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Gram-positive, anaerobic bacillus capable of sporulation, it 
can persist on surfaces for extended periods, facilitating its 
dissemination and transmission within and beyond hospi-
tal environments [2]. According to the European Centre for 
Disease Prevention and Control (ECDC),  was 

Introduction

 is the leading cause of hospital-

public health concern over the past decades [1]. As a 

Fabian Lorenzo-Diaz and Tilman E. Klassert contributed equally to 
this work.

Hortense Slevogt and Thomas Grünewald joint senior authors.

Extended author information available on the last page of the article

Abstract

Purpose 

temporal dynamics of  strains isolated from hospitalized patients in a German tertiary hospital over nearly two 
decades (1997–2015).
Methods Whole-genome sequencing was performed on 46 toxigenic  isolates to determine sequence types (STs) 
and phylogenetic relationships and these were compared to national surveillance data on -
ducted to identify key resistance determinants at genetic level while epsilometer minimum inhibitory concentration (MIC) 
analyses were used to correlate genetic resistance markers with phenotypic resistance. Longitudinal antibiotic usage data 

Results -
genetic analysis showed that ST1 (ribotype 027) emerged as the dominant and persistent lineage, replacing ST11 and ST54 

CDD-1/CDD-2 (carbapenem resistance),  
(macrolide-lincosamide-streptogramin B resistance/MLS resistance), and mutations in 
and 

 gene, associated with doxycycline 

resistance following its decreased use, whereas increased doxycycline use paradoxically correlated with reduced resistance.
Conclusion This study highlights the dynamic strain evolution of 

mitigate CDI recurrence. Further research is needed to better understand the complex interactions between antibiotic expo-
sure and strain evolution in hospital environments.
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the sixth most frequently detected microorganism in Euro-
pean acute care hospitals between 2016 and 2017, causing 

 infections (CDI) 

hospitals estimated the annual economic burden of CDI at 

]. Additionally, recurrent 
CDI cases required an average hospital stay of 55 days, 
incurring costs of €52,024 per patient, as reported by the 
COMBACTE-CDI consortium [4].

Antibiotic-induced disruption of the gut microbiota, 
particularly in immunosuppressed patients, is the primary 
risk factor for CDI [5]. Intestinal symptoms are linked to 
the Pathogenicity Locus (PaLoc), which harbors toxin-
coding genes  and  that compromise the integrity 
of intestinal epithelial cells [6]. Furthermore, the Binary 
Toxin Locus (CDT), comprising  and , has been 
implicated in bacterial adhesion, colonization, and colonic 

7]. Although multiple treatment strategies 
have been proposed, standard CDI therapy relies on antimi-
crobial administration [1]. Historically, metronidazole was 

2021, the European Society of Clinical Microbiology and 
Infectious Diseases (ESCMID) no longer recommends its 

]. CDI management has 
become increasingly challenging due to antimicrobial resis-
tance (AMR), often mediated by genetic polymorphisms 
or mobile genetic elements. Frequent genetic exchange in 

 contributes to genomic plasticity and enhances 
adaptation to hospital environments [1, 6].

The determination of molecular markers such as ribo-
types (RT) or sequence types (ST) have facilitated CDI 
epidemiological studies, tracking the spread of hyperviru-
lent strains across countries. A CDI surveillance study in 

[9

as the most common ribotype in Europe, with a preva-

the EUCLID study reported RT027 as the most prevalent 

by RT001 and RT014 [10]. A similar ribotype distribution 
was also reported by an epidemiologic study in Germany 
between 2014 and 2019 [11 -
poral shifts in  lineage prevalence, with RT027 
exhibiting a steady decline since 2016 and being detected 
only sporadically from 2019 to 2021 [9, 11].

2002 and was associated with large-scale outbreaks of 
hypervirulent strains [12

cases were reported in 2007 in hospitals across the south-
western regions [ ]. Whole-genome sequencing has been 
instrumental in reconstructing the spatial and temporal 
dynamics of RT027, including a study analyzing 57 isolates 

[14]. The present study aimed to leverage genomic sequenc-
ing technology to analyze 46 toxigenic  strains 
collected from hospitalized patients at St. Georg Hospital 

The study assessed the presence of hypervirulent RT027 

and the impact of hospital antibiotic usage on  
evolution. By sequencing strains over an extended period, 
this research aimed to elucidate strain evolution, antibiotic 

-
virulent lineages.

