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ABSTRACT

Aim: To investigate the epidemiology of Clostridioides difficile infection (CDI) in Slovakian hospitals after
the emergence of ribotype 176 (027-like) in 2016.
Methods: Between 2018 and 2019, European Centre for Disease Control and Prevention CDI surveillance
protocol v2.3 was applied to 14 hospitals, with additional data collected on recent antimicrobial use and
the characterization of C. difficile isolates.
Results: The mean hospital incidence of CDI was 4.1 cases per 10,000 patient bed-days. One hundred
and five (27.6%) in-hospital deaths were reported among the 381 cases. Antimicrobial treatment within
the previous 4 weeks was recorded in 90.5% (333/368) of cases. Ribotype (RT)176 was detected in 50%
(n=185/370, 14 hospitals) and RT001 was detected in 34.6% (n=128/370,13/14 hospitals) of cases with
RT data. Overall, 86% (n=318/370) of isolates were resistant to moxifloxacin by Thr82Ile in GyrA (99.7%).
Multi-locus variable tandem repeat analysis showed clonal relatedness of predominant RTs within and
between hospitals. Seven of 14 sequenced RT176 isolates and five of 13 RT0O01 isolates showed between
zero and three allelic differences by whole-genome multi-locus sequence typing. The majority of se-
quenced isolates (24/27) carried the erm(B) gene and 16/27 also carried the aac(6’)-aph(2’’) gene with
the corresponding antimicrobial susceptibility phenotypes. Nine RT176 strains carried the cfr(E)gene and
one RT0O1 strain carried the cfr(C) gene, but without linezolid resistance.
Conclusions: The newly-predominant RT176 and endemic RT001 are driving the epidemiology of CDI in
Slovakia. In addition to fluoroquinolones, the use of macrolide-lincosamide-streptogramin B antibiotics
can represent another driving force for the spread of these epidemic lineages. In C. difficile, linezolid
resistance should be confirmed phenotypically in strains with detected cfr gene(s).
© 2023 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Background

sylating toxins, toxin A (TcdA) and toxin B (TcdB), are the main
virulence factors in the pathogenesis of CDI. Some strains also pro-

Clostridioides difficile is a Gram-positive, spore-forming anaer-
obe. When gut microbiota is depleted, C. difficile can cause gas-
trointestinal infection with symptoms ranging from diarrhoea to
life-threatening intestinal damage [1]. Two large clostridial glyco-
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duce ‘binary toxin’, a specific ADP-ribosyltransferase [2].

Since 2006, the incidence of C. difficile infection (CDI) has in-
creased due to the spread of certain epidemic strains. As such, the
implementation of molecular characterization of causative strains
has become one of the key components of infection and preven-
tion control. In Europe, polymerase chain reaction (PCR) ribotyping
was adopted by reference laboratories, and use of a capillary elec-
trophoresis (CE) modification increased its discriminatory power
and enabled the identification of new variants of epidemic lineages
[e.g. ribotype (RT)176, the genetic variant of notorious RT027] [3].
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Ribotyping data from Slovak C. difficile isolates from 2011 to
2013 showed low diversity of RTs and clear predominance of
RTO0O01; C. difficile RT176 was not identified at that time [4-6]. Later,
in 2016, a large outbreak of 75 RT176 CDI cases was reported
in a tertiary care centre in the northern part of Slovakia [7]. In
the same year, 36 hospitals in Slovakia participated in a national
CDI surveillance and 12 hospitals also submitted C. difficile isolates
for characterization. In addition to the persistent predominance of
RTOO01, the emergence of RT176 was recognized in six hospitals [8].

The genetic relatedness of RT176 to epidemic RT027 and reports
on multi-centre clusters in Eastern Europe [7] stressed the need for
enhanced surveillance, including the characterization of causative
strains. Thus, in order to obtain current data on CDI epidemiol-
ogy after the emergence of RT176 in Slovakia, this CDI surveillance
study was undertaken to characterize C. difficile isolates from all
CDI cases.

