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Introduction

Enterococci are known as a bacterial entity since the turn of the 20th 
century but until the mid 1980s they belonged to the genus Streptococcus. 
With the introduction of molecular techniques the intestinal Lance�eld 
group D streptococci were separated into an individual genus termed 
Enterococcus [1]. Nowadays almost 40 di�erent species belong to this 
genus [2]. For decades majority of enterococcal infections (about 85%) 
were caused by Streptococcus/Enterococcus faecalis and the residual, 
up to 15% by Streptococcus/Enterococcus faecium [3]. Insofar early 
characterization and typing approaches targeted mainly E. faecalis and 
its known virulence determinants in relation to the technical possibilities 
of that time. �e so-called Maekawa collection contained 21 serotype E. 
faecalis strains di�erentiated via the polysaccharide capsule and other 
surface determinants of E. faecalis [4,5]. Isolates of E. faecium do not 
contain a capsule locus and cannot be typed by serological assays. In 
the last two decades two aspects increased the medical importance of E. 

faecium. First, the selection and spread of various types of vancomycin 
resistance among enterococci is mainly associated with E. faecium 
and less with E. faecalis. Second, the increased medical importance 
of enterococci as a nosocomial pathogen is mainly due to increasing 
numbers of (hospital-associated) E. faecium and less to E. faecalis. Both 
aspects increased the typing requirements and interest especially for E. 
faecium. To the best of our knowledge today, population biology of E. 
faecium di�ers from that of E. faecalis to a certain extent [6,7]. �is 
requires to be considered when assessing available techniques for strain 
typing and characterization. Since typing is mainly applied for VRE 
isolates, typing of E. faecium is within the focus of this short overview.

Typing parameters and outcomes are always in relation to 
the quality of the available strain sample to be analyzed and the 
corresponding epidemiological context to be addressed. Di�erent 
questions may require di�erent typing techniques providing di�erent 
levels of discriminatory power; which means that the highest level of 
discrimination may not be suitable for more general aspects and broader 
epidemiological correlations. Additional aspects to be considered 
concern ease of use/applicability, time of analysis and personal input 
(number, quali�cation), costs, reproducibility of data and results (intra 
and interlab) and routes of data storage, exchange and comparison. 
Elucidating a local VRE outbreak requires di�erent techniques than 
following the dissemination of epidemic strain types across the country 
or across borders and for investigating population biological aspects 
over longer time periods.

Serotyping

Serotyping is a classical typing method assessing di�erences in 
immunologic responses to typable bacteria infecting model hosts and 
resembling di�erences in surface structures of investigated micro-
organisms. A serotyping scheme on a historical collection of E. faecalis 
strains was proposed by Maekawa and co-workers [4]. Rabbit antisera 
against a large number of E. faecalis strains were raised capable to 
classify 21 distinct serotype strains and to prepare 21 monospeci�c 
typing antisera. Diversity of Maekawa type strains T1-T21 was later on 
con�rmed by MLST and capsule locus analyses [6]. Due to a number 
of reasons (unknown target; less easy to use; limited discrimination) 
serotyping has never reached a broader acceptance and is from 
nowadays perspectives somehow outdated. 

Ribotyping 

Ribotyping is a classical typing method targeting the ribosomal 
DNA by hybridization or ampli�cation techniques. It is still widely 
used for typing of pathogens such as Clostridium di�cile where it 
is considered as a reference method (see Table 1 for background 
information on the corresponding techniques and for references). For 
enterocococcal typing it has its limited use for distinct scenarios [8]. 
However, the depths of analysis, particularly its discriminatory power 
is rather limited and thus its application and usefulness for typing 
enterococci is minor [9,10]. 

PCR-based typing/rep-PCR typing 

�e zenith of PCR-based typing goes back to the 1990s when PCR 
became prominent for many applications including typing of bacteria 
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With their increased frequency of occurrence as a nosocomial pathogen and thus their elevated overall medical 

importance, the demand to characterize and differentiate strains of Enterococcus faecalis and E. faecium has risen. 

Available techniques vary in ease of use, demands in costs, manpower and time, inter- and intra-laboratory comparability 

and reproducibility of results, portability of data and discriminatory power. Analysing outbreaks by sophisticated 

molecular techniques requires methods with a different discrimination than methods to detect and follow transmission 

of epidemic strains over longer time periods. The latter is especially critical for bacteria showing a rather flexible 
genome such as Enterococcus. The value and application for commonly used techniques for typing (vancomycin-

resistant) enterococci is discussed including ribotyping, PCR-based typing, macrorestriction analysis in Pulsed-Field 

Gel Electrophoresis (PFGE), Amplified Fragment Length Polymorphism (AFLP), Multiple Locus Variable Number of 
Tandem Repeat Analyses (MLVA), Multi-Locus Sequence Typing (MLST) and some specialist approaches (resistance 

cluster typing, plasmid typing, next generation sequencing).
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[11]. From a today’s perspective ampli�cation-based techniques appear 
outdated due a number of insuperable limitations and disadvantages 
coming along with the technique itself, which appear as such in 
relation to sequence-based techniques (see the following). Major 
limitations in pattern stability (reproducibility) and resolutionary/
discriminatory power are partly overcome by a highly standardized 
approach via a commercial kit in combination with a highly sensitive 
and precise capillary-based fragment pattern analysis (DiversiLab®, 
bioMérieux, Marcy-l’Étoile, France). However, it is recommended by 
the manufacturer for typing of various bacteria including enterococci 
in the context of outbreak investigations which has been published 
recently [12,13]. Nevertheless, its discriminatory power has not 
been shown unambiguously on a reference strain sample set and its 
application will still be limited due to speci�c equipment requirements 
and comparably high costs.

