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Vancomycin-resistant Enterococcus faecium (VREfm) is an important cause of healthcare-associated infections worldwide. We

undertook whole-genome sequencing (WGS) of 495 E. faecium bloodstream isolates from 2001–2011 in the United Kingdom

and Ireland (UK&I) and 11 E. faecium isolates from a reference collection. Comparison betweenWGS andmultilocus sequence

typing (MLST) identified major discrepancies for 17% of isolates, with multiple instances of the same sequence type (ST)

being located in genetically distant positions in the WGS tree. This confirms thatWGS is superior to MLST for evolutionary

analyses and is more accurate than current typing methods used during outbreak investigations. E. faecium has been catego-

rized as belonging to three clades (Clades A1, hospital-associated; A2, animal-associated; and B, community-associated).

Phylogenetic analysis of our isolates replicated the distinction between Clade A (97% of isolates) and Clade B but did

not support the subdivision of Clade A into Clade A1 and A2. Phylogeographic analyses revealed that Clade A had

been introduced multiple times into each hospital referral network or country, indicating frequent movement of E. faecium
between regions that rarely share hospital patients. Numerous genetic clusters contained highly related vanA-positive and
-negative E. faecium, which implies that control of vancomycin-resistant enterococci (VRE) in hospitals also requires consid-

eration of vancomycin-susceptible E. faecium. Our findings reveal the evolution and dissemination of hospital-associated

E. faecium in the UK&I and provide evidence for WGS as an instrument for infection control.

[Supplemental material is available for this article.]

Enterococcus faecium is a commensal of the gastrointestinal
tract (Endtz et al. 1997) and an important cause of healthcare-asso-
ciated infection, particularly in immunocompromised patients
(Montecalvo et al. 1996; Patel 2003). In 2014, enterococci were
the second most commonly isolated microorganism from ICU-ac-
quired bloodstream infections in Europe (European Centre for
Disease Prevention and Control 2015). In addition to carriage by
hospital patients (Endtz et al. 1997), E. faecium can also be shed
into the environment, where this can persist for extended periods
of time (Falk et al. 2000; Neely and Maley 2000). Transmission of
E. faecium from one patient to another through direct or indirect
spread underlies nosocomial infection, the prevention of which
depends on infection control interventions, including hand hy-
giene, environmental cleaning, and effective detection and con-
trol of outbreaks.

Bacterial typing is used to add evidence to infection control
epidemiology during outbreak investigations and to gain an un-
derstanding of the population structure of E. faecium. Multilocus
sequence typing (MLST) was described for E. faecium in 2002
(Homan et al. 2002), which assigns most clinical isolates world-
wide to a hospital-associated clonal complex (CC)17 (Willems

et al. 2005) based on eBURST. Hospital-associated strains are gen-
erally resistant to ampicillin (Willems et al. 2005) and quinolones
(Leavis et al. 2006) and are enriched in mobile elements, putative
virulence determinants, and resistance to antibiotics (Kim and
Marco 2014). eBURST clusters multilocus sequence types (STs)
into CCs based on identity of five of the seven MLST loci, but
this is less reliable when identifying genetic relatedness in highly
recombining species, including E. faecium (Turner et al. 2007).

More recently, it has been proposed that CC17 consists of two
distinct groups of STs based on Bayesian Analysis of Population
Structure (BAPS) analysis of MLST loci (BAPS groups 2-1 [contain-
ing ST78] and 3-3 [containing ST17 and ST18]) (Willems et al.
2012). BAPS 3-3 is associated with nosocomial isolates, while
BAPS 2-1 is associated with animal isolates andmay have a distinct
evolutionary history (Willems et al. 2012). The accuracy of MLST
has been evaluated using whole-genome sequencing (WGS) in
three previous studies. Howden et al. (2013) reported that five of
the seven MLST genes in E. faecium are under recombination and
identified two of 61 isolates with a discrepancy between WGS
data andMLST, a finding supported by van Hal et al. (2016), while
Pinholt et al. (2015) compared MLST to WGS data for 132 E. fae-
cium isolates from across Denmark and found good correlation.
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Four WGS-based studies of bacterial collections ranging in
size from 61 to 132 E. faecium isolates have been published to
date (Howden et al. 2013; Lebreton et al. 2013; Pinholt et al.
2015; van Hal et al. 2016). A study of a global collection of 73 E.
faecium from a range of sources reported the presence of two clades
(Clade A1 and B) associated with human clinical and commensal
isolates, respectively, together with a third genetically distinct
clade associated with animals (Clade A2) (Lebreton et al. 2013).
A close genetic relationship was established between vanB VRE
and vancomycin-susceptible enterococci (VSE) by a study con-
ducted in Australia (Howden et al. 2013). Additionally, WGS stud-
ies revealed transmission events within a hospital and suggested
that inter- and intra-regional spread of VRE clones may be occur-
ring (Howden et al. 2013; Pinholt et al. 2015; van Hal et al.
2016). Current knowledge gaps include studies that relate to
vanA VRE (the dominant transposon in the United States and
Europe), as well as comprehensive studies of E. faecium population
dynamics at national and international levels. Here, we use WGS
to define the population structure of E. faecium clinical isolates
in the United Kingdom and Ireland (UK&I) over a decade. These
data were further mined to evaluate the robustness of the current
MLST typing scheme and to describe the evolution of vancomycin
resistance encoded by vanA in this setting.

