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Objectives: From 2012 to 2014, there has been a huge increase in vancomycin-resistant (vanA) Enterococcus
faecium (VREfm) in Copenhagen, Denmark, with 602 patients infected or colonized with VREfm in 2014 compared
with just 22 in 2012. The objective of this study was to describe the genetic epidemiology of VREfm to assess the
contribution of clonal spread and horizontal transfer of the vanA transposon (Tn1546) and plasmid in the dissem-
ination of VREfm in hospitals.

Methods: VREfm from Copenhagen, Denmark (2012–14) were whole-genome sequenced. The clonal structure
was determined and the structure of Tn1546-like transposons was characterized. One VREfm isolate belonging to
the largest clonal group was sequenced using long-read technology to close a 37 kb vanA plasmid.

Results: Phylogeny revealed a polyclonal structure where 495 VREfm isolates were divided into 13 main groups
and 7 small groups. The majority of the isolates were located in three groups (n¼44, 100 and 218) and clonal
spread of VREfm between wards and hospitals was identified. Five Tn1546-like transposon types were identified.
A dominant truncated transposon (type 4, 92%) was spread across all but one VREfm group. The closed vanA
plasmid was highly covered by reads from isolates containing the type 4 transposon.

Conclusions: This study suggests that it was the dissemination of the type 4 Tn1546-like transposon and plasmid
via horizontal transfer to multiple populations of E. faecium, followed by clonal spread of new VREfm clones, that
contributed to the increase in and diversity of VREfm in Danish hospitals.

Introduction
Enterococcus faecium, and MDR E. faecium in particular, has
emerged as an increasingly important nosocomial pathogen. MLST
data and genomics have shown that a distinct genetic subpopula-
tion of E. faecium has adapted to the hospital environment1,2 and
several studies have shown that hospital-associated E. faecium is
capable of surviving for long periods on hospital surfaces.3,4

E. faecium is inherently resistant to cephalosporins and has the
capacity to acquire and disseminate mobile genetic elements
containing virulence and resistance genes (e.g. gentamicin and
vancomycin resistance genes). In 2012, .90% of Danish
E. faecium blood isolates were resistant to ampicillin, 62% were
high-level gentamicin resistant and only 1.8% were vancomycin
resistant.5 However, from 2012 to 2014, there has been a huge

increase in vancomycin-resistant E. faecium (VREfm) in the
Capital Region of Denmark (Copenhagen) with 602 patients
infected or colonized with VREfm in 2014 compared with just 22
patients in 2012.6 In total, 894 VREfm patients were identified.6

The vanA and vanB genotypes are the major vancomycin resist-
ance genotypes regarding human infections.7 The vanA gene clus-
ter, dominant in Denmark, consists of two regulatory genes (vanR
and vanS) and vancomycin resistance genes (vanH, vanA, vanX,
vanYand vanZ).7 Together with the vanA gene cluster, two transfer-
related genes, a transposase (orf1) and a resolvase (orf2), form the
Tn1546-like transposon,8 which is often carried on a transferable
plasmid.7 Variations in the Tn1546-like transposon structure are
well described among clinical VREfm isolates including nucleotide
variations, insertion of IS elements and deletions of the left-end
(orf1/orf2) and right-end (vanZ) genes of the transposon.9 –13
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In a recent publication, we described hospital outbreaks of vanA
VREfm in Denmark, 2012–April 2013.14 In the Capital Region, four
clones and six singletons were identified using WGS. Considering
the rapid increase and diversity of VREfm, we hypothesized
that clonal spread of VREfm as well as horizontal transfer of
Tn1546-like transposons into hospital-adapted E. faecium [ampicil-
lin-resistant and vancomycin-susceptible E. faecium (VSEfm)] may
have contributed to the spread of VREfm in hospitals. Introduction
of VREfm from patients returning from foreign hospitals or a VREfm
reservoir outside hospitals (e.g. farm animals or food products)
may also contribute to the diversity of VREfm.