2. Materials and methods
2.1. Ethics

Ethical approval and informed consent were not required
for this study as it was surveillance-based, C. difficile isolates
were obtained during routine diagnostic testing, and data were
anonymized. The results of the study had no impact on the care
of the participating patients.

2.2. Epidemiological surveillance

Between May 2018 and May 2019, 14 Slovakian hospitals fol-
lowed European Centre for Disease Prevention and Control (ECDC)
CDI surveillance protocol v 2.3 [9], with no post-discharge follow-
up of death or re-admission. Additionally, data on antimicrobial
consumption were acquired from the hospital records of each CDI
case for the 4 weeks prior to their CDI diagnosis, independent of
hospitalization.

2.2.1. CDI case definitions

Healthcare-associated CDI (HA CDI) cases were defined as pa-
tients who either had onset of symptoms >3 days following ad-
mission to a healthcare facility, or had onset of symptoms in the
community within 4 weeks of discharge from a healthcare facility.

Community-associated CDI (CA CDI) cases were defined as pa-
tients who were not discharged from a healthcare facility in the 12
weeks preceding symptom onset. The onset of symptoms occurred
either outside the healthcare facility or on the day of admission or
the following day.

Recurrent CDI cases were defined as patients with diarrhoea
and a positive laboratory test after completion of CDI treatment,
between 2 and 8 weeks after the onset of symptoms from a previ-
ous episode of CDI.

A complicated course of CDI was defined as admission due to
community-onset CDI; admission to an intensive care unit; surgery
(colectomy) for toxic megacolon, perforation or refractory colitis;
or death [3,9].

2.3. Statistical analysis

Differences between groups were evaluated using x2-test or
Fisher’s exact test for categorical variables and the Wilcoxon test
for continuous variables. A univariable logistic regression model
was used for the analyses of associations between individual vari-
ables and outcomes of interest. The P-values were adjusted for
multiple comparisons using the Holm-Bonferroni method, and
P<0.05 was considered to indicate statistical significance. Analyses
were conducted using R Version 3.5.1 [10].
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2.4. Identification and confirmation of CDI

At the physician’s request, unformed stool samples from pa-
tients suspected of having CDI were tested using RIDA QUICK
Clostridium difficile glutamate dehydrogenase (GDH) and RIDA
QUICK Clostridium difficile toxin A/B tests (R-Biopharm AG, Hessen,
Germany). GDH and toxin A/B positive stool samples were cultured
on selective media for C. difficile (Brazier agar, Oxoid, Basingstoke,
UK) after alcohol shock treatment at 36.9°C under anaerobic con-
ditions for 48 h (Whitley A35 Anaerobic Workstation, Don Whitley
Scientific, Bingley, UK).

2.5. Infection prevention and control measures at the time of the
study

Any patient with diarrhoea was isolated immediately and a
stool sample was taken for CDI testing. A hospital epidemiologist
monitored compliance with the barrier isolation regimen, com-
municated daily with the attending physicians, and the network
clinical pharmacologists guided treatment regimens. Metronidazole
was used for the treatment of patients with laboratory-confirmed
CDL

2.6. Characterization of C. difficile

The identification of C. difficile isolates was confirmed us-
ing matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (Biotyper v 3.1, Bruker Daltonics, Billerica, MA, USA).
C. difficile isolates were characterized by CE ribotyping and detec-
tion of toxin genes (tcdA-toxin A, tcdB-toxin B, ctdA and cdtB - bi-
nary toxin) by multiplex PCR [11,12]. One isolate for the two most
frequently detected RTs was selected from each hospital, where ap-
plicable, for whole-genome sequencing (WGS; Illumina, San Diego,
CA, USA; Eurofins Genomics, Louisville, KY, USA).