Results

Study design and bacterial isolates

We analyzed whole-genome sequence data for 506 E. faecium iso-
lates (250 vancomycin-resistant E. faecium [VREfm], 256 vanco-
mycin-susceptible E. faecium [VSEfm]) drawn from reference
(National Collection of Type Cultures [NCTC] n = 11) and national
(British Society for Antimicrobial Chemotherapy [BSAC] n = 495)
collections. NCTC isolates consisted of three VREfm and eight
VSEfm deposited between 1946 and 2007 and isolated before
1997. The BSAC collection consisted of isolates submitted to a bac-
teremia resistance surveillance program (www.bsacsurv.org) be-
tween 2001 and 2011 by 40 hospitals across the UK&I.

Comparison of MLST and WGS

We derived the ST from the WGS data. This resolved 53 STs for
501/506 isolates (Supplemental Fig. S1), 96% of which belonged
to CC17. The remaining five isolates could not be assigned to an
ST because the MLST locus pstS had been deleted, together with
five contiguous genes (three hypothetical proteins and two inser-
tion sequence [IS] elements) (Supplemental Fig. S2). A homolog of
pstS (Aus0004_02035) was identified in all study isolates, which
was contiguous with a pst operon (Supplemental Fig. S2). This sug-
gests that the MLST locus is a homolog of the actual housekeeping
gene. Interrogation of the Aus0004 genome with the MLST prim-
ers for pstS revealed that these bound specifically to the MLST pstS
locus and so only identified the homolog.

We then undertook a comparative phylogenetic analysis of
concatenated MLST loci versus WGS for a subset of 477 VREfm
and VSEfm isolates that resided in a closely related genetic cluster
(Clade A; see below). This revealed numerous discrepancies be-
tween the two methods with a conservative estimate of 80/477
(16.7%) isolates lacking congruence and with dispersal of isolates
belonging to the same ST throughout the WGS tree (Fig. 1). Four
MLST loci (atpA, gyd, pstS, ddl) were located in recombination hot-
spots and contributed to 78/80 of these discrepancies. In contrast,
the remaining three MLST loci showed very limited diversity.

Despite the size of the collection, we identified just three, two,
and two alleles, respectively, for adk, gdh, and purK. Furthermore,
a single allele accounted for 99.2%, 99.8%, and 93.7% of the 477
isolates, respectively, demonstrating that these three loci contrib-
uted very little to differentiation between isolates.We investigated
the performance of BAPS, which has been proposed as a replace-
ment for clustering byMLST CC. Six out of the 13 BAPs groups de-
scribed by Willems et al. (2012) were identified based on 32 STs
(473/506 isolates) in our collection, with BAPS groups 3-3 (62%
of isolates) and 2-1 (31%) being the most common (Supplemental
Fig. S1). Annotation of theWGS treewith BAPS groups showed two
distinct clusters predominantly containing BAPS 3-3 and 2-1, re-
spectively, but multiple discrepancies between BAPS and WGS
were also observed.

UK&I E. faecium genomes in a global genetic context

We combinedWGS data for the 506 study isolates with WGS data
for 73 isolates described in a study by Lebreton et al. (2013), in
which a clade structurewas identified consisting of Clades A1 (hos-
pital-associated), A2 (animal-associated), and B (community-asso-
ciated). The comparison was based on genes conserved across the
two collections (n = 1288), fromwhich single-nucleotide polymor-
phisms (SNPs) were identified and used to construct a maximum
likelihood tree. This confirmed previous observations that the
E. faecium population splits into two major lineages (Clades A
and B) but did not support the subdivision of Clade A into
Clades A1 and A2 (Fig. 2). The Lebreton Clade A2 isolates were
basal (ancestral) to Clade A1, and the phylogeny was consistent
with a rapid clonal expansion of Clade A from a single progenitor
(Fig. 2). We sought a methodological explanation for this differ-
ence. In our study we defined core genes as being present in 99%
of isolates and Lebreton et al. (2013) used a definition of 100%
of isolates, but a reanalysis based on 100% showed that the
phylogeny shown in Figure 2 was replicated (Supplemental Fig.
S3). Furthermore, it was possible to accurately reproduce the phy-
logeny created by Lebreton et al. (2013) for the 73 isolates alone
(Supplemental Fig. S3). This indicates that our findings relate to
the isolate collection (including its larger numerical size) as op-
posed to differences in analysis.

The majority (97%) of the BSAC collection resided in the
clonal expansion of Clade A, together with all three NCTC
VREfm isolates, including two from the first clinical case reports
of vancomycin-resistant E. faecium in 1988 (Uttley et al. 1988).
Nine study isolates from geographically dispersed locations
(London n = 2, East of England n = 1, West Midlands n = 1, South-
West n = 1, Northern Ireland n = 1, Ireland n = 1, Scotland n = 1,
NCTC n = 1) resided in Clade B. Overall, the clonal expansion of
Clade A had considerably lower genetic diversity (median 2174
SNPs, range 0–5701 SNPs, interquartile range (IQR) 1538–2772
SNPs) than either Clade B (median 11,673 SNPs, range 2957–
18,135, IQR 8289–14,627 SNPs) or the isolates that were basal to
Clade A (median 6833 SNPs, range 20–14,206 SNPS, IQR 4682–
8098 SNPs).

