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Enterococcus faecium, a common inhabitant of the human gut, has emerged in the last 2 decades as an important multidrug-
resistant nosocomial pathogen. Since the start of the 21st century, multilocus sequence typing (MLST) has been used to study the
molecular epidemiology of E. faecium. However, due to the use of a small number of genes, the resolution of MLST is limited.
Whole-genome sequencing (WGS) now allows for high-resolution tracing of outbreaks, but current WGS-based approaches lack
standardization, rendering them less suitable for interlaboratory prospective surveillance. To overcome this limitation, we de-
veloped a core genome MLST (cgMLST) scheme for E. faecium. cgMLST transfers genome-wide single nucleotide polymorphism
(SNP) diversity into a standardized and portable allele numbering system that is far less computationally intensive than SNP-
based analysis of WGS data. The E. faecium cgMLST scheme was built using 40 genome sequences that represented the diversity
of the species. The scheme consists of 1,423 cgMLST target genes. To test the performance of the scheme, we performed WGS
analysis of 103 outbreak isolates from five different hospitals in the Netherlands, Denmark, and Germany. The cgMLST scheme
performed well in distinguishing between epidemiologically related and unrelated isolates, even between those that had the same
sequence type (ST), which denotes the higher discriminatory power of this cgMLST scheme over that of conventional MLST. We
also show that in terms of resolution, the performance of the E. faecium cgMLST scheme is equivalent to that of an SNP-based
approach. In conclusion, the cgMLST scheme developed in this study facilitates rapid, standardized, and high-resolution tracing
of E. faecium outbreaks.

In the last 2 decades, Enterococcus faecium has emerged as an
important multidrug-resistant nosocomial pathogen causing an

increasing number of bloodstream infections, mainly in debili-
tated patients (1–3). Currently, �90% of the E. faecium strains
causing infections have acquired ampicillin resistance, and an in-
creasing number of health care-associated infections and out-
breaks are caused by E. faecium strains that are resistant to both
ampicillin and vancomycin (4). The global emergence of ampicil-
lin- and vancomycin-resistant E. faecium (VRE) as nosocomial
pathogens started in the United States in the late 1980s/early 1990s
and occurred in other parts in the world 1 or 2 decades later. In
Europe, more particularly in France, Germany, Denmark, and the
Netherlands, VRE first spread among livestock due to the use of
the vancomycin analog avoparcin as a growth promoter, and it
only relatively recently became an important nosocomial patho-
gen (5, 6).

Different molecular typing methods have been used to study
the epidemiology of E. faecium, ranging from fingerprint-based
methods, like pulsed-field gel electrophoresis (PFGE) (7), ri-
botyping (8), and amplified fragment length polymorphism (9),
to PCR-based methods, like multilocus variable-number tandem-
repeat analysis (10) and the sequenced-based method multilocus
sequence typing (MLST) (11). PFGE was for a long time consid-
ered the gold standard for typing E. faecium. However, the extent
of genome plasticity in E. faecium, which results in a high degree of
DNA banding pattern polymorphisms among strains, compli-
cates the assignment of strains to outbreaks (12, 13). The devel-
opment of MLST for E. faecium has boosted our insight into the
population structure of this organism. Extensive MLST analyses

revealed that the majority of isolates causing clinical infections in
hospitalized patients and hospital outbreaks are genotypically dif-
ferent from commensal isolates from healthy humans and isolates
from farm animals, and they formed a distinct subpopulation,
which was initially termed clonal complex 17 (CC17) (14). Sub-
sequent Bayesian analysis of the population structure (BAPS) of E.
faecium confirmed the separate grouping of hospital, commensal,
and farm animal isolates in distinct BAPS groups, of which BAPS
groups 2.1a and 3.3a represent the isolates previously contained in
CC17 (15, 16). Whole-genome sequence (WGS)-based phylog-
enomics corroborated MLST analyses, since the majority of hospital-
derived isolates (from clinical sites and hospital outbreaks), farm an-
imal isolates, and commensal isolates from healthy humans clustered
in the distinct clades A1, A2, and B, respectively (17).
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The major advantage of MLST lies in the creation of an unam-
biguous nomenclature for clones and thus, the generation of a
common typing language. Furthermore, the fact that MLST re-
sults in an allelic profile assigned from sequences of a limited
number of genes makes this technique well suited for library typ-
ing, i.e., the establishment of a Web-based central database that
can be interrogated to study the epidemiology of E. faecium over
time and to track the regional and global spread of particular E.
faecium clones (11, 18, 19). One drawback of MLST is that its
resolving power is insufficient for hospital outbreak investigations
(13, 20).