2.7. Antimicrobial susceptibility testing

Antimicrobial susceptibility testing for metronidazole, van-
comycin and moxifloxacin was performed for all isolates by agar
dilution [Wilkins-Chalgren anaerobe agar containing 0.005 g/L of
haemin (Oxoid)] categorized according to the European Committee
on Antimicrobial Susceptibility Testing epidemiological cut-off val-
ues for metronidazole (>2 mg/L) and vancomycin (>2 mg/L), and
the Clinical and Laboratory Standards Institute breakpoint for mox-
ifloxacin (>8 mg/L) [13,14]. The quinolone-resistance-determining
region in the gyrA gene was amplified and sequenced in all strains
[15], and compared with C. difficile BR81, NZ_CP019870.1. In WGS
data, acquired resistance genes were detected using ResFinder 4.1
from FASTQ data available at: www.genomicepidemiology.org [16].
Resistant genotypes were tested phenotypically using minimum
inhibitory concentration (MIC) strips (Liofilchem, Roseto Degli
Abruzzi, Italy): aac(6’)-aph(2”) - amikacin, gentamicin; erm(B) -
erythromycin, clindamycin; ¢fr(C) and cfr(E) - linezolid; and tet(M)
- tetracycline. Breakpoints for susceptibility categorization were
>16 mg/L for tetracycline and >8 mg/L for clindamycin [14]. No
breakpoints are currently available for amikacin, gentamycin, ery-
thromycin and linezolid.

2.8. Genetic relatedness analysis of predominant RTs

Multi-locus variable tandem repeat analysis (MLVA) was per-
formed on strains of predominant RTs using seven previously pub-
lished regions with short tandem repeats (A6Cd, B7Cd, C6Cd, E7Cd,
F3Cd, G8Cd, H9Cd) with a change of reverse primer for G8Cd loci,
as described elsewhere [17,18]. For visualization of the genetic re-
latedness of isolates belonging to the same RT, a minimum span-
ning tree (MST) was constructed using the Manhattan coefficient
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Figure 1. Distribution of 14 Slovak hospitals participating in this study. Pie charts show the representation of Clostridioides difficile ribotypes (RT) 001 and 176 identified per
hospital. The numbers in the centre represent the number of C. difficile isolates cultured for further characterization.

(Bionumerics v5.0, Applied Maths, Sint-Martens-Latem, Belgium). A
clonal complex (CC) was defined as the sum of tandem repeat dif-
ferences (STRD) <2, and a genetically related cluster was defined
as STRD <10 [17].

In sequenced isolates, a multi-locus sequence type (ST) and a
core-genome MLST (cgMLST) were determined from FASTQ data
using MLSTFinder 2.0 and cgMLSTFinder 1.1 [19,20], available at:
www.genomicepidemiology.org. Whole-genome MLST (wgMLST)
was performed and an MST was constructed using BioNumerics
(v8.1, Applied Maths).

3. Results
3.1. Reported CDI cases

In total, 14 hospitals in Slovakia participated in the study.
Three hundred and eighty-one cases of CDI were reported, of
which 288 (75.6%) were healthcare-associated (HA), 24 (6.3%) were
community-associated (CA), and 20 (5.3%) were of unknown origin.
Forty-nine patients (12.9%) had recurrent CDI. The mean hospital
incidence of CDI was 4.1 cases/10,000 patient-days [95% confidence
interval (CI) 2.5-5.7].

A complicated course of CDI was reported for 47/381 (12.3%)
cases. These cases had lower odds of being HA CDI than CA CDI
[odds ratio (OR) 0.362, 95% CI 0.134-0.980; P=0.046], and were
more likely to have a fatal outcome within 30 days of hospitaliza-
tion (OR 5.00, 95% CI 2.65-9.435; P<0.001; see online supplemen-
tary table). An in-hospital fatal outcome was recorded for 105/381
(27.6%, 95% CI 23.0-32.1) cases. The cases who died during hospi-
talization within 30 days of CDI diagnosis (n=98, 25.7%) tended to
be older than those who did not (median 80 vs 75 years; adjusted
P=0.011; see online supplementary table). Death was reported to
be ‘possibly’ or ‘definitely’ related to CDI for 64.8% of fatal cases.