Phylogeography of E. faecium in the UK&I

Our sampling strategy provided the opportunity to describe the
phylogeny of E. faecium over time and place in the UK&I. A phy-
logenetic tree based on 8808 SNPs in the core genome of the
Aus0004 reference and 477 study isolates contained in the clonal
expansion of Clade A was analyzed by hospital referral network
for England (Donker et al. 2012), and by country for Wales,
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Scotland, Northern Ireland, and Ireland (Fig. 3). We found wide-
spread dissemination of Clade A and a pattern consistent with
multiple introductions into each referral network or country.
Superimposed on this dispersed pattern were small clusters with-
in the referral networks and countries, which are likely to repre-
sent localized transmission and clonal expansion. We also
identified two clusters that were geographically restricted to
Ireland/Northern Ireland (17 isolates from 2007–2011 and 18 iso-
lates from 2004–2010). Evidence for connectivity and transmis-
sion between different hospitals both within a referral network/
country and in different referral networks/countries was identi-
fied, including nine isolate pairs from different hospitals in the
same referral network/country and eight isolate pairs from dif-
ferent hospitals in different referral networks/countries, each
pairing being within zero to six core genome SNPs of each other.
Analysis by individual hospitals replicated the findings for refer-
ral networks, with dispersal of isolates throughout the tree
combined with clusters of isolates. Isolates from each year of
the study were distributed throughout the tree, although one
subpopulation appeared to have emerged after 2005 and consist-
ed of 126/131 isolates originating between 2006 and 2011
(Supplemental Fig. S4).

Genetic analysis of vancomycin resistance and virulence

We then analyzed the genetic basis of vancomycin resistance in
250 VREfm isolates. The majority (215/250; 86%) carried vanA,
with the remainder carrying vanB (n = 25) or both genes (n = 10).
All but one VREfm belonged to the clonal expansion of Clade
A. One Clade B isolate was vanA-positive, demonstrating that van-
comycin resistance was not restricted to the hospital-associated
lineage. Annotation of the tree with vanA and vanB showed a close
relationship between VREfm and VSEfm (Fig. 4A). Therewas also a
striking difference in distribution of the two elements, with vanA
distributed throughout the tree and vanB predominantly (36/44
isolates) located in four genetic clusters (Fig. 4A). Mapping se-
quence data to reference transposons revealed multiple small-
and large-scale variations in genetic content in the vanA transpo-
son, but limited genetic variation in the vanB transposon (zero
to five SNPs difference within each cluster) (Supplemental Fig.
S5). BLAST analysis of the transposon insertion sites revealed
that vanA was predominantly located on plasmids (161 of the
162 that could be identified: pLG1 [n = 80], pIP816 [n = 45],
or comparable matches to pLG1, pF856, p5753cA, and pS177
[n = 36]), while 42/44 vanB transposons were inserted into the

Figure 1. Concordance betweenMLST andWGS data. (A, left) Tanglegram linking isolates in phylogenetic trees based onWGS and concatenatedMLST
loci. A different color is used to represent each ST present inmore than one position in theWGS tree. Bars to the right show the STs indicated on the tree, the
genetic basis for discrepancies betweenMLST andWGS (recombination = purple; point mutation = orange), and BAPS groups (BAPS 2-1 = purple, BAPS 2-
3 = pink, BAPS 3-1 = green, BAPS 3-3 = yellow, unknown =white), with the positions on these bars relating to the position of the isolate on theWGS tree. (B)
Recombination across the genome. Red indicates a recombination event found inmore than one isolate; blue, a recombination event unique to that isolate.
MLST genes and reference sequence are indicated at the top.
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chromosome. Within each cluster, the vanB transposons were in-
serted at identical sites in the chromosome, suggesting acquisition
followed by clonal expansion. These results indicate that vanA has
been repeatedly acquired and lost in the UK&I collection and that
vanB has been acquired a limited number of times and retained.

Having observed the mobility of vanA across the bacterial
population,weundertook an analysis of vanAwithin individual re-
ferral networks (England) and countries. VREfm clusters predomi-
nantly harbored identical vanA transposons (Fig. 4B), indicating a
single acquisition and subsequent clonal expansion. One transpo-
son was found exclusively in Ireland (21/21), and a second pre-
dominantly (26/29) in the East of England (n = 19) and London
(n = 7). These two transposons were located in multiple distinct
positions on the phylogenetic tree (seven and five positions, re-
spectively), suggesting that they had been acquired multiple times
(Fig. 4C).

Eleven E. faecium isolates that were phenotypically suscepti-
ble to vancomycin also carried vanA (n = 1) or vanB (n = 10). The
ten vanB-positive VSEfm isolates resided in a single cluster span-
ning 5 yr and lacked the vanRB and vanSB regulatory genes, which
explains the discrepancy between the phenotype and genotype.
A possible explanation for the retention of the vanB transposon
in the absence of a selective advantage relating to vancomycin re-
sistance is the presence of a secondary fitness advantage arising
from other genes carried by the transposon. To investigate this,

we analyzed the pan-genome of the 506 isolates to identify genes
thatwere unique to vanB-positive isolates. Twenty-nine geneswere
identified, including a bacteriocin, integrase, and excisionase
(Supplemental Table S1). The excisionase suggests that these trans-
posons retained the ability to excise from the genome, while the
advantage associated with a bacteriocin may explain its persis-
tence. Of note, the single vanB isolate cultured prior to 1997 lacked
this bacteriocin.