The present study uses WGS to describe the genetic epidemi-
ology of VREfm in the Capital Region of Denmark for an extended
time period, 2012–14, to assess the contribution of clonal spread
as well as horizontal transfer of Tn1546-like transposons in the
dissemination of vanA VREfm. All Tn1546-like transposons were
characterized to assess their similarity. One VREfm isolate was
selected for PacBio long-read sequencing to close a vanA plasmid
and to study the dissemination of this resistance plasmid.

Methods
The project was approved by the Danish Data Protection Agency (2012-58-
0004) and the Danish Health and Medicines Authority (3-3013-1168/1).

Setting and bacterial isolates
The study was conducted in the Capital Region of Denmark (1.7 million
inhabitants) from January 2012 to December 2014. The healthcare service
in the region is managed by 12 public hospitals and general practice
healthcare services. In Denmark, all residents receive tax-supported
healthcare including free access to primary care and public hospitals.
Three departments of clinical microbiology (DCM) perform all microbio-
logical analyses in the Capital Region. VREfm isolates from all three DCM
were submitted for WGS to the DCM at Hvidovre Hospital. One DCM did
not submit VREfm isolates from the last 9 months of 2014 due to financial
constraints. The first submitted isolate from a patient was included in the
study (n¼495). VREfm isolates were identified in clinical samples as well
as screening samples (rectal swab and gastric aspiration). Date of sam-
pling, submitting hospital, hospital ward, sample site and sample type
(clinical or screening sample) were collected from laboratory information
systems. Vancomycin resistance genotype (vanA or vanB) was detected by
WGS. Only vanA VREfm was included in the study as the VREfm epidemic
was mainly caused by vanA VREfm.

WGS and assembly
DNA was extracted using the DNeasy Blood and Tissue Kit (Qiagen,
Germany) and sequenced with the use of Illumina technology (Illumina,
USA) as described previously.14 The genomes were multiplexed to 24
isolates per run on an Illumina MiSeq platform producing 2×150 bp
paired-end reads. The isolates were sequenced with a mean coverage
depth of 62× (range 14–194×). Genomes were assembled using Velvet15

and an in-house script has been developed to analyse E. faecium genomes
for MLST and vancomycin resistance genotype.

Phylogenetic analysis and the pangenome
Contigs were annotated by Prokka16 and the pangenome was estimated
using Roary.17 Core genes were defined as those present in 99% of the iso-
lates with a minimum percentage identity of 95%. Multiple sequence
alignment of concatenated core genes was used to build a neighbour-

joining tree with bootstrapping (1000 replicates) in RapidNJ.18 Tree draw-
ing was managed with FigTree.19

In addition, a distance matrix with pairwise comparisons (SNP differ-
ences) of all VREfm isolates was achieved by a reference-based mapping
approach. Reads were mapped to a vanB E. faecium reference genome
(GenBank: AUS0004_NC_01702220) using Stampy21 and SNPs were called
using SAMtools as previously described.14 The pipeline used is a b-version
of a pipeline developed at the Oxford Centre for Gene Function.22 SNP dif-
ferences among epidemiologically related isolates identified in (i) the
same hospital ward during the study period, or (ii) the same hospital
ward on the same date were determined to divide the isolates into sub-
groups of closely related isolates.

Characterization of Tn1546-like transposon structures
Rapid Annotations using Subsystems Technology (RAST) was used to
annotate all contigs from sequenced VREfm isolates.23,24 Most VREfm iso-
lates had transposon elements on more than one contig. To reconstruct
the Tn1546-like transposons, a reference sequence was used as a tem-
plate to order the contigs containing transposon elements. The linkage
between neighbouring contigs was supported by overlapping contig
ends and via paired-end reads aligning to each end of the neighbouring
contigs. Briefly, paired-end reads were aligned to the contigs via
Bowtie2,25 regions of contigs sharing homology to the Tn1546-like trans-
poson reference were identified via MUMmer26 and then the discordant
paired-end reads that aligned to these contigs were enumerated by exe-
cuting custom-written Python scripts that used BioPython and PySam
libraries.26 – 28 In this way, additional insertion elements were also identi-
fied as contigs with discordant reads linking contigs with van genes. The
insertion elements were annotated via blastn searches.29