WGS has revolutionized research about the molecular epide-
miology of microorganisms. It allows mapping of genome-wide
variation, thereby providing the optimal resolution to infer phy-
logenetic relatedness, thus identifying possible, probable, or un-
likely cases of epidemiological linkage of isolates. WGS has already
been used to study the epidemiology of VRE (13, 21–23). In these
four studies, an SNP-based approach was used in which VRE out-
break strains were sequenced, and reads were mapped against a
reference genome. This provided high-resolution epidemiological
typing data, allowing accurate discrimination between outbreak
and nonoutbreak isolates. A potential drawback when using SNP
detection with reads being mapped to reference genomes is the use
of different reference genomes between studies, which compli-
cates comparisons of data between studies. This limitation may be
overcome by using a genome-wide gene-by-gene comparison ap-
proach, as in classical MLST, but with an important extension of
the number of analyzed genes from seven to several hundreds or
even �1,000 genes (24). This approach is generally applicable and
has been used to study the epidemiology of various microbial
pathogens, including Campylobacter jejuni, Campylobacter coli,
Listeria monocytogenes, Neisseria meningitidis, Mycobacterium tu-
berculosis, methicillin-resistant Staphylococcus aureus, Francisella
tularensis, and Escherichia coli and has been termed whole-genome
MLST (wgMLST), core genome MLST (cgMLST), or MLST�

(24–31).
In this study, we established a cgMLST scheme to study the

genetic relatedness of E. faecium using 40 E. faecium isolates rep-
resenting the major E. faecium clades and BAPS groups, and we
evaluated this scheme using epidemiologically linked isolates
from five hospital outbreaks of VRE in three countries as well as
epidemiologically unlinked isolates.

MATERIALS AND METHODS
cgMLST. An E. faecium cgMLST scheme was set up using SeqSphere�
version 2.3 (Ridom GmbH, Münster, Germany [http://www.ridom.de
/seqsphere/]) using 40 E. faecium whole-genome sequences publicly avail-
able in GenBank (ftp://ftp.ncbi.nih.gov/genomes/) as of August 2014 (see
Table S1 in the supplemental material) (17, 32–35). This set included
three completed genome sequences, of which E. faecium strain Aus0004
(36) (GenBank accession no. NC_017022.1) was used as a reference for
setting up the cgMLST scheme. Genome assemblies were imported into
SeqSphere� as Fasta files. For the draft genomes, we considered only
contigs/scaffolds of �500 bp. To determine the cgMLST target gene set, a
genome-wide gene-by-gene comparison was performed using the
MLST� target definer (version 1.0) function of SeqSphere�, with default
parameters. These parameters included the following filters for genes of
the Aus0004 reference genome that are excluded from the cgMLST
scheme: a minimum length filter that discards all genes with a length of
�50 bp; a start codon filter that discards all genes that contain no trans-
lation start codon at the beginning of the gene; a stop codon filter that

discards all genes that contain no stop codon, multiple stop codons, or a
stop codon that is not at the end of the gene; a homologous gene filter that
discards all genes with fragments that occur in multiple copies within a
genome (with �90% identity and �100-bp overlap); and a gene overlap
filter that discards the shortest of two overlapping flanking genes if these
genes overlap �4 bp. The remaining genes were then used in a pairwise
comparison using BLAST version 2.2.12 (37) against 24 Enterococcus plas-
mid sequences and the other 39 query genomes. These plasmids came
from the following strains (with GenBank accession numbers): Enterococ-
cus faecalis D32 (NC_018222.1 and NC_018223.1), E. faecalis V583
(NC_004669.1, NC_004670.1, and NC_004671.1), E. faecium Aus0004
(NC_017023.1, NC_017024.1, and NC_017032.1), E. faecium Aus0085
(NC_021987.1, NC_021988.1, NC_021989.1, NC_021990.1, NC_021995.1,
and NC_021996.1), E. faecium DO (NC_017961.1, NC_017962.1, and
NC_017963.1), E. faecium NRRL B-2354 (NC_020208.1), Enterococcus
hirae ATCC 9790 (NC_015845.1), and Enterococcus mundtii QU 25
(NC_022879.1, NC_022880.1, NC_022881.1, NC_022883.1, and
NC_022884.1). First, all reference genes that were detected in any of the
24 available Enterococcus plasmid sequences with a sequence identity of
�90% and 100% overlap were discarded. Second, all remaining genes of
the reference genome that were detected in all query genomes with a
sequence identity of �90% and 100% overlap and that passed the (de-
fault) SeqSphere� parameter stop codon percentage filter (this discards
all genes that have internal stop codons in �20% of the query genomes)
formed the final cgMLST scheme.

Isolate collection for validating the cgMLST scheme. A collection of
103 hospital-associated VRE strains was sequenced to assess the perfor-
mance of the E. faecium cgMLST scheme as an epidemiological typing
scheme. The strains had been isolated in a German hospital (DEU-A) in
the period 2003 to 2006 (46 isolates), two Danish hospitals (DNK-A and
DNK-B) in the period 2012 to 2013 (37 isolates), and two Dutch hospitals
(NLD-A and NLD-B) in the period 2012 to 2013 (20 isolates) (see Results;
see also Table S2 in the supplemental material for details). Except for
two hospital environmental strains, all strains had been isolated from
hospitalized patients or from individuals with a recent history of hos-
pitalization. All isolates were typed by MLST (http://pubmlst.org
/efaecium/) (11).