Finally, we evaluated whether Clades A and B varied in their
composition of putative virulence determinants. A comparison of
eight E. faecium virulence genes from the Virulence Factor
Database (VFDB) identified four virulence factors (ebpA, esp, hyl,
scm) that were present in ≥50% of Clade A isolates but were ab-
sent from Clade B (Supplemental Fig. S6), one of which (esp) was
only identified in the clonal expansion of Clade A (Supplemental
Fig. S6).

Discussion

MLST has been used for over a decade to describe the population
structure of E. faecium and remains the cornerstone for defining
E. faecium populations. A striking finding of this study was that
the currently used MLST scheme is not robust. Our analyses re-
vealed considerable discrepancy between WGS and MLST and
showed that this had resulted from recombination. This contrasts

Figure 2. Population structure of E. faecium. Maximum likelihood tree based on SNPs in the 1288 genes core to the 506 isolates from this study and 73
isolates reported by Lebreton et al. (2013). Pink branches indicate Clade A; blue branches, Clade B. Inner incomplete red ring denotes the clonal expansion
of Clade A. Middle ring shows the isolate source (yellow, animal; purple, clinical; blue, nonhospital; black, hospital-associated feces/surveillance/outbreak/
unknown; green, other; white, unknown). Outer ring shows isolates from Lebreton et al. (2013) colored by the clade towhich theywere originally assigned
(pink, Clade A1; brown, Clade A2; blue, Clade B; black, hybrid Clade A1/B). Scale bar, 9593 SNPs.
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with the study by Pinholt et al. (2015), which identified good cor-
relation between WGS and MLST of 132 E. faecium isolates. While
discrepancies have been reported previously (Howden et al. 2013;
van Hal et al. 2016), our large and comprehensive study extends
current knowledge of the problem. We also identified five isolates
for which one of the MLST genes had been excised; these bacteria
could survive because the gene used in the MLST scheme is a ho-
molog of the phosphate binding protein housekeeping gene.
Additionally, we identified discrepancies between WGS and the
BAPS groups described by Willems et al. (2012), likely due to the
fact that these groupings are based on concatenated MLST genes.
The evidence base from this and other studies begins to build
the case of need to replace E. faecium MLST with WGS, which
over time will become increasingly feasible beyond the research
setting.

By using WGS, we identified two distinct lineages within E.
faecium that were consistent with the previously described
Clades A and B (Galloway-Peña et al. 2012; Palmer et al. 2012).
However, we found no evidence for the split of Clade A into the
two discrete subclades (Clades A1 and A2) proposed previously
(Lebreton et al. 2013). This difference could be due to the larger
collection of isolates used here or may be a feature of the UK&I
population. The majority of clinical isolates belonged to a clonal
expansion of Clade A, which appears to have emerged once from
a progenitor lineage associated with animals. These data provide
new insights into the emergence and evolution of the hospital-as-
sociated lineages of E. faecium.

In this study, the clade described previously as community-
associated (Clade B) containedmore clinical isolates than commu-
nity isolates (n = 15 and n = 8, respectively). This may be expected
since the study collection contained predominantly hospital-asso-
ciated bacteremia isolates. However, similar numbers of hospital
and community isolates were identified in Clade B in the study
by Lebreton et al. (2013) (n = 7 and n = 8, respectively), indicating
that there is insufficient evidence to describe this clade as commu-
nity-associated. We propose that the association between clades
and origin (hospital/community) be reframed, a process that will
gain traction from large-scale national and international studies.
This may be aided by a change in nomenclature to Clade 1,
Clade 2, etc., as existing and new lineages are identified.

The national distribution of E. faecium revealed by WGS in
our study indicates that clones frequently move between health-
care networks thatmore rarely share hospital patients. This finding
is supported by studies based on WGS from Denmark (Pinholt
et al. 2015) and Australia (Howden et al. 2013), which showed
genetically similar strains in different geographical regions, sug-
gesting this phenomenon is not restricted to the United
Kingdom. Since transfer of patients between different hospitals
may not fully explain the widespread dissemination, it may be
the case that hospital-associated lineages are also carried in the
community. Individuals can carry VRE for weeks to years after hos-
pital discharge (Park et al. 2011; Karki et al. 2013; Sohn et al. 2013),
and VRE can survive on environmental surfaces for at least
3 mo (Neely and Maley 2000), making transmission within the

Figure 3. Geographic distribution of E. faecium lineages across the UK&I. (A) Maximum likelihood tree based on SNPs in the core genome for national
isolates belonging to the clonal expansion of Clade A. Colors shown in the colored circle represent the referral network or country where the isolates were
cultured. Scale bar, 90 SNPs. (B) Map of regions and referral networks described previously (Donker et al. 2012). Centers that submitted samples to the
BSAC between 2001 and 2011 are represented by gray dots. Reproduced from Reuter et al. (2016).
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community a plausible possibility. Hospital-associated E. faecium
has largely been considered to be restricted to the hospital setting.
If factors outside of the hospital are involved, this would have im-
portant implications for infection prevention and control.