Multiple sequence alignments were used to identify variant nucleotide
positions and minor deletions. A reference sequence derived from a
VREfm isolate (V98), which contained orf2, IS1251 in the vanSH intergenic
region and all van genes on one contig, was selected. Subsequently, the ref-
erence sequence was divided into minor fragments [resolvase-vanZ (includ-
ing IS1251), resolvase-vanR, resolvase-vanS, vanH-vanZ, vanH-vanX,
vanY-vanZ, orf1, orf2, vanR, vanS, vanH, vanA, vanX, vanY and vanZ] and
all VREfm contigs were searched for DNA sequences that matched the frag-
ments using BLAST (90% identity and 90% query cover). Matching DNA
sequences were aligned via Muscle.30

Finally, flanking regions of the transposon, i.e. the regions upstream of
orf1 or orf2 and downstream of vanZ, were determined.

Reconstruction of a vanA plasmid from Illumina and
PacBio data
One VREfm isolate belonging to the largest clonal group (V24 from group
2) was selected for PacBio long-read sequencing. DNA was extracted as
described for Illumina sequencing and sequenced on a Biosciences
PacBio sequencing platform producing an average subread length of
5.8 kb and coverage depth of 441×(Duke University, USA). A hybrid assem-
bly using Illumina and PacBio data was performed using SPAdes.31 Longer
contigs produced by the hybrid assembly were used to reconstruct and
close the vanA plasmid (pHvH-V24) applying the same method as we
used to reconstruct the transposon structures. The plasmid was anno-
tated by RAST23,24 and plasmid replicons and resistance genes were iden-
tified via PlasmidFinder and ResFinder online tools, respectively.32,33 To
determine whether the remaining VREfm isolates had a related vanA plas-
mid, reads from each VREfm isolate were mapped to the closed plasmid
using Bowtie2 and the percentage of the plasmid that was covered by
reads was determined.25 Read coverage breadth and depth of the plasmid
were determined using the bedtools coverage tool34 and the percentage
of the plasmid that was covered by reads was determined. For a region in
the plasmid to be considered covered by reads (breadth), the read depth
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had to be ≥20% of the average plasmid read depth. Finally, BLASTand the
NCBI database were used to find plasmids sharing homology with the
closed plasmid.

Accession numbers
Illumina sequence data for a representative isolate of each WGS group (20
isolates) have been deposited in the European Nucleotide Archive under
study accession numbers PRJEB14625 and PRJEB8719. The association
between WGS group number, accession number and isolate identification
number is listed in Table S1 (available as Supplementary data at JAC
Online). Also, sequences of transposon types and pHvH-V24 were depos-
ited in NCBI with accession numbers listed in Table S1.

Results

Descriptive data

Four hundred and ninety-five VREfm isolates from the Capital
Region of Denmark, 2012–14, were sequenced, which represent
an isolate from 55% of all VREfm patients. The mean age of the
patients was 70 years (range 4–100 years) and 53% were men.
VREfm isolates were identified in 10 hospitals in the Capital

Region although the vast majority (90%) were identified in three
acute care hospitals and one national referral hospital. The pre-
dominant departments with VREfm were departments of gastro-
enterology/surgery (27%), orthopaedic surgery (21%) and ICU
(15%). Half of the isolates (55%) were from screening samples
(Table S2). Isolates from the urinary tract and bloodstream
accounted for 27% and 6%, respectively.