Macrorestriction Analysis in Pulsed-Field Gel 

Electrophoresis (PFGE)

Macrorestriction analysis in pulsed-�eld gel electrophoresis 
casually called “PFGE typing” was introduced in the early 1990s for 
bacterial strain typing. It involves a very time-consuming procedure, 
requires a high technical standard and demands quali�ed and 
experienced personal on one hand for the lab work and on the other 
hand for data evaluation [14,15]. Despite these high technical demands 
on experience and standardization and its obvious limitations, PFGE 
typing still is considered as the “gold standard” for enterococcal strain 
typing, especially for elucidating supposed outbreak scenarios [16-
18]. As described recently, rates of recombination, to be comparably 
high in Enterococcus in general, may be less pronounced in hospital-
associated strain types, mostly prevalent among the nosocomial setting 
and responsible for the majority of outbreaks [7]. �is is in line with 
recognition of certain VRE strain types prevalent for longer periods 
and in many hospitals, even country-wide (Figure 1) [19,20].

Nevertheless, the method is purely DNA fragment-based 
(without any further information) and less portable challenging the 
intra-laboratory comparability of images and fragment patterns. A 
harmonised protocol as established for MRSA strain typing [21,22] 
does not exist for VRE and thus inter-laboratory comparison of data is 
even more challenging. When using PFGE for VRE typing international 
agreements to standardize data interpretation and analysis as suggested 
by some experts, a number of them especially evaluated for VRE, 
should be considered [15,23]. 

Ampli�ed Fragment Length Polymorphism (AFLP)

Ampli�ed fragment length’ polymorphism (AFLP, also �uorescent 
fAFLP) is a restriction and ampli�cation-based typing technique which 
has been introduced about 10 years ago for bacterial strain typing [24]. 
It was the �rst method to address and open our current understanding 
of the population biology of E. faecium. According to AFLP data and 
subsequent fragment pattern analysis, hospital strains of E. faecium 
constitute an individual subgroup (at this time called C1) which could 
be di�erentiated from strains of commensal (human/animal) and 
environmental as well as probiotic/food origin [25]. AFLP has already 
been replaced quite shortly a�er its introduction by alternative DNA-
based techniques with similar or better performance such as MLVA 
and MLST (see next chapters). AFLP has lately been used as a frontline 
tool for bacterial genus and species prediction in a medium throughput 
dimension. It is obvious that with the broader application of MALDI-
TOF MS for routine bacterial species identi�cation, also this application 
�eld will decline [26,27]. 

Multiple Locus Variable Number of Tandem Repeat 

Analysis (MLVA)

MLVA has �rst been introduced as a typing tool to further 
di�erentiate highly clonal bacterial species such as Bacillus anthracis 
and other high threat pathogens about 10 years ago [28,29]. It 
determines DNA repeat regions and its variations in number and 
composition. Since majority of these repeat regions (5-8 di�erent per 
genome) are comparably small (<50 bp), their analyses require some 
technical demands, e. g. capillary sequencers, which in addition allow 
multiplexing with di�erently labeled primers for repeat amplifcation 
and detection [30]. A MLVA typing scheme for E. faecium was 
introduced in 2004 [31]. �e six identi�ed discriminatory Variable-
Number Tandem Repeat (VNTR) loci were of comparably long repeat 
lengths (123–279 bp) allowing an agarose gel based analysis. MLVA 
discriminated similar to AFLP and MLST allowing to de�ne (con�rm) 
the clade of hospital-associated strain types called C1 or CC17 [32]. 
MLVA for E. faecium is less discriminatory than PFGE typing and 
di�erent major hospital MLST types could be represented by a single 
MLVA type (and vice versa; [33]). However, in combination with the 
determination of additional epidemic marker genes (esp, hyl

Efm
) or 

strain-speci�c information (antibiotic resistance pro�les) combined 
MLVA typing allows strain characterization and outbreak analysis 
[32,34]. A user-friendly platform at the University Centre Utrecht, 
the Netherlands, allows submission of MLVA pro�les and comparison 
of data (http://www.umcutrecht.nl/subsite/MLVA/; managed by: Dr. 
Janetta Top; last access: 18.01.2013). 

A MLVA scheme for E. faecalis has been introduced several years 
ago [35]. It combines VNTR repeat loci of known virulence genes 
encoding surface-exposed determinants and unknown loci identi�ed 
by a repeat �nder programme. In the initial study this scheme was 
comparably discriminatory as PFGE typing for the set of investigated E. 

faecalis strains (VRE and VSE). �e E. faecalis MLVA scheme has only 
scarcely been used since its introduction and thus its general usefulness 
for typing E. faecalis strains cannot be properly assessed [36,37]. 