The German VRE strain collection included 46 isolates from a single
hospital (DEU-A). Most isolates (n � 44) were of human origin, all being
collected from different patients from diagnostic specimens (urine spec-
imens and wound swabs) or during screening efforts (anal swabs and stool
specimens). The two remaining isolates were of environmental origin.
The isolates had been collected from six different hospital departments
representing 11 different wards in the time periods September 2003 (2
isolates), April to August 2004 (18 isolates), and December 2005 to Janu-
ary 2006 (26 isolates). The most abundant ST among the isolates was ST18
(36 isolates), which was detected in all three time periods. Other detected
STs included ST17 (4 isolates, detected in December 2005 to January
2006), ST16 (3 isolates, June to July 2004), ST78 (2 isolates, September
2003 and January 2006), and ST192 (1 isolate, December 2005).

The Danish VRE strain collection included 37 isolates from two hos-
pital outbreaks. The first Danish VRE hospital outbreak (hospital DNK-A)
included 16 isolates collected from different patients (one isolate per pa-
tient) from the same hospital ward in June 2013. All isolates were typed as
ST192. Based on epidemiological data, the isolates were considered to be
part of one clonal outbreak. An additional ST192 isolate (V45) was col-
lected already in December 2012 from a patient hospitalized in a different
department. Based on epidemiological data, this isolate was considered to
be unrelated to the outbreak that followed in June 2013, but it was in-
cluded in the current study for control purposes. The second Danish VRE
hospital outbreak (hospital DNK-B) included 19 isolates collected from
different patients from the same ward in January to December 2013. All
isolates were typed as ST80 and, based on epidemiological data, were
considered to be clonally related. An additional unrelated ST80 isolate
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(V13) from a different hospital (DNK-A), collected in December 2012,
was included in this study for control purposes.

The Dutch VRE strains included 20 isolates from two hospital out-
breaks. The first outbreak included 4 isolates (hospital NLD-A) collected
from different patients from the same ward. All isolates were typed as
ST117. For three isolates, there was a clear epidemiological link, because
these isolates had been collected from three patients that shared the same
room at the same time (April 2013). The fourth isolate had been collected
in August 2012 and had no clear link with the other isolates. The second
outbreak from hospital NLD-B included 16 isolates collected from differ-
ent patients from several different wards, in which patients were fre-
quently transferred between wards in March to July 2013. All isolates were
typed as ST192 and, according to epidemiological data, were assumed to
belong to one clonal outbreak.

Whole-genome sequencing and assembly. Genomic DNA was iso-
lated from cell pellets using a DNeasy blood and tissue kit (Qiagen, Co-
penhagen, Denmark); for the isolates from Denmark, the Wizard
genomic DNA purification kit (Promega Benelux BV, Leiden, the Neth-
erlands) was used, except those from hospital NLD-A; and the Qiagen
MagAttract HMW-kit (Qiagen, Hilden, Germany) was for the isolates
from Germany and from the Dutch hospital NLD-A, according to the
manufacturer’s instructions. Samples were prepared using Nextera XT
chemistry (Illumina, Inc., San Diego, CA, USA) and were sequenced lo-
cally using Illumina MiSeq paired-end read technology, generating reads
of 150, 250, or 300 bp in length. For a subset of isolates, two sequencing
runs were performed to increase the total sequencing depth (see Table S2
in the supplemental material for details). Raw Illumina reads were ana-
lyzed centrally at the University Medical Center (UMC) Utrecht and
quality filtered using Nesoni version 0.109 (Victorian Bioinformatics
Consortium, Monash University, Melbourne, Australia). Default fil-
tering options were used, including clipping of low-quality and am-
biguous bases (Nesoni options: -quality 10, -clip-ambiguous yes) and
adapter sequences (Nesoni options: -match 10, -max-errors 1). Reads
of �130 nucleotides and their corresponding paired reads were ex-
cluded from further analysis (Nesoni option: -length 130). Quality-
filtered reads were assembled de novo using SPAdes version 3.0.0 (38) (the
-careful option was used). Short-read assemblers, like SPAdes, make use
of k-mer overlapping to build an assembly. A k-mer refers to all possible
subsequences of length k from the sequencing reads. SPAdes does not
make a single assembly using a single preselected k-mer value but rather
makes a combined assembly using multiple preselected k-mer values.
This is advantageous because smaller k-mer values allow for increased
sensitivity (but may result in spurious overlaps), whereas larger k-mer
values allow for increased specificity (but decreased sensitivity).
Therefore, it is suggested by the developers to use a broad range of
k-mer sizes, and we used a preselected set of k-mers of sizes 25, 45, 65,
85, 105, and 125. Scaffolds of size �500 bp or a mean nucleotide
assembly depth of �10-fold were discarded. The scaffold mean nucle-
otide assembly depth was calculated using the formula Ck � L/(L � k
� 1), where Ck is the k-mer coverage as reported by SPAdes, L is the
average read length, and k is the size of the largest k-mer used (i.e.,
125). The assemblies of the 103 VRE genomes were loaded into Se-
qSphere� and were used to evaluate the applicability of the E. faecium
cgMLST scheme. In a well-defined cgMLST scheme, �95% of the cg-
MLST genes should be present in all isolates.