We showed that E. faecium isolates carrying vanA are geneti-
cally indistinguishable from VSE isolates at the core genome level,
which is consistent with findings fromAustralia for vanB (Howden
et al. 2013). This has important implications for infection control,
since VSE isolates need to be considered in infection control initia-
tives targeting VRE, a suggestion also proposed by Howden et al.
(2013) based on vanB-positive E. faecium. The findings in this study
provide important additional insights over current knowledge by
demonstrating that the dynamics of the vanA- and vanB-resistance
determinants differ. This may relate to the predominant presence
of vanA on plasmids compared with the integration and stable
carriage of vanB in the chromosome together with a putative sec-
ondary fitness benefit provided by a bacteriocin associated with
vanB. We also identified a vanA-positive isolate in Clade B, demon-
strating that vancomycin resistance is not restricted to the hospi-
tal-associated lineage. While only a single case, this is important

since the ability of vancomycin resistance to be acquired by other
lineages has potentially serious implications for the future control
of VRE.

Finally, we identified two vanA transposons with a higher
prevalence in the East of England and in Ireland respectively, sug-
gesting local circulation or a local source for vanA. Local circulation
of Tn1546 at the hospital level has been described (Kawalec et al.
2000, 2007; Naas et al. 2005; Lee et al. 2012), and geographical seg-
regation of Tn1546 has been reported by Schouten et al. (2001),
who categorizedTn1546 into two lineages dominating in different
countries. Investigation into the dominant source(s) of vanA will
be important, since it is repeatedly acquired by different lineages
and may represent a target for infection control.

Methods

Isolates and antimicrobial susceptibility testing

The study was approved by the National Research Ethics Service
(ref: 12/EE/0439) and the CUH Research and Development

Figure 4. Vancomycin resistance in E. faecium from the UK&I. (A) Relationship between VREfm and VSEfm. Maximum likelihood tree of 477 study iso-
lates belonging to the clonal expansion of Clade A. Colored circle denotes presence of vanA (yellow), vanB (purple), vanA and vanB (green), or none
(vancomycin susceptible, white). Scale bar, 90 SNPs. (B) Acquisition of vancomycin resistance within hospitals. Maximum likelihood trees of two clusters
labeled by year of isolation and colored by hospital: genes present (black) or absent (white) from the vanA transposon. Scale bar, 27 SNPs. (C ) Locally
prevalent transposons. Maximum likelihood tree of national isolates belonging to the clonal expansion of Clade A. Colored circles denote isolates carrying
transposons overrepresented in Ireland (inner) or the East of England (outer) colored by referral network or country (green, Ireland; blue, East of England;
brown, London; navy, Yorkshire; pink, West Midlands; red, North East). (Bottom) Genetic content of the vanA transposon for both transposon types. Scale
bar, 90 SNPs.
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(R&D) department. Five hundred and fifteen isolates were ob-
tained from NCTC (n = 11) and the BSAC (n = 504). The BSAC col-
lection consisted of isolates submitted to a bacteremia resistance
surveillance program (www.bsacsurv.org) between 2001 and
2011 from 40 hospital microbiology laboratories across UK&I.
Thesewere assigned to referral networks, defined as clusters of hos-
pitals that are more likely to exchange patients within the cluster
than with hospitals outside of that cluster (Donker et al. 2012).
All VREfm isolates in the BSAC collection were obtained and se-
quenced (n = 256). A subset of 248 VSEfm were selected from
the BSAC collection, matched where possible with a VRE isolate
from the same hospital and year (n = 121), or hospital (n = 88).
Nine VREfm isolates were subsequently excluded from further
analysis for technical reasons, giving an overall total of 506 ge-
nomes taken forward into the analysis (for details, see Supplemen-
tal Table S2). The number of isolates by year of isolation for the
BSAC collection is shown in Supplemental Figure S6. Antimicrobi-
al-susceptibility testing was performed using the Vitek2 instru-
ment with a P607 card (Biomerieux) for isolates provided by
NCTC and using the agar dilutionmethod for the BSAC collection
(Andrews 2001).

Whole-genome sequencing and data analysis

DNA extraction, sequencing, and assembly of reads were per-
formed as previously described (Raven et al. 2016). Sequencing
was performed on an Illumina HiSeq2000. Details of reads, depth
of coverage, and N50 are provided in Supplemental Table S3. All
isolates had greater than 74× coverage overall, andhad aminimum
of 73% of the genomewith 50× coverage or higher. Genomes were
assembled using Velvet (Zerbino and Birney 2008) with the im-
provements described previously (Page et al. 2016a). STswere iden-
tified from the sequence data using the MLST database (pubmlst.
org/efaecium) and an in-house script (Supplemental File S1;
https://github.com/sanger-pathogens/mlst_check). BAPS groups
were defined based on the concatenated MLST genes, as described
byWillems et al. (2012). STs identified in this study were cross-ref-
erenced with those described by Willems et al. (2012), and BAPS
groups were assigned where there was overlap.

Study genomes were contextualized against a global collec-
tion. Sequence data for 73 E. faecium isolates reported previously
(Lebreton et al. 2013) were downloaded from the ENA, combined
with the 506 study genomes, and the 579 genomeswere annotated
using Prokka. The pangenome was estimated using Roary (Page
et al. 2015), and an alignment was created of all core genes that
were present in 99% of isolates. SNPs in the core genes were ex-
tracted (Page et al. 2016b) and used to construct a maximum like-
lihood tree using RAxMLwith 100 bootstraps and amidpoint root.
Study genomes were related to the previous clade classification
(Clades A1, A2, and B) by Lebreton et al. (2013). Genetic diversity
was defined within and between the two clades based on pairwise
SNP differences and excluded a single outlying isolate that resided
between Clades A and B.