Genomic epidemiology of VREfm

The phylogenetic tree, built from sequence alignment of 1119
concatenated core genes, revealed a picture of genetic diversity
of VREfm with isolates divided into 13 distinct main groups (at
least three isolates), 7 small groups (two isolates) and 16 single-
tons (Figure 1). Three major groups consisting of 218, 100 and 44
isolates, respectively, were identified. Four VREfm main groups
were observed in 2012 and new groups were observed through-
out the study period demonstrating an increasing diversity
among the VREfm isolates (Figure 2). A few groups caused a
local outbreak and subsequently disappeared, while most of
the groups were observed throughout the study in several loca-
tions (Figure 2).

Figure 1. Phylogeny based on 1119 core genes showing the genetic relationship among vanA E. faecium in the Capital Region of Denmark from 2012 to
2014. Three outliers have been removed from the phylogenetic tree. Each circle represents a group and was scaled in relation to the number of isolates in
the group. Circles are located around the centre of the group on the phylogenetic tree. All main groups had ≥80% bootstrap support (1000 replicates).
The group numbers are assigned according to when the group was first identified. The group identification number, the number of VREfm isolates, STs
and transposon types (T1–T5) are given for each main group. an (T1)¼1, n (T2)¼2, n (T3)¼7. bn (T2)¼3, n (T3)¼1. cn (T2)¼1. dn (T3)¼2.
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The pangenome contained 10544 genes of which 1119 were
conserved in 99% of the VREfm isolates (core genes). Of the
remaining 9425 genes (accessory genome), 4412 were present
in ≤1% of the isolates.

The SNP distance matrix supported the grouping of all but one
VREfm isolate and isolates within each group differed from each
other by≤400 SNPs. To divide the groups into subgroups of closely
related isolates, the diversity among epidemiologically related iso-
lates was determined. Pairwise comparisons of isolates from
three hospital wards (�3801 pairwise comparisons) showed
that 98% of related isolate pairs (0–400 SNPs) had between 0
and 27 SNP differences. Using 27 SNPs as a threshold, the
VREfm isolates were divided into 29 subgroups (at least two iso-
lates). Isolates belonging to a particular subgroup were identified
in several locations and the subgroups were on average identified
in three hospitals (range from one to nine hospitals), suggesting
cross-hospital spread of related VREfm (Table S2). Furthermore,
in each of the four hospitals with the highest burden of VREfm,
13–17 subgroups were circulating.

Another SNP threshold of ≤3 SNPs was set based on the fact
that 98% of the screening isolates collected on the same date
and same hospital ward differed from each other by ≤3 SNPs
(�300 pairwise comparisons). Data were derived from isolates
collected during general screening of six hospital wards. A total
of 297 (60%) VREfm isolates differed by ≤3 SNPs from at least
five of the other VREfm isolates. These findings supported the

presumption of direct or indirect transmission of VREfm between
hospitalized patients.

Characterization of Tn1546-like transposons

The structure of the transposons was characterized in all but two
isolates. The majority (70%) of the transposons were assembled
in more than one contig, which hampered the characterization of
the structure. Assembly problems were located around IS ele-
ments present in multiple copies in the genome.

Five Tn1546-like transposon types were detected (Figure 3).
Three IS elements (IS1251, IS1216 and ISEf1) were observed
within the transposons and all IS elements were well-known
transposases. A truncated transposon was frequent (96%) with
a total deletion of orf1 combined with a partial or total deletion
of orf2.