Multi-Locus Sequence Typing (MLST)

MLST is a logical successor of a technique called Multilocus 
Enzyme Electrophoresis (MLEE). MLEE was introduced more than 25 
years ago for bacterial typing. It determines di�erences in the amino 
acid sequences of housekeeping genes assayed phenotypically [38]. 
Mutational changes in housekeeping genes are seldom and are not 
exposed to any selective pressure such as bacterial cell wall and surface 
components or determinants associated with antibiotic resistance. A 
constant correlation between mutation rate and time is expected. MLST 
uses a similar experimental approach and circumvents limitations 
of MLEE. MLST determines the exact nucleotide composition and 
is capable of identifying also synonymous (silent) mutations. A 
combination of seven loci distributed across the genome was calculated 
to be associated with a suitable discriminatory power [39]. An 
MLST scheme for E. faecium was introduced in 2002 [40]. UPGMA 
(Unweighted Pair Group Method of Alignment) clustering of MLST 
data of E. faecium isolates of various origins identi�ed a sub cluster 
called C1 consisting of hospital-associated strains, thus con�rming the 
population snapshot suggested on the basis of AFLP data and analysis 
(and later also for MLVA). A so�ware tool called BURST (Based upon 
Related Sequence Types; later “extended” (e) BURST) was especially 
developed for MLST data analysis [41]. �e BURST algorithm identi�es 
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Isolate Origin MLST MLVA Year                van type           SourceI/nfection

UW2383 Berlin Hosp 1 n.d. n.d. 1999 vanA Venous catheter/bacteraemia

UW2390 Berlin, Hosp 2 n.d. n.d. 1999 vanA urine/UTI

UW2222 Berlin, Hosp 3 ST117 n.d. 1999 vanA bacteraemia

UW2306 Berlin, Hosp 4 n.d. n.d. 1999 vanA BAL

UW2321 Berlin, Hosp 3 n.d. n.d. 1999 vanA (multiple abscesses)

UW2322 Berlin,  Hosp 5 ST117 MT12 1999 vanA urine

UW2384 MV, Hosp 1 ST117 MT12 1999 vanA bacteraemia

UW2413 Berlin, Hosp 6 ST117 n.d. 1999 vanA swab sample

UW2442 Berlin, Hosp 7 n.d. n.d. 1999 vanA peritonitis

UW2320 Berlin, Hosp 8 n.d. n.d. 1999 vanA wound

UW931 L. Saxony; Hosp 1 ST117 MT12 1996 vanA unknown

UW1806 Berlin, Hosp 9 ST117 MT12 1998 vanA BAL

UW1827 L.Saxony , Hosp 2 ST117 MT12 1998 vanA tracheal secretion

UW1983 L.Saxony , Hosp 3 ST117 MT12 1998 vanA bacteraemia

UW1822 MV, Hosp 1 ST117 MT12 1998 vanA anal swab

UW901 Hesse, Hosp 1 ST117 n.d. 1996 vanA unknown

UW1505 NRW, Hosp 1 ST117 MT12 1997 vanA unknown

UW2434 Berlin, Hosp 9 ST117 MT12 1999 vanA bacteraemia

UW2444 Saxony, Hosp 1 ST117 MT12 1999 vanA swab sample 

UW1823 Berlin, Hosp 10 ST117 MT12 1998 -1) wound swab

UW2319 Hesse, Hosp 2 ST117 MT12 1999 vanA peritonitis

UW2453 Hesse, Hosp 2 ST117 MT12 1999 vanA bacteraemia

UW2467 Hamburg, Hosp 1 ST117 MT12 1999 vanA bacteraemia

UW2862 Saarland, Hosp 1 ST117 n.d. 2000 vanA bacteraemia

UW2987 NRW, Hosp 2 ST117 n.d. 2000 vanA bacteraemia

UW3182 Brandenburg, Hosp 1 ST117 MT12 2001 vanA bacteraemia

7
5

 

8
0

8
5

9
0

9
5

1
0

0

Legend: AFLP, Amplified-Fragment Length Polymorphisms; MLST, Multi-locus Sequence Typing; MLVA, Multiple Locus Variable Number of Tandem Repeat Analysis; 
NGS, Next Generation Sequencing (synonymous for various techniques such as 454, illumina, ion torrent); PFGE, Genomic macrorestriction analysis in Pulsed-field Gel 
electrophoresis. 1 first specification for Interlab-, second for Intralab reproducability; 2 in relation to a standardized protocol / Kit / machine; 3 no standardized/harmonized 

typing scheme exists.

Table 1: Comparison of typing methods used for VRE/Enterococcus.

Figure 1: SmaI-macrorestriction analysis in PFGE of 26 VRE isolates representing individual clusters of infections and colonisations in patients from 22 hospitals col-

lected between 1996 and 2000 in Germany. The origin of the hospital isolates is given as a hospital within a federal state. The dotted line represents the 82% similarity 

score suggested by Morrison et al. for determining clonal relatedness [23]. Legend: BAL, Broncho Alveolar Lavage; Hosp, hospital; L. Saxony; Lower Saxony; MV, 

Mecklenburg-West Pomerania; n.d., not determined; NRW, North-Rhine Westphalia; year, year of isolation. Isolate UW1823 may have lost vanA resistance since it was 

negative in repeated PCR reactions.