Four hundred and seventy-nine BSAC isolate genomes clus-
tered within a single clonal expansion of Clade A. Sequence reads
for 477/479 genomes were mapped to the E. faecium reference
strain Aus0004 (ENA accession no. CP005531) using SMALT.
Two isolates were excluded because identification of recombina-
tion events failed. Genetic regions were classed as mobile genetic
elements if the annotation predicted phage-, plasmid-, IS-, or
transposon-related genes or if PHAST (Zhou et al. 2011) identified
a putative prophage (phast.wishartlab.com). These regions plus re-
combination identified using Gubbins (Croucher et al. 2014) were
removed from the genomes mapped to the reference genome to
create a “core” genome (Supplemental File S2; https://github.

com/sanger-pathogens/remove_blocks_from_aln). SNPs in this
core genomewere used to createmaximum likelihood phylogenies
using RAxMLwith 100 bootstraps and a midpoint root. Trees were
visualized using FigTree and iTOL (Letunic and Bork 2007, 2011).

A phylogenetic comparison was made between MLST and
WGS. MLST loci were concatenated and aligned, and a RAxML
tree was constructed with 100 bootstraps and a midpoint root.
This was compared to the maximum likelihood tree based on
SNPs in the core genome using Dendroscope (Huson et al. 2007;
Huson and Scornavacca 2012). A conservative estimate of the
number of discrepancies between WGS and MLST trees was
made based on the following assumptions. The largest cluster for
each STwas assumed to be the correct assignment, as were STs con-
taining a single isolate. The exceptions were ST17, ST18, and
ST203, which were each distributed throughout a single branch
of the tree but intermixed with other STs. This distribution sug-
gested that these could be the basal ST for the branch, and there-
fore, all of the isolates on the branch with that ST were assumed
to be in the correct position. A discrepancy was defined when
one ormore isolates resided on a branch of the tree that was genet-
ically distinct from the presumed correct position. The genetic
basis for discrepancies were ascribed to recombination ormutation
through a manual analysis of the sequence data. A mutation in an
MLST locus was defined when there was a single SNP in the locus
compared with the sequence of the locus in surrounding isolates.
A recombination event over an MLST locus was suspected when
there was more than one SNP in the locus compared with the se-
quence of the locus in surrounding isolates. Suspected recombina-
tion events were then verified through analysis of recombination
regions across the entire genome, identified using Gubbins
(Croucher et al. 2014). Recombination events over the MLST loci
were mapped against the phylogeny to determine whether a re-
combination event had occurred over one or more of the relevant
MLST loci in the branch leading to the discrepant ST(s). Homologs
of the MLST locus pstSwere identified by comparing the E. faecalis
pstS1 (the basis for the E. faeciumMLST scheme) and the E. faecium
Aus0004 genome using BLASTN.

Vancomycin resistance

The presence of vanA and vanB were established by in silico PCR
using published primers (Dutka-Malen et al. 1995; Depardieu
et al. 2004). Sequence reads were mapped to a relevant reference
using SMALT (Tn1546 [ENA accession no. M97297] from E. fae-
cium strain BM4147 for vanA, and Aus0004 reference genome
[2835430–2869240 bp] for vanB). Regions of sequence upstream
of and downstream from the vanA and vanB transposons were
identified as previously described (Howden et al. 2013). Insertion
sites were identified as follows. vanB, regions of up to 10,000 bp
were identified upstream of and downstream from the vanB trans-
poson and compared using BLASTN; vanA, the last 734 bp (vanZ
plus inverted repeat) of Tn1546 and the adjacent sequence up to
5000 bp for a single representative of each unique 5000 bp was
compared with a local database of all 506 assemblies using
WebACT. Variations in the vanA and vanB transposons were deter-
mined by identifying SNPs compared to the reference and by
comparing the regions of the reference transposon that were pre-
sent/absent.

Virulence genes

Putative E. faecium virulence genes in the 506 study genomes were
identified from the VFDB (http://www.mgc.ac.cn/VFs/). Gene
presence was detected by in silico PCR using previously published
primers, as follows: acm (Nallapareddy et al. 2003), ebpA (Sillanpää
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et al. 2010), ecbA (Soheili et al. 2014), esp (Vankerckhoven et al.
2004), scm (Soheili et al. 2014), sgrA (Soheili et al. 2014), hyl
(Vankerckhoven et al. 2004), and efa (Eaton and Gasson 2001).

Data access

Sequence data from this study have been submitted to the
European Nucleotide Archive (ENA; http://www.ebi.ac.uk/ena)
under the accession numbers listed in Supplemental Table S2.
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transfer of different Tn1546-like transposon variants and clonal spread
of several strains. J Clin Microbiol 38: 3317–3322.

Kawalec M, Kedzierska J, Gajda A, Sadowy E, Wegrzyn J, Naser S, Skotnicki
AB, Gniadkowski M, Hryniewicz W. 2007. Hospital outbreak of vanco-
mycin-resistant enterococci caused by a single clone of Enterococcus raf-
finosus and several clones of Enterococcus faecium. Clin Microbiol Infect
13: 893–901.

Kim EB, Marco ML. 2014. Nonclinical and clinical Enterococcus faecium
strains, but not Enterococcus faecalis strains, have distinct structural
and functional genomic features. Appl Environ Microbiol 80: 154–165.

