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A B S T R A C T

Objectives: Until July 2016, vancomycin-resistantEnterococcus faecium (VREfm) was sporadically detected
in Odense University Hospital, Denmark. After July 2016, the number of VREfm cases increased. This
study aimed to apply a core genome multilocus sequence typing (cgMLST) scheme for E. faecium to type
and analyse VREfm isolates collected at a single Danish hospital and to compare the results with cgMLST
data from other regions of Denmark to trace transmission.
Methods: A total of 38 VREfm clinical isolates from inpatients at the hospital in the period January 2014
through June 2017 were included in the study and analysed using whole-genome sequencing. Use of
SeqSphere + software was initiated from the beginning of June 2017 to obtain MLST, cgMLST and epi
curves. Admission histories were incorporated and national surveillance data on cgMLST were used to
identify transmission routes.
Results: Six different sequence types (STs) were identified, the most frequent being ST80, ST117 and
ST203. cgMLST subdivided the 38 isolates into 18 different complex types (CTs) with 13 isolates (34%)
belonging to ST80-CT993. Epi curves indicated transmission of ST80-CT993 in several departments.
Transmission from patients transferred from other hospitals was not identifiable. Infection control
interventions launched in one department ended the outbreak.
Conclusion: The high resolution of cgMLST allowed for detailed interpretation with evidence of
nosocomial transmission of specific CTs. cgMLST made it easy to compare our local isolates with national
findings, thereby clarifying transmission routes. Supplemented with admission histories, cgMLST
targeted the epidemiological investigation and delineated the expensive and time-consuming infection
control interventions.

© 2021 The Authors. Published by Elsevier Ltd on behalf of International Society for Antimicrobial
Chemotherapy. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).

1. Introduction

Vancomycin resistance in Enterococcus faecium has been known
since the end of the 1980s, and in human clinical isolates it is

primarily due to vanA or vanB genes [1,2]. Vancomycin-resistant E.
faecium (VREfm) thrive very well in the hospital environment and
may cause hospital-acquired infections. VREfm have for the last
decade been rising in number worldwide, and infections caused by
these isolates are difficult to treat owing to their inherent
resistance to many antimicrobials [3,4].

For many years, the prevalence of clinical VREfm found in blood
cultures and spinal fluids in Denmark was �1%, but in 2012 large
outbreaks in two of the five Danish regions began. More than 1000

$ These data have been presented in part as an abstract and poster at the 11th
Healthcare Infection Society (HIS) International Conference, 26–28 November 2018,
Liverpool, UK.
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patients were infected or colonised during the period 2012–2015
and the transmission is still ongoing, leaving the Danish prevalence
of these clinical VREfm above 10% in 2018 [5]. Multilocus sequence
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yping (MLST) of clinical VREfm from all kind of materials revealed
hat several sequence types (STs) were involved in the outbreaks,
n particular ST80, ST117 and ST203. In 73% of the VREfm isolates,
esistance to vancomycin was due to the vanA gene [5–7]. Initially
hese outbreaks did not affect hospitals in the Region of Southern
enmark despite transfer of patients from affected hospitals. At
dense University Hospital in Region of Southern Denmark, five to
ix patients were identified with VREfm each year in this period.
owever, in 2016 the number of patients with VREfm increased,
nd in the first half of 2017 an outbreak was suspected [5].
The traditional method used for outbreak investigation in

enmark had for many years been based on SmaI macrorestriction
nalysis through pulsed-field gel electrophoresis (PFGE). More
ecently, single nucleotide polymorphism (SNP)-based mapping of
hort-read (Illumina) data against a reference genome has been
pplied for outbreak investigations, but this method has now been
ubstituted with core genome MLST (cgMLST). Typing based on
gMLST, with the designation of a complex type (CT), has a high
iscriminatory power and studies have found the method
oncordant with the SNP-based mapping mentioned above in
valuating the relatedness of bacteria [8–11]. Due to the
vailability of easy-to-use software solutions, we implemented
he cgMLST method in the Department of Clinical Microbiology at
dense University Hospital in June 2017 and used it for
nvestigation of the local rise of VREfm.

The aim of this study was to apply a cgMLST scheme for E.
aecium implemented in SeqSphere + software to type and analyse
he VREfm isolates collected at a single Danish hospital over a
eriod of 4 years, to compare the results with cgMLST data of
REfm isolates identified in other regions of Denmark as a part of
he national VREfm surveillance, and to use these data to trace
ransmission.