Method Principle Discrimination Reproducibility Data exchange Applications 
Ribotyping Hybridization of labelled rDNA 

with digested genomic DNA

medium good possible2 Too low discrimination for outbreak analysis 

(short term epidemiology)
RAPID/repPCR PCR with random primers or 

primers binding to repetitive 

target sequences

medium insufficient - good1 possible2 Partly suitable for „in house“ outbreak analyses; 

provided with commercial kits (DiversiLabTM)

AFLP Length polymorphisms in ge-

nomic PCR products

good good–very good1 possible Exchanged by MLST due to better data portabil-

ity and discriminatory power
PFGE Genome-based macrorestriction 

analysis

excellent good–very good1 possible2 Still „Gold-Standard“ for outbreak analyses; not 

suitable for long term epidemiology / population-

based analyses (“over-discrimination“)
MLST DNA sequence comparisons of 

housekeeping genes 

good – very good excellent excellent „Gold Standard“ for population-based analyses; 

comparably expensive and laborious, too less 

discriminatory for outbreak analyses
MLVA Fragment length polymorphisms 

in genomic repeat regions

good – very good very good excellent Suitable for population-based analyses; too less 

discriminatory for outbreak analyses
vanA cluster typing Different schemes exist based 

on amplification, digestion, 
sequencing3

good – very good very good good Only suitable for specialist analyses and in 

combination with basic techniques 

(PFGE, MLST, MLVA)
Plasmid typing Analysis of the plasmid content 

and cmposition3

limited very good possible Dependent on the corresponding question; suit-

able for analysis of “plasmid hospitalism” and for 

enhancing MLST/MLVA analysis’ results
NGS Analysis of the genome content highest possible excellent excellent its potential for various epidemiological ques-

tions has to be analysed in studies in the near 

future
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Two schemes exist for MLST typing of E. faecalis. Both have 
some alleles in common, but di�er in selecting (a) explicitly only 
housekeeping genes [49] or (b) mix housekeeping with virulence genes 
for allele pattern analysis [50]. �e latter approach was suitable to 
identify a clonal lineage highly prevalent in the US and characterized by 
beta-lactamase production (still rare in E. faecalis) and presence of the 
pathogenicity island. �e scheme of Ruiz-Garbajosa et al. [49] follows 
common rules for MLST allele selection (housekeeping genes only) and 
has been implemented into the central MLST database (http://efaecalis.
mlst.net/; managed by: Rob Willems and Janetta Top (UMC Utrecht, 
NL, hosted by the Imperial College London and funded by the Wellcome 
Trust, UK). Consequently, most of the recent papers using MLST for 
E. faecalis rely on the scheme of Ruiz-Garbajosa et al. [37,45,49,51,52]. 
Population structure of E. faecalis appears somehow di�erent from 
that of E. faecium. MLST analysis does not strictly di�erentiate 
hospital-associated lineages from colonizing variants. Nevertheless, 
certain sequence types and clonal complexes appear enriched in the 
nosocomial setting and which are o�en found to be multi-resistant. 
�is concerns STs assembled in clonal complexes CC2 and CC9, mainly 
ST16 which is a classical hospital-associated and “outbreak strain type” 
[6,49]. However, recent publications also revealed a supposed animal 
reservoir of this clonal type ST16 [51,53]. Other sequence types appear 
to be generally distributed among many ecosystems and do not seem 
to be associated with any form of host speci�city. �is applies to ST40 
which is a quite common ST variant prevalent as a colonizer in humans, 
animals and the environment but also associated with a various types of 
infections in animals and humans [6,52-54]. 

Vancomycin Resistance Gene Cluster Typing

Vancomycin resistance in animal, human and environmental 
sources is mostly encoded by vanA-type resistance clusters of the 
Tn1546-type and its reservoir is in isolates of E. faecium. Exchange of 
resistant strains among di�erent ecosystems is less probable due to the 
supposed association of distinct E. faecium strain types with speci�c 
backgrounds, although dissemination of vancomycin- and multi-
resistant E. faecium across host barriers was described anecdotally 
[53,55-60]. Vancomycin resistance among enterococci spreads via 
clonal dispersion and lateral gene transfer, the latter via dissemination 
of mobile genetic elements of variants of the vanA-type element Tn1546 
mostly located on mobilizable or conjugative plasmids [60-66]. 

Molecular studies revealed a tremendous number of deletions, 
insertions, and modi�cations of the original Tn1546-like structure 
in di�erent not epidemiologically linked VRE leading to a wide 
diversity of various Tn1546 subtypes [67-72]. Despite its high diversity, 
identical cluster types were found among clinical human and animal 
commencal and environmental strains suggesting a common reservoir 
and exchange of its mobile elements via conjugative plasmids or as part 
of larger mobile genomic islands in European, Asian and Australian 
E. faecium strain collections [67,68,70,73,74]. Also nowadays, vanA 
cluster typing is used as a typing method for diverse strain collections 
where clonal spread is less expected [75-79]. 