Leavis HL, Willems RJL, Top J, Bonten MJM. 2006. High-level ciprofloxacin
resistance from point mutations in gyrA and parC confined to global
hospital-adapted clonal lineage CC17 of Enterococcus faecium. J Clin
Microbiol 44: 1059–1064.

Lebreton F, van Schaik W, Mcguire AM, Godfrey P, Griggs A, Corander J,
Cheng L, Saif S, Young S, Zeng Q, et al. 2013. Emergence of epidemic
multidrug-resistant Enterococcus faecium from animal and commensal
strains. MBio 4: e00534-13.

Lee WG, Ahn SH, Jung MK, Jin HY, Park IJ. 2012. Characterization of a van-
comycin-resistant Enterococcus faecium outbreak caused by 2 genetically
different clones at a neonatal intensive care unit. Ann Lab Med 32:
82–86.

Letunic I, Bork P. 2007. Interactive Tree Of Life (iTOL): an online tool for
phylogenetic tree display and annotation. Bioinformatics 23: 127–128.

Letunic I, Bork P. 2011. Interactive Tree Of Life v2: online annotation and
display of phylogenetic trees made easy. Nucleic Acids Res 39: W475–
W478.

Montecalvo MA, Shay DK, Patel P, Tasca L, Maloney SA, Jarvis WR, Worser
GP. 1996. Bloodstream infections with vancomycin-resistant entero-
cocci. Arch Intern Med 156: 1458–1462.

Naas T, Fortineau N, Snanoudj R, Spicq C, Durrbach A, Nordmann P. 2005.
First nosocomial outbreak of vancomycin-resistant Enterococcus faecium
expressing a VanD-like phenotype associated with a vanA genotype.
J Clin Microbiol 43: 3642–3649.

Nallapareddy SR, Weinstock GM, Murray BE. 2003. Clinical isolates of
Enterococcus faecium exhibit strain-specific collagen binding mediated
by Acm, a new member of the MSCRAMM family. Mol Microbiol 47:
1733–1747.

Neely AN, Maley MP. 2000. Survival of enterococci and staphylococci on
hospital fabrics and plastic. J Clin Microbiol 38: 724–726.

Page AJ, Cummins CA, Hunt M, Wong VK, Reuter S, Holden MTG, Fookes
M, Falush D, Keane JA, Parkhill J. 2015. Roary: rapid large-scale prokary-
ote pan genome analysis. Bioinformatics 31: 3691–3693.

Page AJ, de Silva N, Hunt M, Quail MA, Parkhill J, Harris SR, Otto TD, Keane
JA. 2016a. Robust high throughput prokaryote de novo assembly and
improvement pipeline for Illumina data. bioRxiv. doi: http://dx.doi.
org/10.1101/052688.

Page AJ, Taylor B, Delaney AJ, Soares J, Seemann T, Keane JA, Harris SR.
2016b. SNP-sites: rapid efficient extraction of SNPs from multi-FASTA
alignments. Microb Genomics 2. doi: 10.1099/mgen.0.000056.

Palmer KL, Godfrey P, Griggs A, Kos VN, Zucker J, Desjardins C, Cerqueira G,
Gevers D, Walker S, Wortman J, et al. 2012. Comparative genomics of
enterococci: variation in Enterococcus faecalis, clade structure in E. fae-
cium, and defining characteristics of E. gallinarum and E. casseliflavus.
MBio 3: e00318-11.

Park I, Park RW, Lim S-K, LeeW, Shin JS, Yu S, Shin G-T, KimH. 2011. Rectal
culture screening for vancomycin-resistant enterococcus in chronic
haemodialysis patients: false-negative rates and duration of colonisa-
tion. J Hosp Infect 79: 147–150.

Patel R. 2003. Clinical impact of vancomycin-resistant enterococci.
J Antimicrob Chemother 51: iii13–iii21.

Pinholt M, Larner-Svensson H, Littauer P, Moser CE, PedersenM, Lemming
LE, Ejlertsen T, Søndergaard TS, Holzknecht BJ, Justesen US, et al.
2015. Multiple hospital outbreaks of vanA Enterococcus faecium in
Denmark, 2012–13, investigated by WGS, MLST and PFGE. J
Antimicrob Chemother 70: 2474–2482.

Raven KE, Reuter S, Gouliouris T, Reynolds R, Russell JE, Brown NM, Török
ME, Parkhill J, Peacock SJ. 2016. Genome-based characterization of hos-
pital-adapted Enterococcus faecalis lineages. Nat Microbiol 1: 15033.

Reuter S, TörökME, HoldenMTG, Reynolds R, Raven KE, Blane B, Donker T,
Bentley SD, Aanensen DM, Grundmann H, et al. 2016. Building a geno-
mic framework for prospective MRSA surveillance in the United
Kingdom and the Republic of Ireland. Genome Res 26: 263–270.

Schouten MA, Willems RJL, Kraak WAG, Top J, Hoogkamp-Korstanje JAA,
Voss A. 2001. Molecular analysis of Tn1546-like elements in

Genome sequencing of E. faecium

Genome Research 1395
www.genome.org

 Cold Spring Harbor Laboratory Press on January 29, 2018 - Published by genome.cshlp.orgDownloaded from 

http://www.ebi.ac.uk/ena
http://www.ebi.ac.uk/ena
http://www.ebi.ac.uk/ena
http://www.ebi.ac.uk/ena
http://www.ebi.ac.uk/ena
http://www.ebi.ac.uk/ena
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.204024.116/-/DC1
http://dx.doi.org/10.1101/052688
http://dx.doi.org/10.1101/052688
http://dx.doi.org/10.1101/052688
http://dx.doi.org/10.1101/052688
http://dx.doi.org/10.1101/052688
http://dx.doi.org/10.1101/052688
http://dx.doi.org/10.1101/052688
http://genome.cshlp.org/
http://www.cshlpress.com


vancomycin-resistant enterococci isolated from patients in Europe
shows geographic transposon type clustering. Antimicrob Agents
Chemother 45: 986–989.