A NeighborNet phylogenetic network was constructed to visualize the
relationship between 176 E. faecium isolates. These isolates included the
40 E. faecium isolates used to build the cgMLST scheme, the 103 VRE
outbreak isolates, and 33 additional E. faecium isolates for which whole-
genome sequences were publicly available (see Table S3 in the supplemen-
tal material). For this, allelic profiles were extracted from SeqSphere�,
and a distance matrix was built from all pairwise allelic profile compari-
sons. Subsequently, the network was constructed using the NeighborNet
algorithm, as implemented in SplitsTree version 4 (http://www.splitstree
.org).

Whole-genome sequence analysis for inferring an SNP-based phy-
logeny. A whole-genome sequence alignment of the 103 sequenced E.
faecium isolates was built using the E. faecium cgMLST scheme in Se-
qSphere�. For each isolate, a concatenated Fasta sequence, containing the
cgMLST target gene sequences that were conserved in all 103 isolates, was
extracted from SeqSphere�. In these concatenated Fasta sequences, the
order and orientation of the cgMLST target gene sequences were the same
as in the reference strain Aus0004. The concatenated Fasta sequences of all
103 isolates were subsequently aligned outside the SeqSphere� software
using MAFFT version 7.215 (39) (used option: -auto), after which gapped
positions were removed from the alignment using an ad hoc Python script.
Recombination filtering was performed with Gubbins (40), using default
settings. A phylogenetic tree was built on the filtered (recombination-
free) polymorphic sites using RAxML version 7.2.8 (41) under the
GTRCAT model. Confidence was inferred by running 1,000 bootstrap
replicates under the same model.

Nucleotide sequence accession number. All generated raw reads were
submitted to the European Nucleotide Archive (ENA) of EBI under the
study accession number PRJEB9270. The ENA sample identification
numbers (IDs) are listed in Table S2 in the supplemental material.

RESULTS
Development of an E. faecium cgMLST scheme. To set up a
cgMLST scheme for E. faecium, 40 whole-genome-sequenced
strains were used. Of these 40 strains, 37 were described previously
in Lebreton et al. (17). We selected these 37 strains to represent the
E. faecium phylogeny. Together with three additional strains (DO
[TX16], NRRL B-2354 [33, 35], and E1293 [GenBank accession
no. NZ_AHWU00000000]), the set of 40 strains used for building
the cgMLST scheme included clade A1 (9 isolates), clade A2 (18
isolates), clade B (12 isolates), and one strain that appears to be a
hybrid of clades A and B. In total, 36 different STs were repre-
sented, and these were previously allocated to 11 different BAPS
groups (16). All of the selected strains had high-quality genome
sequences, as reflected by the relatively low number of contigs or
scaffolds (median, 13; range, 3 to 109) for the 37 draft genome
sequences (see Table S1 in the supplemental material).

The completed chromosomal sequence of E. faecium Aus0004
(36) (GenBank accession no. NC_017022) was used as a reference
for building the cgMLST scheme. The final scheme consisted of
1,423 cgMLST target genes (49.8% of the 2,860 chromosomal
coding sequences in this strain) corresponding to 1.35 Mbp
(45.7% of the 2.96 Mbp E. faecium Aus0004 chromosome) (see
Data Set S1 in the supplemental material).

Sequencing of E. faecium hospital outbreak isolates. To test
the applicability of the E. faecium cgMLST scheme to distinguish
epidemiologically linked isolates from unlinked isolates, i.e., to
identify isolates belonging to a single outbreak, we sequenced a
collection of 103 hospital-associated VRE strains that had been
isolated from different hospitals in Germany, Denmark, and the
Netherlands. Based on the STs of these strains, they are all ex-
pected to belong to the hospital-associated clade A1 and BAPS
groups 2.1a and 3.3a, respectively (16, 17). An overview of these
isolates is provided in Table S2 in the supplemental material.

All 103 isolates were sequenced using Illumina MiSeq technol-
ogy. Raw reads were quality filtered and assembled de novo, gen-
erating assemblies with a mean � standard deviation (SD) size of
2.94 � 0.089 Mbp, a mean � SD number of 173 � 24 scaffolds,
and a mean � SD nucleotide assembly depth of 87.3-fold � 37.1-
fold. The mean � SD contig N50 was 44.9 � 6.7 kbp (see Table S2
in the supplemental material). These assembly statistics are com-
parable to those previously found for other hospital-associated E.
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faecium strains using similar sequencing technologies (42), and
they show that the draft genome sequences generated here were of
high quality.

Evaluation of the E. faecium cgMLST scheme. The E. faecium
cgMLST scheme with 1,423 genes was evaluated using the whole-
genome assemblies of the 103 VRE outbreak isolates sequenced in
this study. Loading the assemblies into the cgMLST scheme using
SeqSphere� showed that for each isolate, �97.4% of the cgMLST
target genes were present, with a mean � SD of 99.1% � 0.4%
cgMLST target genes present per isolate (see Data Set S2 in the
supplemental material). The fact that not all targets were identi-
fied in all of the VRE outbreak strains can be explained by the fact
that the target gene (i) was not (fully) covered during sequencing
just by chance, (ii) was incorrectly assembled, (iii) is really absent
from the corresponding isolate, or (iv) did not pass the Se-
qSphere� quality controls, because it carried a frameshift or an
internal stop codon, etc. Furthermore, as with all core-genome-
based methods, the size of the core genome inevitably decreases
when the number of analyzed isolates increases. To assess the re-
lationship between the 103 isolates, we visualized the distances
between their allelic profiles in a minimum spanning network by