In contrast, vanB-type elements preferably integrate into the 
chromosome, but are mobile as part of integrative and conjugative 
elements ICE [80,81]. Occasionally vanB resides on (transferable) 
plasmids [82-84]; as noticed recently associated with larger VanB-
type VRE outbreaks [85,86]. In general, the supposed low expression 
of vancomycin resistance among vanB strains may have led to an 
underestimation of its general prevalence, since in many screening 
studies comparably high vancomycin concentrations to select VRE 
were used [87-90]. Rates of clinical vanB-type VRE are increasing, at 
least in some European countries during last years [18,91-93] and a link 
to a supposed reservoir outside the clinical setting, for instance, among 
mammal intestinal bacterial colonizers is discussed also in areas where 
vanB-type vancomycin resistance is more prevalent [91,94]. Although 
several cluster variants exist, a vanB cluster typing scheme has not been 
established yet.

In general, vancomycin resistance gene cluster typing may reveal 
additional resolution to existing strain typing schemes by assessing 
a number of structural modi�cations that do not seem essential to 
resistance expression and regulation of the element. However, results 
should be interpreted with caution since the evolutionary clock speed of 
these changes is unpredictable and IS element and transposon derived 
modi�cations could occur quite frequently at hotspots for genomic 
rearrangements [81].

Plasmid Typing

Plasmid typing may be suitable for demonstrating horizontal vanA 
(and vanB) cluster dissemination across di�erent E. faecium strain 
types (“Plasmid hospitalism”). In vitro transfer of vanA plasmids has 
been determined in a number of studies [67,95,96] as well as transfer 
in digestive tracts of animals and human volunteers [97-99] with 
transfer rates being signi�cantly higher under natural conditions [100]. 
However, plasmid typing is less well established for resistance plasmids 
of VRE than it is for multi-resistance plasmids in Enterobacteriaceae 
where for a number of Inc group plasmids, plasmid MLST schemes were 
established and corresponding databases are managed. A few plasmids 

mutually exclusive groups of related genotypes in a population and 

attempts to identify the founding genotype (sequence type or ST) of 

each group. It then predicts the descent from the predicted founding 

genotype to the other genotypes in the group, displaying the output 

as a radial diagramme, centred on the predicted founding genotype 

(http://eburst.mlst.net/). eBURST phylogenetic analyses are excellent 

for rather clonal populations/species such as Streptococcus pneumoniae 

and Staphylococcus aureus; but reliability is low for species with a high 

recombination to mutation ratio as predicted for Enterococcus[42]. 

eBURST analysis of MLST datasets of highly recombinogenic species 

results in a single large straggly eBURST group, which results from the 

incorrect linking of unrelated groups of strains [42]. Global optimal 

eBURST (goeBURST) so�ware implemented additional tools and, for 

instance, allows the introduction of tie break rules reached in deciding 

and visually evaluating the reliability of the hypothetical links and 

patterns of descent [43]. However, since it is mainly also based on the 

BURST algorithm major limitations of the method remain (http://

goeburst.phyloviz.net/). Bayesian modelling methods introduced in 

the BAPS so�ware (Bayesian Analysis of genetic Population Structure; 

http://www.helsinki.�/bsg/so�ware/) [44] were applied recently for 

analysing the population structure of E. faecium [45]. Subsequent 

(nested) BAPS analyses on the entire MLST dataset for E. faecium 

identi�ed several BAPS groups that could be further subdivided. 

BAPS analyses disproved the concept of a single clonal complex 

CC17 combining all hospital-associated strains in one major group of 

relatedness (descent) since major MLST types of hospital-associated 

strains such as ST17, ST18 and ST78 were placed at di�erent BAPS 

subgroups and branches at BAPS trees, respectively [45]. Independent 

from its di�erences in the core genome and pattern of descent, all 

hospital strains contain a speci�c accessory genome content supposedly 

associated with a specialization to the hospital setting [46-48].
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of VRE were fully sequenced [61,62,65,101] and based on these data 
and further information di�erent plasmid typing schemes based on 
replicase genes were suggested [102,103]. Results of Jensen et al. [102] 
were widely used for subsequent plasmid typing studies in Enterococcus 
spp. mainly VRE [60,78,104-107]. Garcia-Migura and co-workers also 
identi�ed a hot spot for integration of Tn1546-like elements and it could 
be speculated if this integration site is more prevalent among certain 
plasmid types and the reason for the preferred prevalence of vanA 
clusters with speci�c plasmids [104,108,109]. Results of a recent study 
about horizontal transferability of vanA plasmids among enterococci, 
other lactic acid bacteria and bi�dobacteria revealed a preferred transfer 
into and a possible host restriction among E. faecium [66]. Only a few 
studies so far described spread of highly similar plasmids as a means 
of disseminating vanA- or vanB-type resistance [65,78,85]. Further 
progress in whole genome sequencing assessing also the plasmid 
content of these bacteria will elucidate the role of distinct plasmid types 
for spreading vancomycin resistance among Enterococcus. 