Transposon type 1, identical to the Tn1546 prototype charac-
terized by Arthur et al.8 (Figure 3), was only identified in two
(0.4%) non-related isolates. In contrast, a dominant truncated
transposon (type 4) with an insertion of a transposase IS1251 in
the vanSH intergenic region was detected in 455 isolates (92%).
Type 4 consisted of four subtypes. Type 4a, identified in one isolate
from group 2, was probably a predecessor to the remaining sub-
types as it contained all the Tn1546 elements and IS1251. Types
4b and 4c had a deletion of the left end of the transposon includ-
ing orf1 and the left end (156 bp) of orf2. Type 4b was the most
dominant type (74%). In addition to the left-end deletion, type
4c had an ISEf1 element inserted between vanR and vanS.
Along with the ISEf1, RAST annotation of the type 4c transposon
showed an extension of vanR (18 bp) and vanS (33 bp) resulting in
two genes that are likely to be functional as the isolates are resist-
ant to vancomycin. In the Tn1546 prototype, vanR and vanS over-
lap.8 Subtype 4c was present in group 3 (ST192) and group 4
(ST80) (Table S2) and all isolates containing type 4c were collected
in the same geriatric ward. The remaining isolates in groups 3 and
4 contained type 4b, suggesting that the insertion of ISEf1
occurred during the outbreak in the geriatric ward. VREfm contain-
ing type 4c were only identified in the second and third quarter of
2013 and disappeared when the outbreak in the geriatric ward was
resolved. Type 4d had a larger left-end deletion including orf1 and
the left end (516 bp) of orf2. Figure 1 presents the clonal structure
of the VREfm isolates and their corresponding Tn1546-like transpo-
sons. More detailed information regarding the association between
VREfm groups/subgroups and transposon types/subtypes is shown
in Table S2. Notably, type 4 was the dominant transposon in all but
one VREfm group (group 8). Isolates belonging to group 8 con-
tained only the type 5 transposon, which is a truncated transposon
with an IS1216 element in the vanXY intergenic region. Group 8 was
recognized from the end of 2013 and represents a new clone in our
region. Transposon types 1–3 were mainly identified in a subset of
isolates belonging to groups 1, 3, 4 and 9 (Figure 1).

Multiple sequence alignments of transposon fragments demon-
strated that the transposon elements were highly conserved.
Compared with the prototype from 1993,8 only five positions in
the type 4 transposon were affected by nucleotide variations
(Figure 3). All nucleotide variations were non-synonymous and
only affected a single codon.

The flanking region upstream of the transposon was not
assessable in most isolates as the contig started just before the
first transposon element. A cadmium efflux system protein was

Figure 2. Occurrence of new vanA E. faecium groups during the study
period, 2012–14. The filled circles indicate the first quarters the VREfm
groups were identified and the broken lines indicate the time periods the
VREfm isolates were identified. Due to missing data from the last 9 months
of 2014, we could not decide whether an outbreak had been resolved in
this period.
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Figure 3. Tn1546-like transposon types among 493 vanA E. faecium in the Capital Region of Denmark from 2012 to 2014. The number and percentage of
isolates containing the transposon type and the percentage of the closed vanA plasmid (pHvH-V24) that was covered by mapped reads (breadth
coverage) from isolates containing the same transposon type [median (IQR)] are given. Type 1 was identical to the Tn1546 prototype characterized
in 1993.8 The positions of the transposase (orf1), resolvase (orf2) and van genes and their direction of transcription are depicted with arrows. Black
arrows represent IS elements and their direction of transcription. Filled black boxes represent sequences in the transposon that are not identical to
the prototype. A vertical line represents a nucleotide variant in relation to the prototype. aIQR could not be determined due to the limited number of
isolates. bDeletion of the left end (42 bp) of the transposase. cIS1216 was inserted after vanS changing the last 11 amino acids in vanS to 10 different
amino acids compared with the prototype. dA region of 216 bp has been replaced by a region of 245 bp (this region does not align to the prototype).
eNucleotide variant in vanA (position 680 T.C). fNucleotide variant in vanX (position 219 G.T). gNucleotide variant in vanY (position 647 C.T) present in
38%, 100% and 83% of types 4b, 4c and 4d, respectively. hDeletion of the transposase and the left end (156 bp) of the resolvase. iNucleotide variant in
vanS (position 589 T.A) present in 20% of type 4b. jNucleotide variant in vanY (position 549 C.T) present in 3% of type 4b. kInsertion of ISEf1 between
vanR and vanS. vanR and vanS were extended with 18 and 33 bp, respectively, according to RASTannotation. lDeletion of the transposase and the left end
(516 bp) of the resolvase. The first element downstream of vanZ is given together with the number of isolates that contained the element. SrtA, sortase
A; AAD(6), putative aminoglycoside 6-adenylyltansferase.
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identified downstream of vanZ in types 3 and 4, while type 5 dif-
fered with a CopS protein downstream of vanZ (Figure 3). Also,
types 1 and 2 had different flanking regions downstream of vanZ.