Materials and methods

Biological samples and study design

Liquid stool samples were tested for the presence of C. dif-
 by direct toxin detection and/or bacteriological cul-

ture with in-vitro toxin production by antigen test using 
Ridascreen™ assay (R-Biopharm, Germany). Specimen 
were taken into culture on Columbia Blood Agar (bioMéri-
eux, France) and on a selective  Agar (Heipha, 
Germany). A more sensitive chromogenic agar (bioMéri-

-

susceptibility testing and stored on microbank™ (Pro-Lab 
Diagnostics, UK) at -70 °C for further investigations. A total 

thus, no additional approvals were necessary. All methods 
were performed in accordance with relevant guidelines and 
regulations.

Antibiotic consumption and resistance testing

Hospital-wide antimicrobial consumption data (available 
for 1999–2015) in the respective time series were collected 

the mean recommended daily doses (RDD) from the pre-

-
ity (McFarland standards 1.0) and screened for resistance 
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doxycyclin and daptomycin using epsilometer strips (bio-
Mérieux, France), following the protocol described by the 

blood agar plates. Minimum inhibitory concentration (MIC) 
breakpoints were adapted from the EUCAST V15.0 guide-

-

Standards Institute (CLSI) guidelines for doxycycline (2 µg 

DNA extraction and whole-genome sequencing

with the Ion Xpress Plus Fragment Library kit (Thermo 

Ion semiconductor chip loading were performed in the 

Pooled samples were sequenced in an Ion Proton sequencer 

-
ing was carried out with the PrinSeq software (Schmieder 

window). Sequencing data were submitted to the Sequence 
Read Archive (SRA) and assigned study accession number 

Genome assembly and annotation

The online IonGAP platform was used to perform genome 
assembly and subsequent analyses [15

-
 tool, and assembled under the default options. The C. 

-
erence to perform the comparisons and annotate genetic 

 gene 

). Toxins genes were obtained from the IonGAP 
-

16].

Phylogenetic and statistical analysis

 
strains, and pan-genome reconstruction was carried out 
using Roary, at the Galaxy Server (The Galaxy Community, 
2022). A core genome containing 647 genes was obtained, 

-

a Maximum Likelihood tree was constructed at the Galaxy 
Server with RaxML v7.7.6, including 1000 bootstrap repli-
cates and using the GTR + G nucleotide substitution model. 
Phylogenetic tree was visualized with FigTreev1.4.4 ( h t t p  

). Statistical analyses were 
performed in R, using a -value < 0.05 to declare statistical 

Results and discussion

Genomic characterization of the C. difficle strains 
analyzed

A total of 46 
from stool samples of patients with diarrhoea (Supple-
mentary Table S1). Genome sequencing of the  

C. dif-

comprised by a circular chromosome of 4,290,252 bp and 
17].

In our sample set, this ribotype was isolated in 2010 for the 
-

ing appearance of ST1 in this same year [ ], even though 

reported in 2007 [ ]. The second most frequent ribotype 

by only one isolate (Supplementary Table S1).
The presence of toxin genes was evaluated for each iso-

late based on their genome sequence assemblies. All isolates 

-
toxin  and cytotoxin  were consistently found in 
all samples, except for isolate Cd22 (ST11), which solely 
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-

19].

AMR genetic profiles

The extent of molecular markers for AMR was evaluated 
from whole genome sequences throughout the Resistance 

 isolates 
(Supplementary Table S2). All isolates encoded CDD-1 or 
CDD-2 (carbapenem resistance),  (disinfecting agents 
and antiseptics resistance) and a mutation in the  
(C656T) that confers the resistance to macrolides and lincos-
amides (e.g., erythromycin and clindamycin). Most of them 

 (resistance to MLS), the  
cluster genes (glycopeptide resistance), and a non-synony-

 

-
picin ARGs could indicate increased selective pressure from 
antimicrobial use in the hospital. Importantly, it might also 
represent an increased risk of CDI among patients groups 
treated with rifampicin, such as tuberculosis patients [20], 
or patients with osteoarticular infections [21]. Aminogly-
coside ( , , and ) 
and tetracycline (

have reported that erythromycin and tetracycline resistance 

through genome sequencing [22, ]. Others such as , 
, , , and  were detected in a reduced 

number of isolates. However, none of the isolates analysed 
in this study harbours the  or  genetic variants 

24, 25]. In this 
regard, the ER study reported that all isolates were sus-

-
zole and vancomycin [26].

