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A B S T R A C T

Clostridium (Clostridioides) difficile is the main cause of nosocomial diarrhoea. Ribotype 018 (RT018) has been
recognized as the predominant strain responsible for C. difficile infection (CDI) in Italy, whereas in most other
European countries only sporadic RT018 cases occur.

Between August and October 2015, a suspected C. difficile outbreak at two associated hospitals in Southern
Germany was investigated by comprehensive molecular typing. Surprisingly, RT018 was detected in 9/82 CDI
patients, which has never been described before in a German outbreak. Phenotypic analysis revealed fluor-
oquinolone and macrolide resistance. Genetic subtyping using multiple-locus variable-number tandem-repeat
analysis (MLVA) and whole genome sequencing (WGS) was performed and outbreak isolates were directly
compared to sporadic German RT018 isolates and to epidemic ones from Milan, Northern Italy. Molecular typing
confirmed a hospital outbreak with closely related RT018 isolates. Both, MLVA and WGS revealed high similarity
of outbreak strains with epidemic isolates from Italy, but low similarity to other German isolates. Comparison
between both typing strategies showed that ribotyping in combination with MLVA was appropriate to identify
related isolates and clonal complexes, whereas WGS provided a better discrimination with more detailed in-
formation about the phylogenetic relationship of isolates. This is the first hospital outbreak in Germany pre-
sumably caused by cross-national transmission of an Italian epidemic RT018 strain.

1. Introduction

Clostridium (Clostridioides) difficile (Lawson et al., 2016), is a gram-
positive spore-forming rod-shaped bacterium causing colitis and diar-
rhoea (Bartlett et al., 1978) especially following antibiotic treatment. C.
difficile is the leading cause of nosocomial diarrhoea, but C. difficile
infections (CDI) can also occur in the community (Bartlett, 2006).

Recurrences and severe infections with life-threatening acute compli-
cations such as toxic megacolon may arise [3]. Due to its ability to form
spores that are largely resistant to many disinfectants, C. difficile is
predisposed for spreading in healthcare settings and particularly in the
hospital environment. Most epidemic strains are characterized by
fluoroquinolone and macrolide resistance, which is recognized as a
selection advantage for spreading in the hospital setting (Freeman
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et al., 2018). An almost worldwide distribution of very epidemic ribo-
types was recorded during recent years, e.g. ribotype 027 (RT027) (He
et al., 2013), while other epidemic RTs such as e.g. RT176 (Polivkova
et al., 2016) and RT018 (Spigaglia et al., 2010) were reported to cause
only regional outbreaks despite being highly transmissible in these re-
gions. RT018 isolates were identified in several countries including
Italy, Spain, Slovenia, Austria, Switzerland, Romania, Korea and Japan
(Bauer et al., 2011; Collins et al., 2013; Freeman et al., 2018; Kim et al.,
2013; Rafila et al., 2014; Spigaglia et al., 2010). In recent years, it
turned out that RT018 has become the predominant epidemic outbreak
strain in Northern Italy with prevalence rates> 40% (Baldan et al.,
2015; De Rosa et al., 2015). Of note, infections with RT018 are asso-
ciated with a more severe course of clinical disease (Serafino et al.,
2018). In Germany, only sporadic cases of RT018 infections have been
reported thus far. In the strain collection of the German Reference
Centre for Clostridium difficile RT018 strains currently account for less
than 1%.

Detection of local outbreaks requires C. difficile testing of all patients
with hospital-associated diarrhoea according to the current diagnostic
guidelines. New clinical criteria of the current ESCMID guideline for the
endemic and epidemic situation may discriminate wards with baseline
or with increased C. difficile prevalence (Tschudin-Sutter et al., 2018)
and local surveillance data should be correlated to other healthcare
settings by the help of national (CDAD-KISS for Germany) or interna-
tional surveillance networks (e.g. ECDIS-net) (Gastmeier et al., 2009;
Krutova et al., 2018). A suspected outbreak should be investigated by
molecular typing to discriminate between unrelated cases and clonal
hospital transmissions. Until now, ribotyping is the standard method for
molecular typing of C. difficile and allows discrimination between iso-
lates based on polymorphisms of ribosomal PCR amplification patterns
in the 16 S–23 S intergenic spacer region. However, if patients are in-
fected with isolates of the same RT, a second, more discriminative assay
is required for more detailed molecular subtyping. Subtyping is avail-
able e.g. by multiple locus variable-number of tandem repeat analysis
(MLVA) and whole genome sequencing (WGS). Utilization of these
subtyping methods revealed that most hospital-associated CDI are not
related to direct transmission between patients (Eyre et al., 2013a).
However, this general observation should not blind us to the fact that
numerous epidemic outbreaks remain undetected due to limited
awareness and restricted availability of molecular typing methods.