ignoring missing values (relating to the missing cgMLST target
genes) in each pairwise allelic profile comparison. The resulting
network is depicted in Fig. 1 and shows that the isolates grouped in
accordance to their ST and place of isolation. Based on ST, geo-
graphic location, and position in the network, six clusters of at
least three VRE are observed, of which the largest one is formed by
the 36 German (hospital DEU-A) ST18 isolates. The other five
clusters include the Danish ST80 (DNK-B hospital, plus one out-
lier from DNK-A) (20 isolates) and ST192 (DNK-A hospital; 17
isolates) VRE, the Dutch ST192 (NLD-B hospital; 16 isolates) and
ST117 (NLD-A hospital; 4 isolates) VRE, and the German ST17
(DEU-A hospital; 4 isolates). The German ST16 VRE (DEU-A; 3
isolates) appeared to be relatively unrelated to each other (Fig. 1).
The German ST18 isolates UW5429 and UW6476 and the Danish
ST80 isolate V13 and ST192 isolate V45 are relative outliers within
their indicated clusters, differing by �30, 28, 283, and 20 alleles,
respectively, from any other cluster member. In contrast, all of the
other distances within these associated clusters shown in Fig. 1 do
not exceed 11 different alleles. In terms of isolation place and date,
the outlying clustering position of the two German ST18 isolates
could not be readily explained (see Discussion). In contrast, the

FIG 1 Minimum spanning network built from the core genome allelic profiles of 103 clinical E. faecium isolates. The core genome allelic profiles were determined
by loading de novo assemblies into the E. faecium cgMLST scheme developed in this study using the SeqSphere� software. The E. faecium cgMLST scheme targets
1,423 single-copy core genes. The distance matrix underlying the network was built from all pairwise allelic profile comparisons, using the pairwise ignoring
missing values option in SeqSphere�. Using this option, genes with at least one missing value are not completely removed from the comparison but are ignored
only during a pairwise comparison in case of a missing value. Only allelic distances of �20 are shown. The seven clusters that contain at least three isolates are
color-coded. Isolates that are discussed in the main text are indicated with arrows. dept., department.
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clustering position of the two Danish isolates agreed with available
epidemiological data (see Table S2 in the supplemental material)
(V13, different hospital; V45, different ward and different date).
In addition, it has to be noted that within our isolate collection,
ST192 was represented by isolates from all three countries, and the
cgMLST scheme is capable of distinguishing between these iso-
lates according to their country of isolation, thereby underlining
the considerable increase in resolution provided by cgMLST over
MLST. The Dutch and Danish ST192 VRE are located in distinct
clusters (Fig. 1), which are connected to each other via the German
ST192 isolate UW6455, from which they differ by a relatively large
number of alleles, 80 and 65, respectively. The above data show
that the E. faecium cgMLST scheme performs well and has suffi-
cient resolution to distinguish between nonepidemiologically re-
lated isolates, even between those that have the same ST.

To gain more detailed insight into the allelic diversity among
epidemiologically linked isolates, we analyzed all pairwise allelic
differences between isolates that (i) had the same ST and (ii) had
been isolated in the same hospital. Figure 2A shows a histogram of
the 1,073 pairwise allelic profile comparisons. The distribution of
allele differences was multimodal. The bulk of the distribution
encompassed 984 pairwise comparisons (92% of all comparisons)
and included a range of 0 to 17 allelic differences, with a mean �
SD difference of 6.4 � 3.8 alleles. An allele difference of 3 was
found most frequently (110�) within this part of the distribution.
The remainder of the distribution mostly included allele differ-
ences ranging from 20 to 41 (85 comparisons [7.9% of all com-
parisons]). Closer inspection of the data showed that this part of
the distribution was virtually completely formed by comparisons
between the Danish ST192 isolate V45 and its cocluster members

and between the German ST18 isolates UW5429 and UW6476 and
their cocluster members. Because 92% of all likely epidemiologi-
cally related pairs of isolates differed by �20 alleles, we used this
difference as a threshold for cluster types (CT), i.e., a threshold for
identifying clonally related E. faecium isolates using the cgMLST
scheme developed here. Based on this threshold, the positive pre-
dictive value for defining isolates as being epidemiologically re-
lated (i.e., same ST, same hospital) is 100%, while the negative
predictive value for defining isolates as being nonepidemiologi-
cally related is 97.7%.