Reconstruction and dissemination of a vanA plasmid

Incorporating PacBio long reads into the assembly of a VREfm iso-
late reduced the number of contigs from 203 to 34 and increased
the N50 by nearly 10-fold from 45000 to 425000, when com-
pared with assembly using Illumina data alone. The vanA plasmid
was assembled in three contigs, but was possible to close result-
ing in a 37372 bp plasmid, termed pHvH-V24. This plasmid con-
tained a rep-17 replicon. In addition to the type 4b Tn1546-like
transposon, the plasmid contained genes involved in aminoglyco-
side (aph-3, sat4 and ant-6) and macrolide [erm(B)] resistance.
Furthermore, the plasmid contained a toxin–antitoxin (TA) system
(axe-txe), which enhances plasmid stability. This plasmid was
highly similar to the non-conjugative, MDR pS177 plasmid of
39 kb,35 sharing 95% of pS177 at 99% identity. Relative to
pS177, pHvH-V24 contained a 3191 bp deletion in the Tn1546
transposon corresponding to the truncated transposase (orf1)
and the first 156 bp of the resolvase (orf2). The truncated trans-
poson represents �20% of the plasmid.

Mapping of reads from all the VREfm isolates to the plasmid
sequence (pHvH-V24) showed that 45%–100% of the plasmid
was covered by reads and in the majority (74%) of the isolates
≥95% of the plasmid was covered by reads. This suggests the exist-
ence of a vanA plasmid that has spread through distinct populations
of E. faecium. In isolates containing the type 4 transposon, a high
percentage of the plasmid was covered by reads (median≥95%)
compared with isolates containing the other transposon types
(median¼48%–65%) (Figure 3), showing a correlation between
transposon type 4 and the closed plasmid (pHvH-V24).

Discussion
The increase in hospital-acquired VREfm in the Capital Region of
Denmark was recognized towards the end of 2012. In total, 894
VREfm patients were identified from 2012 to 2014, whereas ,20
VREfm patients were detected in previous years.6 Part of the
increase is due to screening of VREfm contact patients and gen-
eral screening of hospital wards; however, almost half of the
VREfm isolates in this study were from clinical samples. WGS of
495 isolates collected from the start of the VREfm epidemic
revealed a polyclonal structure with clonal spread of several
new VREfm groups (Figure 1). Previous typing of VREfm by meth-
ods such as PFGE and MLST has shown clonal dissemination of
VREfm in hospitals.36,37 Applying greater discrimination provided
by WGS, the present study suggests transmission of VREfm
between hospitalized patients via direct or indirect transmission.
In line with a recent study of VREfm in Denmark,14 we confirmed
spread within wards, between wards and between hospitals,
which is probably due to frequent transfer of patients between
hospitals and specialties. Transfer of patients between hospitals
and specialties may explain why it has been so difficult to control
the VREfm spread in our region despite improved infection control
and enhanced cleaning.

Although polyclonal structures of vanA VREfm in hospital out-
breaks have been reported in other studies,9,11,38 the diversity was
surprising given that the VREfm frequency was very low before

2012. However, the vast majority of the transposons were similar
and belonged to transposon type 4 (92%) with type 4b (74%) as
the dominant subtype. Transposon type 4 had spread across sev-
eral distinct WGS groups, suggesting horizontal transfer of the
Tn1546-like transposon (Figure 1). Adding PacBio sequencing of
one VREfm isolate enabled us to close a vanA plasmid carrying
the type 4b transposon variant and the vehicle for the transposon
was detected. Most VREfm isolates with a type 4 transposon con-
tained a highly related vanA plasmid determined by the percent-
age of the plasmid (pHvH-V24) that was covered by reads
(Figure 3). This indicates the existence of a successful plasmid
that has spread through different populations of pre-existing
VSEfm. The genetic relationship between VREfm and endemic
VSEfm in our hospitals needs to be elucidated. WGS of temporally
related VSEfm from our region has not been done yet due to finan-
cial constraints. However, recent studies from Sweden, the UK and
Australia have shown that VREfm and VSEfm belong to the same
circulating population in hospital settings.39 – 41