In the present work we report the first potential cross-national
transmission of the Northern Italian epidemic RT018 strain causing a
hospital outbreak in two neighbouring hospitals in Southern Germany
between August and October 2015. Although this outbreak seemed to
be locally restricted, we acknowledge spreading of C. difficile in both
hospitals, without clear identification of the infection source.

2. Material and methods

Between August and October 2015 a C. difficile outbreak was sus-
pected in two 1000 and 80 beds hospitals (hospital A and B, respec-
tively) of the same hospital owner in the State of Baden-Wuerttemberg,
Southern Germany, that are located in close proximity (˜10 km).
Hospital A is a maximum care centre and hospital B is a rehabilitation
clinic. One patient died from complicated CDI in hospital B (no.
1,737,409). At the same time, another patient was transferred from
hospital B to the intensive care unit (ICU) of hospital A due to severe
CDI (no isolate available). A few days later, four more patients devel-
oped diarrhoea at the ICU and were suspected of CDI (nos. 1,737,423
and 1,737,424 of Supplementary Fig. 1). The National Reference Centre
for Clostridium difficile was contacted due to a suspected outbreak and
stool samples from all five patients were provided (retrospective part).
Next, all consecutive samples positive for glutamate dehydrogenase
(GDH) enzyme immune assay (EIA) in the hospital laboratory were also
sent to the Reference Centre (prospective part). Environmental samples
were not taken.

All samples were analysed by anaerobic culture, PCR ribotyping and
antibiotic susceptibility testing as described previously (Berger et al.,
2018; Färber et al., 2017). PCR ribotyping, toxin gene detection and
MLVA were performed by capillary gel electrophoresis and automated
bioinformatics analysis (Bionumerics, Applied Maths NV, Belgium)
according to standard European protocols (ECDIS-net). Antibiotic sus-
ceptibility for moxifloxacin and clarithromycin was tested by E-test and
for rifampicin by agar diffusion assay (European Committee for Anti-
microbial Susceptibility Testing, EUCAST).

The repeated isolation of RT018 was the most significant finding.
The identified RT018 outbreak isolates were directly compared to
sporadic RT018 isolates in other German regions (National Reference
Centre strain collection) and also to epidemic Northern Italy RT018
strains from Milan (IRCCS San Raffaele Scientific Institute).

All RT018 isolates derived from the local outbreak, the epidemic
Northern Italian strains and the sporadic cases of the German strain
collection were subjected to whole genome sequencing (WGS). For
WGS, libraries were prepared from bacterial genomic DNA according to
a modified Illumina Nextera XT protocol (Baym et al., 2015). Libraries
were sequenced on a NextSeq machine (Illumina) to> 50-fold average
coverage using Mid Output v2 reagents with 2× 150 cycles according
to the manufacturer's instructions. Consensus genome sequences for
individual isolates were determined by mapping sequencing reads to a
reference genome sequence (acc. no. FN545816.1) as described pre-
viously (Steglich et al., 2015). Polymorphisms that had likely been
generated through homologous recombination were identified by using
ClonalFrame-ML software (Didelot and Wilson, 2015) and excluded
from subsequent phylogenetic analyses, together with mobile genetic
elements and repetitive DNA (Steglich et al., 2015). Remaining core-
genomic variation was used to construct a maximum-likelihood phy-
logenetic tree by using RAxML (Stamatakis, 2014).

3. Results

3.1. Ribotyping and toxin gene detection

During the retrospective part of the outbreak investigation, three of
five patients with CDI were found to be infected with RT018. During
subsequent follow-up (prospectively) conducted six weeks later (77
patients), six CDI were also caused by RT018. Two isolates could not be
obtained by anaerobic culture. Among all eighty isolates, the pre-
dominant RTs were RT001, RT018, RT027 and RT014 (Table 1). Mul-
tiplex PCR for toxin genes demonstrated that all RTs displayed the
characteristic genotypic toxin profiles.