Correlation between epsilometer MIC and molecular 
markers

The phenotypic resistance showed a high correlation with 
the AMR genotyping (Table 1). Only four isolates were sus-
ceptible to all six antimicrobial agents tested, whereas mul-

of the C.  isolates analyzed, being four of them 

possessed the  gene (Supplementary Table S1). Addi-
tionally, the CDT region, containing the binary toxin genes 

 and 
-  binary toxin genes were 

(Supplementary Table S1). This observation highlights 
that ST1 (RT027) was the only sequence type consistently 

all sequenced genomes reinforcing its hypervirulent nature 
and dominance in  infections.

Phylogenetic relationships between clinical isolates

Phylogenetic relationships were reconstructed with 
genomic sequencing data, showing a high correlation with 
the information provided by the sequence types. The analy-
sis revealed a well-resolved tree topology, with all branches 

1). 
The most basal groups (Clades 1a and 1b) contain seven 

 isolates, and all of them belong to ST1. Clade 2 
-

the rest, as the unique representative of Clade 4. Interest-
ingly all these clades are represented by  strains 
from ST1 (RT027), thus indicating this Sequence Type could 
be the ancestor of all  isolates found at the hos-
pital. However, a clear strain replacement was observed, as 
Clades 5 (ST500) and 6 (ST11), were then segregated from 

-

as a minor representative. Clade 9 was then isolated, and 

strains found at the more recent clades. Clade 10 include 
all ST54 isolates, as well as the unique ST2 strain found 

most ancient  strains belong to ST1, from which 

also detected, but with a minor representation. ST11 was 

Comparison of the strain evolution and succession in 

the St. Georg Hospital follows the broader trend observed 

1 3

2212



Clostridioides difficile evolution in a tertiary German hospital through a retrospective genomic characterization

Fig. 1 ML phylogenetic tree reconstructed from a core-genome (647 
genes) for the  strains included in the study. Bootstrap values 

model. Sequence Type (ST) assigned to each strain by MLST analysis 
was also included, as colored circles. aReference sequence corresponds 
to b

in duplicate

 

1 3

2213



F. Lorenzo-Diaz et al.

).
The  gene was detected in the genome of isolates 

exhibiting high-resistance levels. Some of these isolates also 
harboured additional copies of other tetracycline resistance 
genes ( , , ). Only one case (isolate Cd22/
ST11) lacking  gene displayed phenotypic resistance to 

) (Table 1). Contrary, three 

were phenotypically susceptible to doxycycline (MICs of 
, respectively) but having a 

copy of the  gene (Supplementary Table S1).

between phenotypic antimicrobial resistance and geno-
typic AMR markers in -
quinolones, rifampicin and doxycycline. While all isolates 

vancomycin, the detection of  in one isolate highlight 
the potential for emerging resistance mechanisms. The cryp-
tic nature of  in vancomycin-sensitive strains further 
emphasizes the complexity of AMR evolution in .

Impact of antimicrobial hospital usage on C. difficile 
prevalence

rifampicin, doxycyclin, metronidazol, and vancomycin 
Supplementary 

Fig. S1). The use of rifampicin and metronidazole was con-

period (Fig. 2A). In contrast, both vancomycin and doxycy-

2A). Distribution of genetic 
AMR molecular markers and STs along the same two-time 

-
lates harboring the  gene (Fig. 2B), accompanied by an 
increase in the presence of isolates belonging to ST1 and 

-
cin, rifampicin and doxycycline.

All isolates analysed were susceptible to daptomycin, 
exhibiting susceptibility to low antibiotic concentrations (all 

), and none of them was found to har-
bor daptomycin resistance genes. The resistance pattern to 
metronidazole was also identical for all  isolates 

), although one of them contained the 
 genes have 

been reported in nitroimidazole-resistant isolates of -
 and  [27], but these genes 

 before [ ]. Regard-
ing vancomycin genotypic resistance, all  isolates 
encoded a -type gene cluster ( Cd) which has dem-
onstrated to be cryptic in vancomycin-sensitive strains [29].

 (MIC levels in suscepti-

the isolates harboured one or two genetic markers related 

) gene and the  
Supplementary Table S2). 

