms responsible 
for the strong aggregation and biofilm formation of ST37 
need to be further investigated. Nonetheless, our research 
supports the notion that prioritizing drugs or strategies 
that inhibit bacterial aggregation and biofilm formation 
may be more effective in treating CDI caused by ST37.

Surface motion on BHIS-1.8% agar plates reflects the 
motility of C. difficile on the surface of intestinal epithelial 
cells [54]. The elastic modulus of healthy intestinal tissue 
is about 10 kPa, corresponding to 1% ~ 2% agar percen
tages. Inflammation caused by CDI thickened the intest
inal tract from 6–8 mm to 22–32 mm, and the elastic 
modulus increased to about 25 kPa [54]. Inflammatory 
intestinal tissues may facilitate the rapid migration of 
ST37 to nutrient-rich niche and then multiply, facilitating 
early dissemination of infection. Therefore, stronger sur
face motility may also play an important role in the 
pathogenesis of some ST37 strains.

Figure 5. Comparison of antibiotic resistance rates between ST37 and ST1 strains.
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Sporulation capacity is an important factor affecting 
the survival and environmental transmission of 
C. difficile in vitro and in vivo, and hospital-acquired 
CDIs are associated with transmission of C. difficile 
spores in the hospital setting [55]. The 29 sporulation- 
related genes with non-synonymous mutations that we 
identified in ST37 strains did not appear to confer 
greater sporulation ability, as ST37 strains formed sig
nificantly fewer spores than ST1 strains in vitro. 
Previous studies have also reported that ST1 has stron
ger sporulation ability than non-ST1 strains [8,56]. 
Hence, as the most successful epidemic strains, it is 
not surprising that ST1 has a strong sporulation ability.

The evolution of AMR plays a crucial role in the 
pathogenesis and spread of C. difficile. AMR not only 
can lead to the failure of CDI treatment, but also facil
itates the colonization of resistant strains in the gut, 
which, through the formation of spores and/or bio
films, can easily cause recurrent CDI [57]. The persis
tent dissemination of resistant spores in healthcare and/ 
or community settings significantly contributes to the 
increased prevalence of CDI. Multidrug resistance 
(MDR) (resistant to at least three or more antibiotics) 
is a common feature of ST37 and ST1 strains. Previous 
studies suggested that many outbreaks of ST37 are 
related to clindamycin and fluoroquinolone resistance 
and that AMR and selective stress may be responsible 
for the successful epidemic of ST37 [11,12]. In the 
present study, we found the differences between ST37 
and ST1 strains in resistance to chloramphenicol, tetra
cycline and rifaximin. The resistance of ST37 isolates to 
chloramphenicol and tetracycline may be associated 
with the catQ and tetM genes, respectively, as both 
genes were detected in 6 ST37 isolates, whereas they 
were absent in all 12 susceptible ST1 isolates. Notably, 
the presence of catQ did not completely correspond to 
the resistance of ST37 to chloramphenicol, because 4 of 
the 6 sequenced ST37 strains were sensitive to chlor
amphenicol, and we also did not detect mutation in the 
catQ gene. Chloramphenicol acetyltransferase, encoded 
by the cat gene family, can catalyze the transfer of the 
acetyl group of acetyl-CoA to the 3-hydroxyl group of 
chloramphenicol, resulting in the loss of antibacterial 
activity of chloramphenicol. Study reported that the 
resistance of C. difficile to chloramphenicol is mostly 
related to the catP gene, but we did not detect any other 
cat genes except catQ [58].

The high prevalence of ST37 in non-developed 
regions such as Asia and the high resistance rate to 
chloramphenicol and tetracycline may be related to the 
extensive use of these two antibiotics in these regions. 
In some developed countries, the use of chlorampheni
col is severely restricted due to side effects and drug 

resistance [59]. However, chloramphenicol is still 
widely used in some developing countries due to its 
high cost-effectiveness. Especially in some areas where 
medical resources are relatively scarce, chlorampheni
col is an important choice for the treatment of infec
tious diseases [60].

The high resistance of C. difficile to rifaximin is 
another point of concern, and previous studies have 
reported the high resistance of ST1 to rifaximin [61]. 
Rifaximin exerts its antibacterial effect by inhibiting 
bacterial RNA polymerase, with the β-subunit encoded 
by the rpoB gene being one of the primary structures of 
RNA polymerase [62]. Mutations in the rifamycin resis
tance-determining region of RpoB (such as Ser488Tyr, 
Asp492Tyr, His502Asn/Tyr/Asp, and Arg505Lys) dis
rupt the interaction between rifaximin and RpoB, 
thereby reducing the affinity of rifaximin for its target 
protein and leading to decreased bacterial susceptibility 
to rifaximin [62]. In this study, we detected the R505K 
(Arg505Lys) mutation in RpoB in all 12 rifaximin- 
resistant ST1 strains. Among the 6 sequenced ST37 
strains, this mutation was only detected in 3 rifaximin- 
resistant strains. We also detected the R505K mutation 
in RpoB in four rifaximin-resistant unsequenced ST37 
isolates by Sanger sequencing. Overall, our study 
further confirms the importance of the R505K muta
tion in RpoB in C. difficile resistance to rifaximin.

Metronidazole and vancomycin have been the first- 
line therapies for CDI for many years. In this study, we 
noted that the sensitivity of ST1 strain to metronidazole 
and vancomycin was lower than that of ST37 strain. The 
decreased sensitivity of ST1 strains to metronidazole may 
be related to the Y130S mutation in NimA, and this 
mutation was not detected in the sequenced ST37 strains. 
Arcay et al. [63] detected this mutation in two metroni
dazole-resistant C. difficile strains. The I155L point muta
tion in NimA was detected in both ST37 and ST1 strains, 
but the relationship between this mutation and metroni
dazole resistance has not been reported. The reduced 
sensitivity of ST1 strains to vancomycin may be related 
to the T115A mutation in VanR, which is consistent with 
the mutation site reported by Shen et al. [64]. The ST1 
strains had four more genes related to vancomycin resis
tance than the ST37 strains, which may also be one of the 
reasons for its lower sensitivity to vancomycin. Taken 
together, although the ST37 and ST1 strains in this study 
were sensitive to metronidazole and vancomycin, the 
presence of antibiotic resistance genes and the detection 
of mutant sites warned us of the importance of continu
ously monitoring the prevalence and resistance spectrum 
of C. difficile.

In summary, our results further confirmed the MDR 
of ST37 and ST1. Therefore, we need to accelerate the 
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standardization of antibiotic use and management to 
prevent and control the prevalence and spread of ST37 
on a wider scale and in non-developed regions, and 
especially in Asia where ST37 is the dominant strain.

Conclusions

In conclusion, we found genomic differences in type- 
specific genes, virulence-related genes, and drug resis
tance-related genes between ST37 and ST1 isolate. ST37 
isolates showed stronger aggregation, biofilm formation 
and surface motility than ST1 isolates, and had higher 
resistance rates to chloramphenicol and tetracycline. 
ST1 isolate showed stronger ability to produce toxin 
and sporulation, and was highly resistant to rifaximin.
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