To further evaluate the threshold of �20 alleles difference for
defining clonally related E. faecium isolates, the genetic relatedness
of the 103 outbreak isolates with the 40 isolates used to build the
cgMLST scheme and 33 additional E. faecium isolates for which
whole-genome sequences were publicly available (see Table S3 in
the supplemental material) was inferred by constructing a phylo-
genetic network (Fig. 3). This network illustrates the diversity that
was captured by selecting these 40 strains. It also revealed that the
VRE hospital outbreak isolates from the Netherlands, Denmark,
and Germany formed dense clusters of isolates, as expected,
within clade A1. Based on the distance matrix built from the 176
isolates underlying this phylogenetic network displayed in Fig. 3,
we also calculated the average number of nonidentical alleles of
isolates belonging to one of the six outbreak clusters with an iso-
late that was closest to an outbreak cluster (but not part of it) in the
phylogenetic network. This comparison revealed that isolates that
are genetically closest to the outbreak isolates differed more than
the threshold for clonality of �20 alleles difference, as defined
above. Furthermore, apart from the 103 VRE outbreak isolates,
only one of the 2,628 pairwise comparisons between 73 presumed

FIG 2 Distribution of allele differences (A) and recombination-filtered SNPs (B) for pairs of E. faecium isolates with the same ST and isolated from the same
hospital. The distributions represent 1,073 pairwise comparisons. Allelic profiles were extracted from SeqSphere�, after which pairwise isolate allelic differences
were determined using an ad hoc Python script. Missing values were ignored, similar to the pairwise ignoring missing values option in SeqSphere�. The number
(nr.) of recombination-free SNPs between isolates was extracted from a core genome sequence alignment of all 103 isolates sequenced in this study. The
alignment was built, using MAFFT (39), from the concatenated nucleotide sequences of the cgMLST target genes present in all isolates. The alignment was filtered
for recombination using Gubbins (40). An ad hoc Python script was used to extract pairwise recombination-free SNPs from this alignment.
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to be epidemiologically nonlinked E. faecium isolates resulted in a
difference of �20 alleles. The single pairwise comparison in which
the allelic difference was �20 alleles involved an E. faecium isolate
from a Belgian dog from 1995 and an isolate from a hospitalized
patient from the Netherlands also from 1995. This finding might
indicate a cryptic epidemiological link, although unlikely; more
likely, it indicates a swab or mixture of isolates, isolated genomic
data, or sequence libraries, since both strains were sequenced as
part of the same whole-genome sequencing project (17).

Comparison between cgMLST and an SNP-based phyloge-
netic method. As a final evaluation of the applicability and reso-
lution of the E. faecium cgMLST scheme, we compared the level of
genetic relatedness of isolates based on allelic profiles and at the
nucleotide level. To make a fair comparison, we used the nucleo-
tide sequences of the same 1,423 cgMLST target genes to build a
whole-genome sequence alignment of the same 103 isolates. For
each isolate, a concatenated sequence of all cgMLST target genes
was extracted using SeqSphere�. We used only cgMLST target
genes that were present in all 103 isolates, meaning that 177 of the
1,423 genes were not used. The concatenation of gene sequences
was done by proceeding in the order and orientation of ortholo-
gous genes in strain Aus0004. The resulting alignment had a
length of 1.18 Mbp, including 7,813 polymorphic sites. We used
Gubbins (40) to detect recombinant genomic regions, i.e., regions
containing significantly elevated numbers of SNPs. Isolates be-
longing to the same CT generally carried the same recombinant
regions. The exceptions were isolates UW5445 (German ST18)
and V107 (Danish ST192), which both carried an additional re-

combinant region (13 and 49 bp, respectively) compared to their
cocluster members. Considering one representative isolate per
CT, we found that on average, each CT carried 14.8 (SD, 6.5)
recombination events, with an average size of 13.4 kbp (SD, 14.8
kbp). After recombination filtering, 680 polymorphic sites were
left for phylogenetic analysis. We compared the resulting SNP-
based maximum likelihood (ML) tree against a neighbor-joining
(NJ) tree built using the cgMLST profiles of the 103 isolates (Fig.
4). This revealed that the topologies of the two trees were highly
congruent. The same seven clusters of isolates described above
were observed in both trees, including the German ST18 (36 iso-
lates), ST17 (4 isolates), and ST16 (3 isolates), the Danish ST80 (20
isolates) and ST192 (17 isolates), and the Dutch ST192 (16 iso-
lates) and ST117 (4 isolates) clusters. In the ML tree, strong boot-
strap support was found for each of these clusters.

To further compare the cgMLST-based allelic diversity and
SNP-based diversity, we quantified the number of recombina-
tion-filtered SNPs in the same 1,073 isolate pairs with the same ST
and isolated from the same hospital, as described above. Figure 2B
shows the distribution of these pairwise comparisons. Similar to
the distribution of allele differences (Fig. 2A), the bulk of the pair-
wise SNP comparisons are concentrated within a narrow range of
0 to 16 SNPs (1,033 comparisons [96% of total comparisons]),
strongly suggesting a clonal relationship between two isolates, at
least when the number of SNPs between them is �16 (Fig. 4).
Given these data, it is important to note that the application of the
two different thresholds for clonality (i.e., �20 different alleles or

FIG 3 NeighborNet phylogenetic network to visualize the relationships between 176 E. faecium isolates. The distance matrix underlying the network was built
from all pairwise allelic profile comparisons. Allelic profiles were extracted from SeqSphere�. E. faecium clades inferred from the STs and based on Lebreton et
al. (17) are indicated by large red (clade A1), blue (clade A2), and green (clade B) circles. Small black circles indicate the 40 E. faecium isolates used to build the
cgMLST. The epidemiologically linked VRE outbreak isolates (ST117 NLD-A, ST192 NLD-B, ST17 DEU-A, ST18 DEU-A, ST192 DNK-A, and ST80 DNK-B) are
indicated by small colored circles, using the same color-coding as in Fig. 1, and by arrows and information in the text.
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�16 SNPs between isolates) results in the prediction of virtually
identical clusters of clonally related isolates.