Whole Genome Sequencing/Next Generation sequencing 

(WGS/NGS) 

Next generation sequencing techniques provide a tremendous 
potential to outbreak investigation, elucidating transmission routes of 
pathogens and tracing emergence and spread of multidrug resistant 
bacteria [110-112]. A few genomes of enterococcal strains have been 
elucidated completely [54,113], partly by classical Sanger sequencing 
[80,114-116], and genomic information to a wide range of additional 
isolates is available as dra� genomes [117,118](check recent data: 
http://www.ncbi.nlm.nih.gov/genome?term=Enterococcus%20faecium; 
http://www.ncbi.nlm.nih.gov/genome?term=Enterococcus%20faecalis). 
Only a subset of these isolates represents vancomycin-resistant variants 
[80,113]. It has to be elucidated within the near future if the highest 
possible discriminatory power of NGS techniques will be capable of 
assessing relevant information for outbreak analysis and pathogens’ 
transmission as shown very recently for MRSA and multidrug-resistant 
Enterobacteriaceae outbreak analyses [119-121].

Conclusion/outlook

References

1. Schleifer KH, Kilpper Balz R (1987) Molecular and chemotaxonomic approaches 

to the classification of streptococci, enterococci, and lactococci: a review. Syst 
Appl Microbiol 10: 1-9.

2. Kohler W (2007) The present state of species within the genera Streptococcus 

and Enterococcus. Int J Med Microbiol 297: 133-150.

3. Murray BE (1990) The life and times of the Enterococcus. Clin Micro biol Rev 

3: 46-65.

4. Maekawa S, Yoshioka M, Kumamoto Y (1992) Proposal of a new scheme for 

the serological typing of Enterococcus faecalis strains. Microbiol immunol 36: 

671-681.

5. Thurlow LR, Thomas VC, Hancock LE (2009) Capsular polysaccharide 

production in Enterococcus faecalis and contribution of CpsF to capsule 

serospecificity. J Bacteriol 191: 6203-6210.

6. McBride SM, Fischetti VA, Leblanc DJ, Moellering RC Jr, Gilmore MS (2007) 

Genetic diversity among Enterococcus faecalis. PLoS One 2: e582.

7. Willems RJ, Top J, van Schaik W, Leavis H, Bonten M, et al. (2012) Restricted 

gene flow among hospital subpopulations of Enterococcus faecium. M Bio 3: 

e00151- 00152.

8. Pavlic M, Griffiths MW (2009) Principles, applications, and limitations of 
automated ribotyping as a rapid method in food safety. Foodborne Pathog Dis 

6: 1047-1055.

9. Brisse S, Fussing V, Ridwan B, Verhoef J, Willems RJ (2002) Automated 

ribotyping of vancomycin-resistant Enterococcus faecium isolates.. J Clin 

Microbiol 40: 1977-1984.

10. Price CS, Huynh H, Paule S, Hollis RJ, Noskin GA, et al. (2002) Comparison 

of an automated ribotyping system to restriction endonuclease analysis and 

pulsed-field gel electrophoresis for differentiating vancomycin-resistant 
Enterococcus faecium isolates. J Clin Microbiol 40: 1858-1861.

11. van Belkum A, Hermans PW, Licciardello L, Stefani S, Grubb W, et al (1998) 

Polymerase chain reaction-mediated typing of microorganisms: tracking 

dissemination of genes and genomes. Electrophoresis 19: 602-607.

12. Chuang YC, Wang JT, Chen ML, Chen YC (2010) Comparison of an automated 

repetitive-sequence-based PCR microbial typing system with pulsed-field gel 
electrophoresis for molecular typing of vancomycin-resistant Enterococcus 

faecium.. J Clin Microbiol 48: 2897-2901.

13. Bourdon N, Lemire A, Fines-Guyon M, Auzou M, Périchon B, et al. (2011) 

Comparison of four methods, including semi-automated rep-PCR, for the typing 

of vancomycin-resistant Enterococcus faecium. J Microbiol Methods 84: 74-80.

14. van Belkum A (1994) DNA fingerprinting of medically important microorganisms 
by use of PCR. Clin microbiol Rev 7: 174-184.

15. Tenover FC, Arbeit RD, Goering RV, Mickelsen PA, Murray BE, et al. (1995) 

Interpreting chromosomal DNA restriction patterns produced by pulsed-field gel 
electrophoresis: criteria for bacterial strain typing. J Clin Microbiol 33: 2233-

2239.

16. Kawalec M, Gniadkowski M, Zaleska M, Ozorowski T, Konopka L, et al. (2001) 

Outbreak of vancomycin-resistant Enterococcus faecium of the phenotype 

VanB in a hospital in Warsaw, Poland: probable transmission of the resistance 

determinants into an endemic vancomycin-susceptible strain. J Clin Microbiol 

39: 1781-1787.

17. Valdezate S, Labayru C, Navarro A, Mantecón MA, Ortega M, et al. (2009) 

Large clonal outbreak of multidrug-resistant CC17 ST17 Enterococcus faecium 

containing Tn5382 in a Spanish hospital. J Antimicrob Chemother 63: 17-20.

18. Werner G, Klare I, Fleige C, Uta Geringer, Wolfgang Witte, et al. (2012) 

Vancomycin-resistant vanB-type Enterococcus faecium isolates expressing 

varying levels of vancomycin resistance and being highly prevalent among 

neonatal patients in a single ICU Antimicrobial resistance and infection control; 

1: 21.