Only one case (isolate Cd20/ST54) was genetically classi-
) 

but having a copy of the  gene (Supplementary Table 
S1).

Fifty-nine percent of the isolates showed resistance to 
-

dems of point mutations related to dual non-synonymous 
 

were detected in almost all isolates (Supplementary Table 
S2). In the other hand, in none of the rifampicin susceptible 

)  gene mutations 
were detectable, showing a perfect genotype to phenotype 
correlation (Table 1 -

). The 

Table 1 Genotype to phenotype antibiotic resistance correlation among  isolates (  = 46)
Susceptible isolates Resistant isolates

Antibiotic Genotypea

isolates
Gene 
counts

Genotype-
phenotype cor- isolates

Gene 
counts

Genotype-
phenotype 
correla-

, 6 1 40 95,0
Rifampicin 0 100 25
Doxycyclin 29 17 16 94,1
Metronidazol 46 1 0
Vancomycin 46 41 10,9 0
Daptomycin 46 0 100 0
a
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Fig. 2 Temporal evolution of CDI cases at the 
St. George Hospital. (A) Antibiotic recom-
mended daily dosages (RDD) applied at the 

2011-15 time periods. (B) Frequency of anti-
biotic resistance genes (ARG) detected in C. 

(C) Sequence-type (ST) frequency by time-
periods. Asterisks indicate level of statistical 

 < 0.01)
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missing years) and the relatively limited number of collected 
samples. Although the sample size may appear modest, the 
number of sequenced isolates (  = 46) is consistent with the 
sample sizes reported for particular regions in comparable 
molecular epidemiological studies [11]. A distinguishing 
strength of our study, however, lies in its concentrated focus 
on a single tertiary care hospital, enabling a high-resolution 
analysis of  strain dynamics within a stable clini-
cal environment. Despite the aforementioned limitations, 

-
tive snapshot of temporal trends during the study period, 
particularly surrounding a major shift in local antimicrobial 
guidelines implemented in 2011.

Conclusions

This study investigates the dynamic strain evolution of C. 
 from a granular perspective in a single health care 

-

revealed a strong correlation between phenotypic and geno-
typic testing, underscoring the value of integrating genetic 
surveillance into routine clinical practice to support anti-
biotic stewardship and reduce the risk of CDI recurrence. 

did not always correlate with the antibiotic RDDs changes 
over time. Further research is needed to better understand 
the complex interactions between antibiotic exposure and 
strain evolution in hospital environments.

Supplementary Information The online version contains 
supplementary material available at 
2 5 - 0 2 5 7 6 - y.
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2C). These results indicated that the evolution 
of  strains at the hospital was mainly character-

in the time period studies. Given that  presence was 
found to be intrinsically correlated to ST11 and ST54, but 

Supplemen-
tary Table S2), doxycycline resistance levels were drasti-
cally reduced in the last period of the study. However, this 
replacement of  STs does not seem to be associ-
ated with an increase in the doxycycline RDD over time 
inside the hospital. Given that  is linked to the 
[6], this result might be explained by strain replacement 
rather than horizontal gene transfer between isolates. Thus, 
the observed strain turnover might suggest a combination of 
endemic persistence and external introductions, indicating 
that St. Georg follows national CDI dynamics.

In summary, by analyzing  at a single hospital 
over nearly two decades, we were able to track a granular 
perspective of strain turnover, resistance development, and 

Unlike national surveillance studies, which aggregate data 
from multiple hospitals, our longitudinal, high-resolution 
dataset provides crucial insights into how  adapts 
to local antibiotic pressures and infection control measures 
over time in a real-world clinical setting. Thereby our study 

national trends in strain evolution and antibiotic resistance 

primarily dominated by ST1 (RT027), although a transi-

-

mutations in the  gene and the presence of the  

-
related with shifts in CDI prevalence and resistance pro-

the substantial increase in vancomycin and doxycycline 
usage from 2011 to 2015. While the antibiotic RDDs and 
the ARG frequencies correlated for certain antibiotics such 

-
cline. Despite heightened doxycycline usage, a decrease in 
doxycycline resistance was observed, suggesting that addi-
tional factors beyond antibiotic exposure contribute to the 
evolution and dissemination of  strains in hospital 
settings.

While this study provides valuable insights into the evo-
 

in a clinical setting, certain limitations have to be acknowl-
edged. These include the temporal gaps in sampling (i.e. 
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