Antibiotic use in the 4 weeks prior to CDI was recorded for
368/381 cases (96.6%). Of these, 333 (90.5%) were reported to have
received an antimicrobial agent in monotherapy or in combination.
The most common were cephalosporins (n=139), fluoroquinolones
(n=105), co-amoxiclav (n=70), penicillins (n=47), metronidazole
(n=31), glycopeptides (n=29), lincosamides (n=27) and aminogly-
cosides (n=25). The ‘4C antimicrobials’ (i.e. fluoroquinolones, clin-
damycin, co-amoxiclav and cephalosporins) [21] comprised 80.8%

(n=269) of prior antimicrobial therapy (see online supplementary
table).

3.2. Characterization of C. difficile isolates

In total, 370/381 (97.1%) cases had C. difficile isolate cultured,
and 27 RTs were identified. The most prevalent were RT176
(n=185, 50.0%), identified in all 14 participating hospitals, and
RT001 (n=128, 34.6%), detected in 13/14 hospitals (Fig. 1; also see
online supplementary table). Of the other 25 detected RTs, only
RT014 was identified in >2% of isolates (n=8). Genes for all three
toxins (A, B, Binary) were detected in 198/370 (53.5%) isolates of
the following RTs: 176 (n=185), 027 (n=5), 078 (n=4), 023 (n=3)
and 126 (n=1). The remaining 172 isolates carried genes for toxins
A and B (see online supplementary table).

Resistance to moxifloxacin (>8 mg/L) was detected in 86% of
isolates (n=318/370), with a Thr82 substitution in GyrA present in
99.7% (n=317) (see online supplementary table). Reduced suscep-
tibility to metronidazole (>2 mg/L) was observed in 16 isolates, of
which 13 were RT176 and three were RT001; however, after a sub-
culture and re-testing using MIC test strips (Liofilchem), these iso-
lates were susceptible to metronidazole and were negative for the
presence of pCD-metro [22], investigated as described previously
[23].

There was no significant evidence of an association between
origin of infection (HA/CA), complicated course of infection, re-
current CDI, fatal outcome within 30 days of diagnosis, and age
and carriage of binary toxin genes or C. difficile strains of RT176 or
RT001 compared with other RTs (Tables 1 and 2). In contrast, re-
sistance to moxifloxacin was more common in HA CDI cases than
in CA CDI cases [249/261 (95.4%) vs 30/42 (71.4%); P<0.001; see
online supplementary table].

3.3. Genetic relatedness of predominant RTs

Analysis of MLVA results from all 128 RT001 and 183/185 RT176
isolates identified 19 CCs (STRD <2) for both RTs (Figs 2 and 3; also
see online supplementary table). RTO01 had 12 of the 21 CCs with
less than five isolates, and its five largest CCs had 3.2 isolates per
hospital. In contrast, the five largest CCs of RT176 isolates had an
average of 7.4 isolates/hospital. RT176 also had the largest CC (CC8,
n=28 isolates, n=8 hospitals), the largest single hospital CC (CC1,
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Figure 2. Minimum spanning tree generated from multi-locus variable tandem repeat analysis data of Clostridioides difficile polymerase chain reaction (PCR) ribotype 176
isolates from 14 hospitals participating in this study (n=183/185). Each hospital is represented by a different colour. The numbers in the circles represent the number of seven
variable-number tandem repeat loci that were 100% identical [sum of tandem repeat differences (STRD)=0] among the C. difficile PCR ribotype 176 isolates. The numbers on

the lines represent STRD between isolates. cc, clonal complex.

n=15), and a large CC (CC11) with 13/14 isolates from one hospital
(Figs 2 and 3; also see online supplementary table). Most hospitals
with isolates clustered in the same CC were close geographically
(see online supplementary table).

To confirm the observed genetic relatedness, one isolate of
RT001 and one isolate of RT176 from each hospital, where appli-
cable, was characterized by WGS.

3.4. Whole-genome sequencing

WGS data were available for 27 isolates (RT001 n=13, RT176
n=14). RT001 isolates (n=13) belonged to ST3 (Clade 1) and RT176
isolates (n=14) were ST1 (Clade 2).