. Materials and methods

.1. Demographic data

Denmark is divided into five regions (NUTs, level 2), of which
he Region of Southern Denmark (RSD) covers approximately one-
fth (1.2 million) of the Danish population [12]. The biggest
ospital in RSD is Odense University Hospital (OUH), with
pproximately 1000 beds.
All samples collected from patients admitted to OUH are

nalysed in the Department of Clinical Microbiology of the
ospital.

.2. Bacterial isolates

Consecutive VREfm isolates from clinical samples (non-
creening) from hospitalised patients in the period 1 January
014 to 1 July 2017 were analysed. Only the first isolate from each
atient was included in this study. Isolates from the start of June
017 onwards were analysed in real time, while the rest were
equenced and analysed retrospectively.
Bacterial identification was performed by matrix-assisted laser

esorption/ionisation time-of-flight mass spectrometry (MALDI-
OF/MS) (Microflex LT; Bruker Daltonik GmbH, Bremen, Germany).
Resistance to vancomycin was detected by agar disk diffusion

usceptibility testing according to European Committee on
ntimicrobial Susceptibility Testing (EUCAST) guidelines using

3.0 (Thermo Scientific) and consisted of the following: forward
primer GGRAACGAGGATGATTTGATTG; reverse primer
CGTGGCTCARCCGGATT; and probe VIC-CGG CGAAGTGGATC-
MGB. Detection was performed in a 25 mL reaction volume
containing 12.5 mL of TaqManTM FAST Universal PCR Master Mix
(Applied Biosystems), 1000 nM of each primer, 200 nM of the
probes and 5 mL of template DNA using a 7500 Fast Real-Time PCR
System (Applied Biosystems) with the following cycling param-
eters: 95 �C for 20 s; and 45 cycles of 95 �C for 3 s and 60 �C for 30 s.

VREfm screening was based on culturing a single rectal swab
from each patient. Culturing was carried out on a 5% blood agar
plate [Statens Serum Institut (SSI), Denmark] read after 24 h and 48
h of incubation at 35 �C, followed by visual inspection for
enterococcal growth, bacterial identification with MALDI-TOF/MS,
and vancomycin susceptibility testing as described above. If the
isolate was found to be resistant to vancomycin or single colonies
were found in the clear zone near the vancomycin tablet, the
colonies in the zone or a scrape from the edge of the growth
nearest the vancomycin tablet was tested for the presence of vanA
and vanB using the in-house method described above.

2.3. Whole-genome sequencing (WGS) data analysis

WGS was carried out on a MiSeq platform (Illumina Inc., San
Diego, CA, USA) according to the manufacturer’s instructions to
obtain paired-end reads of 2 � 150 bp in length.

Draft genomes were de novo assembled using SKESA v.2.2 in the
Bifrost pipeline at SSI. A quality control has been performed on the
raw reads using the Bifrost pipeline (https://github.com/ssi-dk/
bifrost) with accepted avg. coverage >30.

The draft genome sequences of all isolates were analysed using
SeqSphere + software v.5.0 (Ridom GmbH, Germany) (E. faecium
cgMLST scheme v.1.1;1423 loci) by which sequence types (STs),
complex types (CTs) and cluster arrangement were obtained. The
parameter ‘pairwise ignoring missing values’ was activated and the
cluster distance threshold for the core genome was �20 allele
differences [10].

2.4. Epidemiology and relatedness to other regions in Denmark

Admission history within a period of 1 year from the VREfm
finding of the individual patient was extracted from the patient
journal system Cambio COSMIC (https://www.cambiogroup.com/
our-solutions/cambio-cosmic/). Collection date and sample mate-
rial were extracted from the Danish microbiological department
database system ‘MADS’ (www.madsonline.dk). Epidemic curves
(epi curves) of the cgMLST results were constructed using
SeqSphere + software. All cases were examined for prior VREfm
findings.

The local data were compared with the national data on VREfm
from clinical samples, which have undergone WGS since 2015 [5].
In cases where the patient had been transferred from another
region, the local Department of Clinical Microbiology in the region
in question was contacted for cgMLST and/or MLST results.

3. Results

A total of 38 VREfm isolates from 38 patients were included in
the study. A comprehensive list of characteristics of the isolates,
including sample type, site of isolation, collection date, vanA/B,
-mm Mueller–Hinton agar plates and 5 mg Vancomycin Neo-
ensitabsTM (Rosco, Taastrup, Denmark).
All isolates were tested for the presence of the vanA and vanB

enes using an in-house real-time PCR. The vanA primer and probe
equences were based on the study of Fang et al. [13]. The vanB
rimer and probe sequences were designed using Primer Express
41
sequencing results and admission histories, is given in Table 1.