The origin and reason for the success of this type 4 vanA plasmid
remain to be elucidated. Recently, a Tn1546-like structure similar to
type 4 has been shown to be prevalent in clinical isolates from
Taiwan, Brazil and Paraguay.9,10,42 Furthermore, the pS177 plasmid,
highly similar to our plasmid, was identified in a VREfm clinical iso-
late sampled in a hospital in Illinois, USA.35,43 The complete
sequence and gene content of pS177 was reported in 2011 and it
was the first report of a completely sequenced plasmid carrying
both vancomycin resistance genes and a TA system (axe-txe).35 In
addition to the selective advantage of resistance mechanisms
against aminoglycosides, vancomycin and macrolides, the TA sys-
tem enhances plasmid stability, which might explain the success
of this plasmid.35,43 Despite the ability of pHvH-V24 to disseminate
to a wide range of hospital-associated E. faecium populations, genes
involved in mobilization could not be identified. In addition,
pHvH-V24 is highly similar to pS177, which is a non-conjugative plas-
mid.35 The plasmid belongs to the narrow host range rep-17 (pRUM)
replicon group, which is common in hospital-associated E. faecium
populations with reported prevalences from 39% to 58%.44,45 This
group of plasmids is frequent and seems to be highly adapted to
hospital-associated E. faecium, which might explain the rapid spread
of the vanA plasmid after its appearance in the Capital Region.
Another explanation is the fact that the VREfm epidemic occurred
shortly after a major outbreak of Clostridium difficile in our region
resulting in a 2-fold increase in the consumption of vancomycin
from 2008 to 2013,46,47 which probably favoured vancomycin-
resistant bacteria in the gut.

Very recently, it has been reported that an IS element in the
vanSH region can influence the vancomycin phenotype.48

However, the IS elements described in the present study did not
affect the vancomycin phenotype as all clinical isolates and a sub-
set of screening isolates had vancomycin MICs .32 mg/L (data
not shown).

Our study has limitations. A complete collection of VREfm iso-
lates has not been included in the study, which means diversity
could be even higher. Also, double VREfm infections might have
been missed by sequencing a single colony subculture. As we
were only able to determine closed plasmid sequences for one
isolate due to the inclusion of long reads, variations in the struc-
ture of the vanA plasmid could not be identified for all isolates.

The main strengths of the study were an almost complete col-
lection of VREfm isolates at the beginning of the VREfm epidemic
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and a collection of isolates throughout the study period from ≥8
out of 12 hospitals. All submitted isolates have been sequenced,
which resulted in a large collection of WGS data. Furthermore, we
managed to close all Tn1546-like transposon types and the inclu-
sion of long reads via PacBio sequencing of one isolate made it
possible to close the predominant vanA plasmid.

In summary, applying high discrimination provided by WGS,
the present study identified clonal spread of VREfm within
wards, between wards and between hospitals in the Capital
Region of Denmark. The majority of the VREfm isolates contained
the type 4b Tn1546-like transposon and its variants in a conserved
plasmid (pS177-like). This suggests that it was the spread of the
type 4 Tn1546-like transposon and plasmid by horizontal transfer
to pre-existing VSEfm, followed by clonal spread of new VREfm,
that contributed to the increase and diversity of VREfm in hospi-
tals. Specifically, this study supports the existence of a successful
vanA plasmid (pHvH-V24) that has spread across several popula-
tions of E. faecium. This is cause for concern because the plasmid
has spread with relative ease and the spread of the plasmid has
proven difficult to control.
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