All RTO01/ST3 isolates were designated as ‘type 6335’ by cgML-
STFinder, and 0-10 allelic differences between isolates were found
using wgMLST (Fig. 4). Three isolates showed only one allelic dif-
ference and two isolates had two allelic differences.

In RT176/ST1 isolates, the cgMLSTFinder identified that almost
all (n=13/14) isolates were designated as ‘type 301’, and the re-
maining isolate (4879) was ‘type 602’. wgMLST showed 0-64 al-
lelic differences between isolates (Fig. 5). Seven isolates showed
one to three allelic differences and three isolates had zero to two
allelic differences.

The erm(B) gene was detected in 88.9% (24/27) isolates, and
their resistance to clindamycin and erythromycin was confirmed
phenotypically (=256 mg/L). The aac(6')-aph(2”’) gene was de-
tected in 71.4% (10/14) of RT176 isolates and 46.2% (6/13) of RT001
isolates, with all 16 isolates having MICs >256 mg/L for both
amikacin and gentamicin. One RT176 isolate carried the tet(M)
gene and had an MIC for tetracycline of 16 mg/L. In addition, two

cfr genes - cfr(E) in nine of 13 RT176 isolates and cfr(C) in one
RTOO1 isolate — were detected but isolates did not have the ex-
pected linezolid-resistant phenotype [16-24 mg/L for ¢fi(C) and
>256 mg/L for c¢fr(E) gene], as published previously [24]. In the
present study, one strain (4687) had an MIC of 6 mg/L and the
remaining isolates had an MIC <1.5 mg|/L.

To investigate the integrity of the cfr genes and their sur-
roundings, the short reads were assembled to previously published
genomes MH229772 for the cfr(C) gene and DF11 for the cfir(E)
gene [24,25]. In the cfr(C) sequence, there was a stop codon at po-
sition 23 compared with the MH229772 strain. The cfr(E) gene in
all nine strains was intact, but the region surrounding the gene dif-
fered compared with the DF11 strain with the linezolid-resistant
phenotype (Fig. 6a). In all strains, a Isa-like gene was located up-
stream of the cfr(E) gene. In Enterococcus faecalis, the Isa gene con-
fers intrinsic resistance to lincosamides and streptogramin through
a ribosome protection mechanism [26,27]. Whereas the Isa-like
and cfr(E) genes are separated by only 17 nt and are most likely
co-transcribed in DF11, the two genes were separated by a 790-
nt-long region containing a 118-nt-long duplication of the start of
the c¢fr(E) gene in all nine isolates from this study (Fig. 6a). In ad-
dition, the Isa-like gene encoded a protein with only 62.8% amino
acid identity to the Lsa protein from the DF11 strain (Fig. 6b).

4. Discussion

In European acute care hospitals (ACHs), CDI is a common cause
of morbidity and mortality [28]. In 2016, 556 ACHs in European
Union/ European Economic Area countries, including 36 in Slo-
vakia, participated in the ECDC-coordinated surveillance of CDI
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Figure 5. A minimum spanning tree of 13 Clostridioides difficile ribotype 001 isolates constructed based on whole-genome multi-locus sequence typing data using Bionumerics
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(LZDr) reference strain DF11, C. difficile genomes from GenBank [DF (GenBank); n=34], and the genome of Streptococcus suis LSM29 (SS). Genes labelled with the same
number encode homologous proteins. See online supplementary table for protein annotations.

The European mean hospital incidence of CDI was 4.0 (95% CI
3.45-4.51) cases/10,000 patient-days, with 20.7% of cases dying in
the hospital from various causes [29]. That year, in the participat-
ing ACHs in Slovakia, the mean hospital incidence of CDI was 2.8
(95% CI 1.9-3.9) cases/10,000 patient-days, with 10.8% cases dying
within 30 days of hospitalization from any cause [8]. In 2018-2019,
the incidence of CDI in Slovakia increased 1.5-fold compared with
2016 [8]. Furthermore, the crude mortality rate was notably high,
with one-quarter of cases (25.7%) dying from any cause within 30
days of diagnosis during hospitalization, compared with one in 10
in 2016 [8]. It is important to note that stool testing for CDI was