Sillanpää J, Nallapareddy SR, Singh KV, Vittal P, Fothergill T, Ton-That H,
Murray BE. 2010. Characterization of the ebpfm pilus-encoding operon
of Enterococcus faecium and its role in biofilm formation and virulence
in a murine model of urinary tract infection. Virulence 1: 236–246.

Soheili S, Ghafourian S, Sekawi Z, Neela V, Sadeghifard N, Ramli R, Hamat
RA. 2014. Wide distribution of virulence genes among Enterococcus fae-
cium and Enterococcus faecalis clinical isolates. ScientificWorldJournal
2014: 623174.

Sohn KM, Peck KR, Joo E-J, Ha YE, Kang C-I, Chung DR, Lee NY, Song J-H.
2013. Duration of colonization and risk factors for prolonged carriage
of vancomycin-resistant enterococci after discharge from the hospital.
Int J Infect Dis 17: e240–e246.

Turner KME, Hanage WP, Fraser C, Connor TR, Spratt BG. 2007. Assessing
the reliability of eBURST using simulated populations with known an-
cestry. BMC Microbiol 7: 30.

Uttley AHC, Collins CH, Naidoo J, George RC. 1988. Vancomycin-resistant
enterococci. Lancet 2: 57–58.

van Hal SJ, Ip CLC, Ansari MA, Wilson DJ, Espedido BA, Jensen SO,
Bowden R. 2016. Evolutionary dynamics of Enterococcus faecium re-
veals complex genomic relationships between isolates with indepen-

dent emergence of vancomycin resistance. Microb Genomics 2. doi:
10.1099/mgen.0.000048.

Vankerckhoven V, van Autgaerden T, Vael C, Lammens C, Chapelle S, Rossi
R, Jabes D, Goossens H. 2004. Development of a multiplex PCR for the
detection of asa1, gelE, cylA, esp, and hyl genes in enterococci and survey
for virulence determinants among European hospital isolates of
Enterococcus faecium. J Clin Microbiol 42: 4473–4479.

Willems RJL, Top J, van Santen M, Robinson DA, Coque TM, Baquero F,
Grundmann H, BontenMJM. 2005. Global spread of vancomycin-resis-
tant Enterococcus faecium from distinct nosocomial genetic complex.
Emerg Infect Dis 11: 821–828.

Willems RJL, Top J, van Schaik W, Leavis H, Bonten M, Siren J, Hanage WP,
Corander J. 2012. Restricted gene flow among hospital subpopulations
of Enterococcus faecium. MBio 3: e00151-12.

Zerbino DR, Birney E. 2008. Velvet: algorithms for de novo short read as-
sembly using de Bruijn graphs. Genome Res 18: 821–829.

Zhou Y, Liang Y, Lynch KH, Dennis JJ, Wishart DS. 2011. PHAST: a fast
phage search tool. Nucleic Acids Res 39: W347–W352.

Received January 4, 2016; accepted in revised form August 15, 2016.

Raven et al.

1396 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on January 29, 2018 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


 10.1101/gr.204024.116Access the most recent version at doi:
2016 26: 1388-1396 originally published online August 15, 2016Genome Res. 

  
Kathy E. Raven, Sandra Reuter, Rosy Reynolds, et al. 
  

 in the United Kingdom and IrelandEnterococcus faecium
A decade of genomic history for healthcare-associated 

  
Material

Supplemental
  

 http://genome.cshlp.org/content/suppl/2016/09/19/gr.204024.116.DC1

  
References

  
 http://genome.cshlp.org/content/26/10/1388.full.html#ref-list-1

This article cites 46 articles, 15 of which can be accessed free at:

  
Open Access

  
 Open Access option.Genome ResearchFreely available online through the 

  
License

Commons 
Creative

.http://creativecommons.org/licenses/by/4.0/
Commons License (Attribution 4.0 International), as described at 

, is available under a CreativeGenome ResearchThis article, published in 

Service
Email Alerting

  
 click here.top right corner of the article or 

Receive free email alerts when new articles cite this article - sign up in the box at the

 http://genome.cshlp.org/subscriptions
go to: Genome Research To subscribe to 

© 2016 Raven et al.; Published by Cold Spring Harbor Laboratory Press

 Cold Spring Harbor Laboratory Press on January 29, 2018 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/lookup/doi/10.1101/gr.204024.116
http://genome.cshlp.org/content/suppl/2016/09/19/gr.204024.116.DC1
http://genome.cshlp.org/content/26/10/1388.full.html#ref-list-1
http://creativecommons.org/licenses/by/4.0/
http://genome.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gr.204024.116&return_type=article&return_url=http://genome.cshlp.org/content/10.1101/gr.204024.116.full.pdf
http://genome.cshlp.org/subscriptions
http://genome.cshlp.org/
http://www.cshlpress.com