3.2. Antibiotic susceptibility

Antimicrobial susceptibility testing revealed that all RT018 out-
break strains and also the tested epidemic Northern Italian RT018
isolates were resistant to fluoroquinolones (moxifloxacin) and macro-
lides (clarithromycin) (Supplementary Table 1). In contrast, most
sporadic German RT018 isolates (strain collection) were susceptible to
both compounds (60% and 80%, respectively). Interestingly, rifampicin
resistance was detected in the Italian RT018 epidemic strains and in one
sporadic CDI case of the German strain collection (no. 1,732,381) but
not in the local RT018 outbreak strains.

3.3. MLVA analysis

Subtyping of RT018 isolates was performed by MLVA based on the
number of summed tandem-repeat differences (STRDs) in combination
with numbers of tested loci with repeat differences. Two of three initial
outbreak isolates (nos. 1,737,409, 1,737,423) were assigned to the
same clonal complex (≤2 STRDs) (Fig. 1) and the third isolate (no.
17,337,424) was closely related to this cluster (3 STRDs). A second
clonal cluster with three isolates (nos. 1738375, 1,738,385, and
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1,738,372) was identified in the follow-up study, which was genetically
related (≤ 10 STRDs) to the first clonal complex. In the latter cluster,
two isolates featured identical repeat patterns (nos. 1738375,
1,738,385). A fourth isolate (no. 1,738,397) showed a close genetic
relationship to the second cluster (3 STRDs) and also the remaining
RT018 isolates obtained during the follow-up phase displayed differ-
ences of five and six STRDs, respectively.

Notably, one of the four epidemic Northern Italian RT018 isolates
(no. 1,738,797) displayed a genetic relatedness (8 STRDs) to the isolate
obtained from the index patient (no. 1,737,409), showing that German
and Northern Italian RT018 isolates might be inherently connected. All
historic German RT018 isolates obtained in other German regions
showed distinct MLVA repeat patterns (≥ 10 STRDs), indicating that
they were not closely related to the clinical outbreak strains.

3.4. Whole genome analysis

For further differentiation of genetic relatedness between RT018
isolates, we performed WGS, and calculated a maximum-likelihood
phylogenetic tree based on core-genomic variation (Fig. 2). This in-
vestigation revealed that the nine outbreak isolates were closely related
to each other forming a tight phylogenetic clade (termed 'Outbreak
Clade') with strong (100%) bootstrapping support (Fig. 2). Core

Table 1
Basic molecular typing of C. difficile isolates during hospital outbreak (n=80). PCR ribotypes (RTs) and characteristic toxin genes profiles are shown (tcdA= toxin
A gene, tcdB= toxin B gene, cdtA&cdtB, binary toxin genes). Unclassified RTs showed no match with the institutional data base.

Ribotype(s) Patients (n= 82) Toxin genes

RT001 29 (35%) tcdA, tcdB
RT014 4 (5%) tcdA, tcdB
RT018 9 (11%) tcdA, tcdB
RT027 4 (5%) tcdA, tcdB, cdtA&cdtB
RT078 2 (2%) tcdA, tcdB, cdtA&cdtB
RT003, RT005, RT012 2 (2%) each tcdA, tcdB
RT002, RT011, RT015, RT020, RT057, RT070, RT081, RT097, RT207, RT258 1 (1%) each tcdA, tcdB
RT023, RT131 1 (1%) each tcdA, tcdB, cdtA&cdtB
Unclassified RTs 14 (17%) tcdA, tcdB
Culture negative (not evaluated) 2 (2%) –

Fig. 1. Results of MLVA analysis investigating
an outbreak of C. difficile in Southern Germany;
isolates from Southern Germany are displayed
in blue colour;; reference strains from Italy (SI)
in red, reference strains from the German re-
ference laboratory in green. Cross-over stit-
ches: number of different loci; Arabic numbers:
amount of different repeats; clonal isolates
accompanied by an area in light grey (≤2 re-
peat difference), genetically related strains in
dark grey (≤10 repeat difference). (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article).