3.1. Phylogenetic analysis and resistance genes

The 38 isolates belonged to six different STs, with the most
frequent being ST80, ST117 and ST203.
9
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Of the 38 isolates, 26 (68%) belonged to ST80, 4 belonged to
ST117 and 5 belonged to ST203, while the remaining three STs
(ST18, ST78 and ST192) comprised 1 isolate each.

cgMLST analysis of the 38 isolates revealed 18 different CTs
(Table 1). The ST80 group was subdivided into nine different
clusters, with ST80-CT993 being the dominant type.

The ST80-CT993 isolates had an allele difference of 0–25 among
the isolates. The second largest ST80 group was CT14, which
consisted of three isolates with 7–24 allele differences among the
isolates, while the remaining six ST80 clusters consisted of only
one or two isolates each.

Using cgMLST, two of the four ST117 isolates showed no allele

3.2. Epidemiological data and transmission

Use of cgMLST data for an epi curve illustrated some small
clusters at the beginning of 2014, the end of the investigation
period in 2017, and a larger cluster during the last year of the period
(Fig. 1).

Before the actual rise of VREfm in mid-2016, only two small
clusters of ST117-CT24 and ST80-CT14 were detected. Patient
admission histories for the two patients with ST117-CT24 isolates
revealed that transmission was likely to have occurred in
Department 1 or 2 (Table 1). Two of the three patients with
ST80-CT14 had been admitted to the same ward, but with 1.5 years

Table 1
Characterisation of the vancomycin-resistant Enterococcus faecium (VREfm) isolates at Odense University Hospital (OUH), Region of Southern Denmark, in the period 1
January 2014 to 1 July 2017 (n = 38) and appertaining epidemiological data in a 12-month period prior to the sample date.

Number Sample date
(month/
year)

MLST cgMLST van
gene

Sample Department
number
at OUH where
sample was
collected

Prior admissions
in a 12-month
period before sample
date
at OUH

Admissions in
other
regions of
Denmark and
other countries

Prior VREfm type

01 03/2014 ST80 CT14 vanA Urine 1
02 03/2014 ST80 CT2499 vanA Urine 2 6
03 04/2014 ST117 CT24 vanA Urine from catheter 2 3
04 05/2014 ST192 CT17 vanA Blood culture 3 CR ST192-CT17
05 05/2014 ST117 CT24 vanA Swab from abscess 3 2
06 06/2014 ST18 CT864 vanA Liquid from abdominal

drain
4 6, 2

07 05/2015 ST80 CT866 vanA Urine 5 CR
08 06/2015 ST78 CT1438 vanA Liquid from abdominal

drain
6 RZ

09 08/2015 ST80 CT880 vanB Blood culture 7 13
10 09/2015 ST117 CT1834 vanA Blood culture 3
11 10/2015 ST80 CT14 vanA Urine 1 6
12 02/2016 ST80 CT14 vanA Ascites 3
13 05/2016 ST203 CT859 vanA Urine from catheter 2 8 CR
14 05/2016 ST80 CT993 vanA Urine 7 1
15 06/2016 ST80 CT880 vanB Urine 8
16 08/2016 ST80 CT993 vanA Blood culture 1 2, 14
17 10/2016 ST80 CT993 vanA Urine 9 15
18 11/2016 ST80 CT993 vanA Urine from catheter 7 16, 17
19 11/2016 ST80 CT993 vanA Liquid from abdominal

drain
2 9

20 11/2016 ST80 CT993 vanA Urine 10 6
21 12/2016 ST80 CT993 vanA Urine 2 9
22 01/2017 ST203 CT1144 vanA Urine from catheter 11 18 RZ
23 02/2017 ST203 CT1143 vanA Urine 1 18
24 02/2017 ST80 CT993 vanA Abdominal wound swab 2 3, 6, 19
25 02/2017 ST80 CT993 vanA Urine from catheter 1
26 02/2017 ST203 CT859 vanA Urine 7 13, 1
27 02/2017 ST80 CT993 vanA Urine 9
28 03/2017 ST203 CT859 vanA Urine 7 13
29 03/2017 ST80 CT993 vanA Urine from catheter 2 9
30 03/2017 ST80 CT1839 vanA Urine from catheter 12 CRD ST80-CT997
31 04/2017 ST117 CT1182 vanA Urine from catheter 2 9
32 05/2017 ST80 CT32 vanB Urine from catheter 2 Germany Unknown
33 05/2017 ST80 CT866 vanA Urine 7 20 CR Unknown
34 05/2017 ST80 CT1508 vanA Urine from catheter 8
35 05/2017 ST80 CT993 vanA Sputum 9 2
36 06/2017 ST80 CT1508 vanA Urine 8
37 06/2017 ST80 CT1545 vanA Blood culture, catheter 6 1, 2, 3, 11, 12
38 06/2017 ST80 CT993 vanA Tissue, ischial tuberosity 9 8

MLST, multilocus sequence typing; cgMLST, core genome multilocus sequence typing; ST, sequence type; CT, complex type; CR, Capital Region of Denmark; RZ, Region
Zealand; CRD, Central Denmark Region.
differences and belonged to CT24. Likewise, for ST203 three of
the five isolates appeared related and belonged to CT859, with
allele differences of 2–3. The remaining CTs were all singletons
(Table 1).