performed at the request of the physician, so some CDI cases in
the participating hospitals may have remained undiagnosed [30].
Over the period from 2016 to 2018, RT176 emerged as the pre-
dominant strain in Slovak ACHs, overtaking RT001 which com-
prised 59% of strains in 2016 [8]. Indeed, in 2018-2019 in Slovakia,
a very high proportion (five of six strains) were either RT001 or
RT176. There was no strong evidence that either RTO01 or RT176
caused a worse course of infection or infection outcome than the
other strains (see online supplementary material). Similar findings
were observed in a multi-centre study in the Czech Republic in
2017, with an exception for all-cause mortality and RT001 CDlIs, but
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those associations were not confirmed statistically when mortality
within 30 days was analysed [31].

The observed near-exclusive representation of two RTs in the
analysed set of isolates suggests epidemic spread. Therefore, MLVA
was performed to determine the genetic relatedness of the isolates
within each RT, and to identify clones among isolates within and
between participating hospitals. Indeed, the close genetic related-
ness was confirmed in the randomly selected, geographically di-
verse, sequenced isolates at wgMLST level. Seven of 14 sequenced
RT176 isolates and five of 13 RT0O01 isolates met a proposed ad-
justed threshold of zero to three allelic differences for outbreak
recognition [32]. The genetic relatedness of isolates from geograph-
ically distant hospitals may be explained by reportedly frequent
patient transfers between hospitals.

Based on the study results, physicians, including hospital epi-
demiologists, monitored compliance with infection prevention and
control measures. Although compliance with patient isolation and
wearing of personal protective equipment was deemed sufficient,
bed disinfection was identified as requiring enhancement. There-
fore, hospitals introduced swabbing of beds after cleaning and ter-
minal disinfection of rooms using plasma ozone. Swabs were cul-
tured on selective media for C. difficile and aerobically on blood
agar, with any bacterial growth considered a cleaning failure. Also,
antimicrobial stewardship was enhanced through the recommen-
dation to the network of the hospitals in the study for restriction
of the use of cephalosporins and fluoroquinolones [21].

At the time of the study, metronidazole was the standard treat-
ment for laboratory-confirmed CDI. Delayed clinical effects at 5
days were reported. Following the publication of updated guid-
ance for CDI treatment [33], the use of fidaxomicin or vancomycin
commenced in the hospital network. Metronidazole treatment is
associated with longer shedding of C. difficile in stool compared
with vancomycin and fidaxomicin, which may have contributed to
environmental contamination and spore transmission between pa-
tients during the study [34]. Poor patient outcomes could be as-
sociated with relatively low stool concentration of metronidazole
and its reduced antimicrobial bioactivity due to interaction with
faecal microbiota. In addition, reduced susceptibility to metronida-
zole was observed in 16 isolates of epidemic RTO01 and RT176. Re-
peated testing by E-test did not confirm this phenotype; however,
Baines et al. also observed higher MICs using agar incorporation
compared with E-test [35]. A recently described plasmid-mediated
mechanism of metronidazole resistance was not present in these
isolates [22,23], but other molecular mechanisms of metronidazole
resistance were suggested [36].

Interestingly, the epidemiology of CDI in the Czech Republic,
which is a neighbouring country of Slovakia, reported a similarly
high prevalence of RT001 (24%) and RT176 (29%) with clonal clus-
tering based on MLVA results in 774 isolates investigated in 2014
[37]. To investigate the intercountry relatedness of European C. dif-
ficile RTOO1 and 176 isolates, the WGS data from the European,
multi-centre, prospective, biannual, point-prevalence study of CDI
in hospitalized patients with diarrhoea (EUCLID study) [38] was
used. cgMLST 602 was not detected in RT176 isolates (n=21, four
countries), but cgMLST 301 was identified in two isolates from
Poland. Both isolates carried the erm(B) gene. Presence of the cfr(E)
gene was not observed in all 21 European RT176 isolates. Further,
in 119 isolates of RT0O01 from 14 European countries, the same
cgMLST (6335) was only identified in eight of 11 Slovak RT001
isolates and in one of two Czech RTO01 isolates, but the Czech
isolate did not carry the erm(B) gene and/or the aac(6’)-aph(2’")
gene as was observed in Slovak C. difficile RTOO1 isolates in this
study. Unfortunately, the percentage of called alleles in cgMLST
analyses of these three genomes was <95%, and wgMLST analy-
ses failed to be performed in Bionumerics. As such, further stud-
ies are needed to confirm the suggested genetic relatedness of Slo-
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vak epidemic clones with Polish C. difficile RT176 and Czech RT001
isolates.