The combined allelic and SNP-based diversity data also sup-
port the fact that isolate V13 was indeed not part of the ST80
outbreak in hospital DNK-B, confirming the epidemiological data
(V13 was isolated in another Danish hospital, DNK-A). Isolate
V13 differed substantially (229 to 236 different alleles and 89 to 95
SNPs) from the other ST80 isolates from this hospital, and phylo-
genetic clustering also placed this isolate outside the large ST80
branch in both trees (Fig. 4). For isolate V45 from the other Dan-
ish outbreak in hospital DNK-A, the situation is less clear. Isolate
V45 clusters outside the Danish ST192 branch in both trees (Fig.
4), but it is not particularly distinct from the other Danish ST192
isolates, from which it differs by 20 to 27 alleles and by 11 to 20
SNPs, which partially overlaps the threshold for inclusion in an
outbreak, as defined in this study. Isolate V45 was recovered from
the same hospital (DNK-A) as the other ST192 VRE but from a
different department, 6 months before the large ST192 outbreak.
Given previous core genome mutation rate estimates for clinical E.

faecium ranging from 1.5 � 10�6 to 4.9 � 10�5 substitutions/site/
year (17, 21), the expected number of SNPs to accumulate in an
1.18-Mbp E. faecium core genome in 6 months is 1 to 29. The
maximum of 20 SNPs (per 1.18-Mbp alignment) found here thus
lies within the expected range of SNPs to arise, suggesting that
isolate V45 is probably clonally related to the ST192 outbreak that
occurred 6 months later.

DISCUSSION

Here, we describe the establishment of a cgMLST scheme for E.
faecium. The scheme was built from 40 previously sequenced E.
faecium genomes that represented the known population diversity
of E. faecium and consisted of 1,423 cgMLST target genes. This is
in the same range as previous estimates of the number of E. fae-
cium core genes. For instance, a set of 1,512 single-copy core genes
has been found in 34 E. faecium genomes (42), and a set of 1,344
single-copy core genes has been found in 73 E. faecium genomes
(17), using OrthoMCL-based methods (43). The scheme was val-
idated by sequencing the genomes of 103 VRE from five hospitals

FIG 4 Allele-based neighbor-joining (NJ) and SNP-based maximum likelihood (ML) trees of 103 clinical E. faecium isolates. The allele-based NJ tree (left) was
built using the E. faecium cgMLST scheme developed in this study using the SeqSphere� software. The SNP-based ML tree (right) was built from a recombi-
nation-filtered alignment of the concatenated cgMLST target gene sequences present in all 103 isolates. The ML tree was built using RAxML (41) (general
time-reversible [GTR] model, 1,000 bootstraps). Relevant statistics relating to the number of different alleles and SNPs within the seven E. faecium clusters are
shown in the top right table. The same color-coding in Fig. 1 is used for the seven E. faecium clusters.
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in three countries. Based on the results, we propose the following
thresholds and epidemiological interpretation for allelic differ-
ences that are observed when using the E. faecium cgMLST scheme
described here: (i) isolates that differ by 0 to 20 alleles are either
indistinguishable (0 differences) or closely related and most likely
belong to the same outbreak, (ii) isolates that differ by 21 to 40
alleles possibly belong to the same outbreak, and (iii) isolates that
differ by �40 alleles are most likely unrelated and do not belong to
the same outbreak. Based on these criteria, we decided to set the
threshold for CT at a maximum difference of 20 alleles. We believe
this threshold is broadly applicable to the species E. faecium but
not automatically to other species; however, as with other typing
methods, the thresholds and criteria formulated for the E. faecium
cgMLST-based CT assignment should be handled with a certain
level of flexibility. Furthermore, as with other typing methods,
cgMLST-based criteria or thresholds help stratify and refine data
by providing more sensitive and specific measurements; however,
they should not substitute for clinical epidemiological investiga-
tions. Particularly for isolates differing between 21 to 40 alleles,
additional epidemiological data need to be assessed to increase the
likelihood that these isolates are correctly assigned to a single out-
break. Also, clustering the allelic profiles using the neighbor-join-
ing method and analyzing branch topologies will indicate whether
isolates that differ by 21 to 40 alleles cluster within or outside a
branch containing related isolates. If more time and resources are
available, an SNP-based phylogenetic approach, such as the one
discussed here, could be used alongside the cgMLST approach. An
SNP-based approach may reveal additional information, such as
recombination events or the existence of hypermutators, but this
is not strictly necessary to reliably infer epidemiological linkage,
which is the main purpose of molecular typing. In addition, the
calculation of exact evolutionary distances (based on SNPs) be-
tween isolates allows for an estimation of the mutation rate and
the dating of the most recent common ancestor of clones.