19. Aumeran C, Baud O, Lesens O, Delmas J, Souweine B, et al. (2008) Successful 

control of a hospital-wide vancomycin-resistant Enterococcus faecium outbreak 

in France.. Eur J Clin Microbiol Infect Dis 27: 1061-1064.

20. Klare I, Konstabel C, Badstübner D, Werner G, Witte W (2003) Occurrence and 

spread of antibiotic resistances in Enterococcus faecium. Int J Food Microbiol 

88: 269-290.

Using molecular typing to elucidate di�erent epidemiological 

scenarios requires methods with a di�erent discriminatory power. 

Several techniques have also been established to type VRE which mainly 

means vancomycin-resistant E. faecium. Outbreak analysis still uses 

macrorestriction analysis in PFGE, although this method is comparably 

laborious, time-consuming and requires experienced personal for gel 

preparation and pattern analysis. For VRE outbreak analysis MLST 

and MLVA may be less suitable since their discriminatory power is 

limited, but can be compensated by a binary or multimodal typing 

approach combining MLST with other data (virulence gene patterns, 

plasmid typing, vanA cluster typing, etc.). Some methods are already 

outdated or do not provide su�cient resolutionary power at all, 

such as classical ribotyping, AFLP or repPCR-based typing. Plasmid 

and vanA cluster typing may reveal suitable information in addition 

to basic typing methods (MLST, MLVA, PFGE) but will not provide 

reliable information as a stand-alone technique. It is expected that 

next generation sequencing techniques will have their value for VRE 

outbreak analysis as well, elucidating transmission routes of vanA / 

vanB resistance determinants or VRE strains and tracing spread of VRE 

strain types as shown very recently for a number of other multiresistant, 

nosocomial pathogens.

http://www.ncbi.nlm.nih.gov/pubmed/17400023
http://www.ncbi.nlm.nih.gov/pubmed/2404568
http://www.ncbi.nlm.nih.gov/pubmed/1406370
http://www.ncbi.nlm.nih.gov/pubmed/19684130
http://www.ncbi.nlm.nih.gov/pubmed/19684130
http://www.ncbi.nlm.nih.gov/pubmed/22807567
http://www.ncbi.nlm.nih.gov/pubmed/19694556
http://www.ncbi.nlm.nih.gov/pubmed/12037051
http://www.ncbi.nlm.nih.gov/pubmed/11980978
http://www.ncbi.nlm.nih.gov/pubmed/9588810
http://www.ncbi.nlm.nih.gov/pubmed/20554812
http://www.ncbi.nlm.nih.gov/pubmed/21062634
http://www.ncbi.nlm.nih.gov/pubmed/8055466
http://www.ncbi.nlm.nih.gov/pubmed/7494007
http://www.ncbi.nlm.nih.gov/pubmed/11325990
http://www.ncbi.nlm.nih.gov/pubmed/19001448
http://www.aricjournal.com/content/1/1/21
http://www.ncbi.nlm.nih.gov/pubmed/18612668
http://www.ncbi.nlm.nih.gov/pubmed/14597000


Citation: Werner G (2013) Molecular Typing of Enterococci/VRE. J Bacteriol Parasitol S5-001. doi:10.4172/2155-9597.S5-001

Page 6 of 8

J Bacteriol Parasitol                                                                                                                                  ISSN:2155-9597 JBP an open access journal Diagnostic Methods of Microbial Pathogens

21. Murchan S, Kaufmann ME, Deplano A, de Ryck R, Struelens M, et al. (2003) 

Harmonization of pulsed-field gel electrophoresis protocols for epidemiological 

typing of strains of methicillin-resistant Staphylococcus aureus: a single 

approach developed by consensus in 10 European laboratories and its 

application for tracing the spread of related strains. J Clin Microbiol 41: 1574-

1585.

22. Cookson BD, Robinson DA, Monk AB, Murchan S, Deplano A, et al. (2007) 

Evaluation of molecular typing methods in characterizing a European collection 

of epidemic methicillin-resistant Staphylococcus aureus strains: the HARMONY 

collection. J Clin Microbiol 45: 1830-1837.

23. Morrison D, Woodford N, Barrett SP, Sisson P, Cookson BD (1999) DNA 

banding pattern polymorphism in vancomycin-resistant Enterococcus faecium 

and criteria for defining strains. J Clin Microbiol 37: 1084-1091.

24. Vos P, Hogers R, Bleeker M, Reijans M, van de Lee T, et al. (1995) AFLP: a new 

technique for DNA fingerprinting. Nucleic Acids Res 23: 4407-4414.

25. Willems RJ, Top J, van den Braak N, et al. (2000) Host specificity of vancomycin-
resistant Enterococcus faecium. J Infect Dis 182: 816-823.

26. Wieser A, Schneider L, Jung J, Schubert S (2012) MALDI-TOF MS in 

microbiological diagnostics-identification of microorganisms and beyond (mini 
review). Appl Microbiol Biotechnol 93: 965-974.

27. Drake RR, Boggs SR, Drake SK (2011) Pathogen identification using mass 
spectrometry in the clinical microbiology laboratory. J Mass Spectrom 46: 1223-

1232.