Fig. 2. Maximum-likelihood phylogenetic tree based on sequence variation in
the core genome of RT018 isolates. The tree was rooted with a genome from an
RT027 isolate (R20291; acc. no. FN545816.1) and bootstrap values> 90% are
indicated. Colours correspond to the isolate groups: hospital outbreak (blue),
Milan/Northern Italy (red), sporadic sources in Germany (green). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article).
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genomes from isolates within the 'Outbreak Clade' differed from each
other only by ≤8 single nucleotide polymorphisms (SNPs) as was
shown in the distance matrix analysis (Supplementary Fig. 2). Outbreak
isolates, epidemic isolates from Italy, and one previously collected
isolate from Germany formed a larger clade (termed 'Clade A') within
the phylogeny of RT018 (Fig. 2). Overall, relatedness was very similar
when comparing the four Italian outbreak strains on the one hand
(9–42 SNP differences) and Italian and German outbreak strains on the
other hand (16–46 SNP differences). Other sporadic German RT018
isolates in our sample set differed by 91–978 SNPs from the outbreak
Clade A (Supplement Fig. 2).

Interestingly, one isolate deriving from the sporadic cases of the
German collection (no. 1,732,381) clustered within Clade A, which was
dominated by German/Italian outbreak isolates. By MLVA, this isolate
also displayed closer relatedness to the current outbreak (12 STRDs)
than other historic strains (> 15 STRDs) (Fig. 1). Moreover, antibiotic
resistance towards clarithromycin and moxifloxacin was in accordance
with the outbreak isolates, but additional rifampicin resistance re-
sembled antibiotic resistance profiles of the Northern Italian RT018
epidemic isolates (Supplementary Table 1).

3.5. Epidemiologic analysis and outcome of the patient with RT018

The outbreak took place in two geographically closely related hos-
pitals owned by the same company. The possible link between the two
hospitals was a patient who developed CDI in hospital B and was
transferred to the ICU of hospital A (no isolate available). A few days
later, two other symptomatic patients were detected at the ICU but
were treated in different rooms. Eight weeks later a new cluster of CDI
with RT018 occurred in both hospitals on different wards
(Supplementary Table 1). None of the patients included in the outbreak
analysis had direct relationship to geographic regions with epidemic
RT018 outbreaks (e.g. travel history).

When the outbreak was suspected, hygiene management was in-
tensified with strict single room isolation, training of all professional
groups, and application of sporicidal cleaning (peracetic acid). The
number of CDI decreased in the following weeks. Final examination
with extended molecular typing of other isolates in the same region was
not performed.

4. Discussion

RT018 is the predominant epidemic C. difficile strain in Northern
Italy (Baldan et al., 2015). Despite its epidemic presence and trans-
missibility in Italy, RT018 outbreaks seemed to be regionally restricted
without further spread to other European countries (Bauer et al., 2011).
However, the present outbreak investigation with molecular typing
suggests that RT018 strains related to epidemic isolates from Northern
Italy may cause regional outbreaks also in Germany.

Here, RT018 isolates deriving from the local hospital outbreak
(Germany), from sporadic CDI cases in other German regions and from
epidemics in Northern Italy were subclassified by MLVA and WGS. In
clinical decision making these methods show a concordance of 95% for
related isolates (Eyre et al., 2013b), which was also confirmed by the
present analysis.

Molecular subtyping of the German outbreak strains showed relat-
edness to epidemic Italian strains by both methods. One sporadic
RT018 isolate of the German C. difficile strain collection clustered to-
gether with the German/Italian outbreak cluster in Clade A and this
historic strain also displayed the same rifampicin resistance as the
epidemic Italian clone. A direct link between this former isolate of a far
distant region in Germany and the epidemic Italian clone is speculative,
but not unlikely.

WGS with pairwise comparisons of genomic differences is currently
the most comprehensive method for molecular subtyping and phylo-
genetic analysis. However, technical requirements for MLVA are

considerably lower and are more widely distributed in microbiological
laboratories.