We show here that the developed cgMLST for E. faecium per-
forms equally well as an SNP-based phylogenetic approach. How-
ever, the advantage of the cgMLST scheme over SNP-based ap-
proaches is that, as in conventional MLST, cgMLST enables
storing and curating allelic data in a central database, which is a
prerequisite for ensuring a universal and expandable nomencla-
ture that is pivotal for global and long-term epidemiological stud-
ies. An open and public nomenclature database with software
tools and an interface for users, which is the ultimate goal, is cur-
rently under construction and is anticipated to be launched at the
end of 2015 or early 2016. An additional advantage of an allele-
based approach is that it treats both a genetic mutation, which
creates an SNP, and a genetic recombination event, which likely
introduces multiple SNPs, correctly as one evolutionary event (24,
29), which better defines genetic relationships in bacteria with
high recombination rates, like E. faecium (42). However, it has to
be emphasized that recombination events that affect multiple
flanking genes are misinterpreted by allele-based approaches as
multiple (i.e., equal to the number of affected genes) evolutionary
events. Thus, cgMLST is not completely insensitive to recombina-
tion. For this reason, we used an SNP-based (plus recombination
filtering) approach alongside the cgMLST approach. Because the
two methods produced highly comparable outcomes, we are con-
fident in the applicability of cgMLST to study E. faecium epidemi-
ology.

In the evaluation data set of 103 isolates, two isolates did not

meet the CT criterion of �20 different alleles for inclusion in a
larger outbreak, whereas based on ST, geographic location, and
time of isolation, these isolates were predicted to be part of that
outbreak. One of these exceptions was the ST18 strain UW5429,
which was isolated on 14 July 2004 from hospital DEU-A during
the ST18 hospital outbreak period. However, this isolate differed
by 30 to 41 alleles from the other ST18 isolates from this hospital,
which falls outside the CT criterion for the cgMLST scheme. Nev-
ertheless, the nested placement of UW5429 within the ST18
branch in both allele- and SNP-based trees (Fig. 4) suggests a
clonal relationship between UW5429 and the other ST18 isolates.
The relatively large distance of UW5429 from the other ST18 iso-
lates in terms of different alleles (30 to 41) and SNPs (19 to 28)
may point to a hypermutating phenotype. Similarly, isolate
UW6476, which is also an ST18 isolate from hospital DEU-A, was
isolated during the outbreak period. Based on these epidemiolog-
ical data, this isolate was also expected to be part of the ST18
outbreak in hospital DEU-A. However, the isolate differed by 28
to 36 alleles from the other ST18 outbreak isolates. Again, epide-
miological data and the fact that UW6476 is nested within the
ST18 branch in both allele- and SNP-based trees (Fig. 4) suggest
that UW6476 is part of the same ST18 outbreak. Remarkably, the
number of recombination-filtered SNPs between UW6476 and
any of the other ST18 isolates was low (3 to 10 SNPs). Observed
discrepancies between allele- and SNP-based approaches, such as
for this particular case, are likely due to recombinant genes that
can affect the number of allelic differences but are filtered out
from the whole-genome sequence alignment after correction for
recombinations.

The cgMLST scheme also disclosed epidemiological links that
were not previously apparent. This is exemplified by the four
ST117 VRE isolates from hospital NLD-A. Based on initial epide-
miological criteria, three of these VRE (E7662, E7686, and E7689)
were most likely part of one circulating clone, because they were
isolated from three patients (patients 2, 3, and 4) who shared the
same hospital room during overlapping time periods in April
2013. One VRE isolate (E7486), however, was recovered 8 months
prior (August 2012) from patient 1, with no apparent epidemio-
logical link with patients 2 to 4. Applying cgMLST revealed that all
four isolates were closely related, differing by no more than eight
alleles, strongly suggesting a clonal relationship between them.
Careful reexamination of possible epidemiological links between
the patients from which these four VRE were recovered revealed
that patient 1 shared rooms with patient 2 in August 2012, during
which the acquisition of VRE by patient 2 might have occurred.
This became apparent only after a positive clinical culture result in
April 2013.

A similar example is the ST18 outbreak in the German hospital
DEU-A. Based on the time of isolation (April to August 2004 and
December 2005 to January 2006) and PFGE profile (data not
shown), the initial interpretation was that these two clusters of
ST18 isolates were not epidemiologically linked. cgMLST of these
isolates clearly indicated that with two possible exceptions that are
discussed above (isolates UW5429 and UW6476), all ST18 isolates
from both time periods were clonally and thus epidemiologically
linked.

These examples illustrate the strengths of the cgMLST scheme
in disclosing clonal linkage when epidemiological linkage is less
obvious. This is especially important for nosocomial pathogens,
such as VRE, which are able to survive and circulate for long time
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periods in hospital wards (44). In addition, cgMLST can be per-
formed on a desktop computer and does not necessitate the use of
advanced bioinformatics tools. The ease of use of cgMLST opens
up possibilities for routine outbreak investigations in clinical set-
tings, where bioinformatics support is limited. In conclusion, the
cgMLST scheme developed in this study facilitates rapid, stan-
dardized, and high-resolution tracing of E. faecium outbreaks.
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