Vancomycin resistance in 35 of the 38 isolates was found to be
related to the vanA gene, while only 3 isolates contained vanB.
420
in between, and the last patient had not been on this ward at all.
Isolates from patients admitted to the same ward had an allele
difference of 24, and taking the admission dates into account,
transmission was rejected. Two of the patients had isolates
differing by 7 alleles, but no connection regarding their hospital-
isation was found.
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Two isolates of ST80-CT866 and ST80-CT880, respectively, were
ound in the period 2015–2017. The patients with ST80-CT880 had
ot been admitted to the same ward, and the ST80-CT866 isolates
ere found with >1 year apart. The allele difference in both cases
as <20, but due to the distance in time and admission histories,
ransmission was rejected. Three isolates of ST203-CT859 were
ound in mid-2016 and the beginning of 2017. The isolates from the
wo patients detected in 2017 had an allele difference at 2. The
atients had been admitted to the same ward and transmission
as found to be most likely.
In May 2017, two isolates of ST80-CT1508 appeared. These two

atients had been admitted to the same ward within 1 month,
uggesting transmission (Table 1). The allele difference was 34,
eaving the connection weaker.

From May 2016 through June 2017, a total of 13 isolates of ST80-
T993 were continuously detected and matched the rise in number
f VREfm detected at OUH. For each specific isolate, an allele
ifference at 0–5 to the nearest neighbour was found. At the time
f sampling, the patients were distributed in 5 departments but
ith prior admissions in a total of 13 departments in the past 12
onths. Seven of the patients had been admitted to Department 9
nd four of these patients had also stayed in Department 2, where a
urther two patients with ST80-CT993 had been admitted. Three of
he four patients found in Department 2 had been previously
dmitted to Department 9, while only one patient prior to
dmission in Department 9 had been in Department 2, and was in
ddition found late in the investigation period.

.3. Relatedness to other regions in Denmark

In 7 of the 38 VREfm cases, patients were transferred from
anish hospitals located in high-incident regions. Three of these
even patients had prior to admission to OUH been found
arbouring VREfm, with two of them being singletons and one
ith no sequencing data available (Table 1).
The other four patients were not known to be colonised before

dmission to OUH, but according to our results one of these four
atients was found to harbour an ST203-CT859 vanA E. faecium and
ne patient an ST80-CT866 vanA E. faecium. These types were highly
revalent in the Capital Region and the Central Denmark Region,
rom where the patients were transferred, and the patients might
ave been colonised during hospitalisation in these regions [5–7].
The remaining two patients were colonised with ST203-CT1144

On a national level, 11 (�3%) of 422 collected clinical VREfm
isolates in 2016 belonged to ST80-CT993 vanA E. faecium [5]. Of
these 11 patients, we found that 7 patients had been at OUH. Three
patients had been hospitalised in the same region as OUH but at a
minor hospital, and one patient had been found in the Central
Denmark Region. One of the patients from the minor hospital and
the patient from the Central Denmark Region were detected with
an ST80-CT993 vanA E. faecium strain before this type appeared at
OUH. None of the patients with a ST80-CT993 that were diagnosed
at OUH in 2016–2017 had been hospitalised outside the Region of
Southern Denmark (Table 1). No connection was found between
the index patient at OUH and other hospitals inside the region.

3.4. Infection control interventions

Based on cgMLST analysis and the admission histories, an
epidemiological link was established among 7 of the 13 patients
with ST80-CT993. Transmission had most likely happened in
Department 2 or 9. Due to the highest number of cases in
Department 9, and since three of the four patients carrying ST80-
CT993 in Department 2 also had been admitted to Department 9,
infection control interventions were launched in the latter
department at the end of June 2017.

To reveal whether there was a large ongoing outbreak in
Department 9, we initiated screening samples from all currently
hospitalised patients in this department on 30 June 2017. No
further screening criteria besides being hospitalised in Depart-
ment 9 on the screening day was used. A total of 18 patients were
included and all samples were negative using culture-based
screening.