The role of horizontal gene transfer in the evolution of C. diffi-
cile was documented in RT027 [39]. The majority of sequenced iso-
lates (24/27) acquired the erm(B) gene conferring resistance to ery-
thromycin and clindamycin, and 16/24 also carried aac(6’)-aph(2"")
gene coding resistance to aminoglycosides which is more com-
mon than observed in European C. difficile isolates of the same
RTs in the EUCLID study [38]. Unlike the macrolide-lincosamide-
streptogramin B (MLSg) group of antibiotics, anaerobes are in-
trinsically resistant to aminoglycosides, with high MICs reported
(MICsq 120 mg/L, 95% CI 62-250; MIC90 200 mg/L 95% CI 78-490)
[40]. The acquired aac(6’)-aph(2’’) gene encoding aminoglycoside-
modifying enzyme in isolates of RT0O01 and RT176 had higher MIC
(=256 mg/L) values compared with isolates of the same RTs with-
out this gene (MIC90 64 mg/L, data not shown), but the epidemi-
ological advantage for C. difficile remains unknown; however, its
potential as a resistance reservoir in the human gut has to be
taken into account. This also opens up new significance in the cfr
genes which encode a methyltransferase that modifies position A-
2503 in bacterial 23S rRNA and confers resistance to linezolid, a
last resort drug in the treatment of severe infections caused by
Gram-positive pathogens. Interestingly, the presence of the cfr(E)
gene and the ¢fr(C) gene was not associated with the linezolid-
resistant phenotype, likely due to genetic variation within and
upstream of the cfr(C) and cfr(E) genes, respectively. In the case
of the cfr(E) gene, the gene was intact, but the upstream region
was distinct from linezolid-resistant strain DF11 (Fig. 6a) and also
from all other C. difficile genomes with the identical Cfr(E) protein
found in the GenBank database using the WebFlags tool for clus-
tering neighbour-encoded proteins [41] (Fig. 6b). Surprisingly, the
organization of the region around the cfr(E) gene in the isolates
from this study was most similar to Streptococcus suis LSM29 hu-
man isolates from China. In addition to differences in the amino
acid sequence of the proteins encoded in the flanking regions, the
main difference was the duplication of 114 nt corresponding to
the beginning of the cfr(E) gene, which was present in all nine
linezolid-sensitive isolates from this study, but absent in the S.
suis LSM29 strain. A subject of further investigation is whether
this duplication prevents the cfi(E) gene from being expressed. It
is also not clear whether an Isa-like gene can confer resistance to
lincosamides and streptogramin A similar to Enterococcus faecalis
[26,27], because all nine isolates in the present study co-harboured
the erm(B) gene which mediates resistance to the MLSg group of
antibiotics.

5. Conclusions

The newly-predominant RT176 and endemic RT0O01 are driving
the epidemiology of CDI in Slovakia. MLVA showed clonal related-
ness of predominant RTs within and between hospitals. In wgMLST,
seven of 14 sequenced RT176 isolates and five of 13 RT0O01 iso-
lates showed zero to three allelic differences. In addition to flu-
oroquinolones, use of the MLSg group of antibiotics can repre-
sent another driving force for the spread of these epidemic lin-
eages in Slovakia. In C. difficile, the linezolid-resistant phenotype
should be confirmed in strains with detected cfr gene(s). A follow-
up surveillance study should be performed to evaluate the benefits
of changes in infection prevention and control, antimicrobial stew-
ardship and treatment of CDI.
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