The observed level of close genomic relatedness (1–8 SNPs) among
all nine RT018 isolates from the two investigated hospitals is consistent
with an outbreak scenario. Based on genomic diversity among multiple
isolates from individual patients and an inferred evolutionary rate, Eyre
et al. (Eyre et al., 2013a) recently suggested that isolates from separate
patients that differed by ≤2 core-genome SNPs could be related to
direct transmission event whereas a direct epidemiologic link was ex-
cluded for isolates with> 10 SNPs (Eyre et al., 2013a). A genetic
subcluster with direct phylogenetic relationship (≤1 SNP) was found
for the initial series of RT018 isolates (nos. 1,737,409, 1,737,423,
1,737,424), whereas RT018 isolates obtained during the follow-up in-
vestigation formed a second subcluster (nos. 1738375, 1,738,372,
1,738,397, 1738401, and 1,738,385), except for one isolate (no.
1,738,370). WGS analysis displaying different subclusters in Clade A
suggests that the index patient (no. 1,737,409) was diagnosed during an
already ongoing outbreak. We assume that the patient was not directly
responsible for the initial transnational transmission from Italy to
Germany, but he was the first patient detected during the outbreak.

When compared to the initial phase of the outbreak analysis (60%
RT018), a lower rate of RT018 cases was detected during the 2 months
follow-up (8% RT018). There was no more clinical evidence of direct
patient-to-patient contact but RT018 remained one of numerous other
endemic (e.g. RT001), epidemic (e.g. RT027) and sporadic C. difficile
RTs in the present hospital setting.

The present analysis allowed direct comparison between MLVA and
WGS for molecular subtyping of the outbreak isolates and minor dif-
ferences between typing methods were expected. MLVA exhibited a
higher variety of relatedness in the outbreak isolates. It has been shown
earlier that related MLVA subtypes may be present in one faecal spe-
cimen, which may differ by>5 STRDs (Tanner et al., 2010). During the
present outbreak, relationship between isolates was confirmed by
MLVA, however, the minority of isolates were related as clonal com-
plexes (≤ 2 STRDs). As compared to the potential new diagnostic gold
standard for molecular typing (WGS) (Bletz et al., 2018), we demon-
strated that absolute numbers of STRD obtained by MLVA can over- or
underestimate the direct relatedness between epidemiologic isolates
due to method-related reasons, which are based on high variability of
the genetic targets. Comprehensive genome-wide comparison of SNP
variants in combination with standardized bioinformatics analysis al-
lows identification of potential infection chains based on phylogenetic
analysis with higher discriminatory power than MLVA.

Using WGS, the outbreak strains were affiliated to the phylogenetic
Clade A within RT018 (Fig. 2). This clade is associated with high-level
fluoroquinolone resistance, which is very common for epidemic RTs as
multi-resistance might facilitate selection, persistence and spreading in
the hospital environment (He et al., 2013).

Fluoroquinolone and macrolide resistant RT018 strains have
reached high prevalence rates in Northern Italy in recent years. Despite
its transmission capacity, RT018 epidemics remained restricted to Italy
until now. Here, we report for the first time that RT018 strains related
to the predominant North Italian epidemic were responsible for an
outbreak in two hospitals in Southern Germany. It remains unknown
why some RTs spread globally (e.g. RT027), whereas others remain
restricted to single hospitals, regions and countries. Of note, a recent
study indicated that trehalose, which is frequently utilized in food in-
dustry, might have facilitated the spread of certain “hypervirulent”
strains including RT027, as trehalose can be metabolised by these RTs
whereas other RTs cannot make use of this α-glucose based dis-
accharide (Collins et al., 2018).

Outbreaks caused by transnational spreading of epidemic RTs sup-
port the importance of the “one world one health” campaign of the
WHO and the need for local and international molecular surveillance
activities for risk assessment of global diseases caused by epidemic
strains.
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Inherently, the present outbreak analysis has several limitations.
While it may be tempting to postulate that the RT018 outbreak strains
have originated from the Northern Italian epidemic clone, inference of
the source and the precise route of spreading into Germany would re-
quire a dataset much larger than the one we present here. Therefore,
the direct link between Southern German and Northern Italian outbreak
strains remained unrevealed and we suppose that unrecognized
spreading of an epidemic RT018 precursor isolate might have occurred
weeks before the current outbreak detection. Unfortunately, we could
not obtain isolates from neighbouring hospitals to investigate the re-
gional transmission, i.e. that information concerning potential regional
spreading is missing.
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