An audit in Department 9 revealed the need for improved
compliance with standard precautions and suggested transmission
through environmental surfaces. A tidying up of the entire
department, including rinsing, storage and staff rooms, took place
before cleaning the environment. This was followed by non-touch
automated disinfection with hydrogen peroxide or manual
disinfection with chlorine.

After completion of the infection control interventions in
Department 9, only one additional case of ST80-CT993 colonisation
occurred in the following 6 months and therefore no further
infection control interventions or screening tests were initiated in
the hospital departments.

ig. 1. Epidemic curves (epi curves) for vancomycin-resistant Enterococcus faecium isolates detected at Odense University Hospital, Region of Southern Denmark, during 1
nuary 2014 to 1 July 2017. The epi curves were based on multilocus sequence typing (MLST) with creation of sequence types (STs), and core genome MLST (cgMLST) with
reation of complex types (CTs). Each box represents one specific isolate (1–38). Colours correspond to the ST-CT number. The number in the box correlates to the department
umber where the sample was collected.
nd ST78-CT1438 strains (Table 1). Both types had been rarely
ound in Denmark—in our own region (RSD) and in the Capital
egion [5].
A single patient was transferred from a German hospital and

as colonised with a ST80-CT32 vanB-positive isolate, which to our
nowledge has never been detected in Denmark [5].
42
4. Discussion

Analysis of cgMLST data indicated that multiple clones of
VREfm were introduced at OUH during the period 1 January 2014
to 1 July 2017 and that transmission occurred between patients
within the hospital.
1
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Use of cgMLST on VREfm allowed for a detailed interpretation of
the diversity, thereby indicating transmission of only certain
complex types and not all isolates with an identical sequence type.
This confirms the results from other clinical studies with other
micro-organisms in this field [11,14,15].

cgMLST in combination with allele differences and admission
histories revealed transmissions of three minor (ST203-CT859,
ST117-CT24 and ST80-CT1508) and a single larger clone of ST80-
CT993, representing the first outbreak of VREfm in the Region of
Southern Denmark.

The patients with ST80-CT993 VREfm clone had connections to
a total of 13 departments, but transmission had most likely
happened in 1 or 2 departments. Infection control interventions
were launched in Department 9, which stopped the outbreak.

Initial transmission from outside the region or from a regional
hospital into OUH could not be established. Transmission could
however have occurred through an unknown carrier, and it is most
likely that transmission occurred between hospitals in Southern
Denmark owing to the higher number of patient transfers. Screening
samples from patients in Department9 were all found negative using
culturing. This may be explained by the large turnover of patients in
the department, with the risk that we did not test the right patients,
or due to an inefficient screening method for colonisation with a low
number of VREfm, by culturing. Today, this may be solved by using a
molecular diagnostic method and enterococcus selective growth
media for detecting colonisation.

It has not been possible to find any descriptions of the ST80-
CT993 vanA clone from outside Denmark by searching www.
pubmed.gov and www.cgMLST.org.

Transmission inside OUH with clones from patients transferred
from regions with ongoing outbreaks was not identified. This was a
surprise, especially for the ST203-CT859 vanA VREfm, which had a
high prevalence in the other regions, accounting for 51–61% of the
Danish VREfm in 2015–2017 [5]. The ST80-CT14 and ST80-CT866
were both frequent clones in 2015 but were reduced to �4% in
2017. An analysis of which factors prevented these transmissions
could prove valuable.

A single patient was transferred from a German hospital and
harboured an ST80-CT32 vanB VREfm. This clone has been detected
several times in Germany [16]. ST80, together with ST117 and
ST203, are the most frequent sequence types both in Germany and
Denmark, but in contrast to the Danish isolates the vancomycin
resistance in the German clones is often mediated by vanB [17].

cgMLST has been described for outbreak investigation but, as far
as we know, there is only a limited number of outbreak descriptions
where cgMLST has been used during the investigation to target
hygiene interventions [14,18]. In this present study, we demonstrat-
ed the ability of cgMLST to identify outbreak strains, to assess
whether VREfm was introduced from outside the region, and to help
decrease the number of departments where infection control
interventions were introduced to terminate transmission. We
experienced that cgMLST results were easy to use for non-
bioinformaticians, but it is a field that should be investigated further
in order to achieve an enhanced use of the system in the frontline.

In conclusion, we found that cgMLST was useful in local
characterisation of VREfm, distinguishing sporadic clones from
outbreak strains. Use of cgMLST made it easy to compare our local
isolates with the national findings, thereby clarifying transmission
routes. In combination with admission histories, cgMLST targeted
possible outbreaks and located the specific wards involved. This
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