28. Klevytska AM, Price LB, Schupp JM, Worsham PL, Wong J, et al. (2001) 

Identification and characterization of variable-number tandem repeats in the 
Yersinia pestis genome. J Clin Microbiol 39: 3179-3185.

29. Keim P, Price LB, Klevytska AM, Smith KL, Schupp JM, et al. (2000) Multiple-

locus variable-number tandem repeat analysis reveals genetic relationships 

within Bacillus anthracis. J Bacteriol 182: 2928-2936.

30. Schouls LM, Spalburg EC, van Luit M, Huijsdens XW, Pluister GN, et al. (2009) 

Multiple-locus variable number tandem repeat analysis of Staphylococcus 

aureus: comparison with pulsed-field gel electrophoresis and spa-typing. PloS 
one 4: e5082.

31. Top J, Schouls LM, Bonten MJ, Willems RJ (2004) Multiple-locus variable-

number tandem repeat analysis, a novel typing scheme to study the genetic 

relatedness and epidemiology of  Enterococcus faecium isolates. J Clin 

Microbiol 42: 4503-4511.

32. Top J, Banga NM, Hayes R, Willems RJ, Bonten MJ, et al. (2008) Comparison 

of multiple-locus variable-number tandem repeat analysis and pulsed-field gel 
electrophoresis in a setting of polyclonal endemicity of vancomycin-resistant  

Enterococcus faecium. Clin Microbiol Infect 14: 363-369.

33. Werner G, Klare I, Witte W (2007) The current MLVA typing scheme for 

Enterococcus faecium is less discriminatory than MLST and PFGE for 

epidemic-virulent, hospital-adapted clonal types. BMC Microbiology 7: 28.

34. Borgmann S, Schulte B, Wolz C, Gruber H, Werner G, et al. (2007) 

Discrimination between epidemic and non-epidemic glycopeptide-resistant E. 

faecium in a post-outbreak situation. J Hosp Infect 67: 49-55.

35. Titze-de-Almeida R, Willems RJ, Top J, Rodrigues IP, Ferreira RF 2nd, et 

al. (2004) Multilocus variable-number tandem-repeat polymorphism among 

Brazilian Enterococcus faecalis strains.. Journal of Clinical Microbiology 42: 

4879-4881.

36. Walecka E, Bania J, Dworniczek E, Ugorski M (2009) Genotypic characterization 

of hospital Enterococcus faecalis strains using multiple-locus variable-number 

tandem-repeat analysis. Lett Appl Microbiol 49: 79-84.

37. Sadowy E, Sienko A, Hryniewicz W (2011) Comparison of multilocus variable-

number tandem-repeat analysis with multilocus sequence typing and pulsed-

field gel electrophoresis for Enterococcus faecalis. Pol J Microbiol 60: 335-339.

38. Selander RK, Caugant DA, Ochman H, Musser JM, Gilmour MN, et al. (1986) 

Methods of multilocus enzyme electrophoresis for bacterial population genetics 

and systematics. Appl Environ Microbiol 51: 873-884.

39. Maiden MC, Bygraves JA, Feil E, Morelli G, Russell JE, et al. (1998) Multilocus 

sequence typing: a portable approach to the identification of clones within populations 
of pathogenic microorganisms. Proc Natl Acad Sci USA 95: 3140-3145.

40. Homan WL, Tribe D, Poznanski S, et al. (2002) Multilocus sequence typing 

scheme for  Enterococcus faecium. J Clin Microbiol 40: 1963-1971.

41. Feil EJ, Li BC, Aanensen DM, Hanage WP, Spratt BG (2004) eBURST: inferring 

patterns of evolutionary descent among clusters of related bacterial genotypes 

from multilocus sequence typing data. J Bacteriol 186: 1518-1530.

42. Turner KM, Hanage WP, Fraser C, Connor TR, Spratt BG (2007) Assessing the 

reliability of eBURST using simulated populations with known ancestry. BMC 

Microbiol 7: 30.

43. Francisco AP, Bugalho M, Ramirez M, Carriço JA (2009) Global optimal 

eBURST analysis of multilocus typing data using a graphic matroid approach. 

BMC Bioinformatics 10: 152.

44. Corander J, Marttinen P, Siren J, Tang J (2008) Enhanced Bayesian modelling 

in BAPS software for learning genetic structures of populations. BMC 

Bioinformatics 9: 539.

45. Kuch A, Willems RJ, Werner G, Coque TM, Hammerum AM, et al. (2012) Insight 

into antimicrobial susceptibility and population structure of contemporary 

human Enterococcus faecalis isolates from Europe. J Antimicrob Chemother 

67: 551-558.

46. Van Schaik W, Willems RJ (2010) Genome-based insights into the evolution of 

enterococci. Clin Microbiol Infect 16: 527-32.

47. Leavis HL, Willems RJ, van Wamel WJ, Schuren FH, Caspers MP, et al. (2007) 

Insertion sequence-driven diversification creates a globally dispersed emerging 
multiresistant subspecies of E. faecium. PLoSPathog 3: e7.

48. Heikens E, van Schaik W, Leavis HL, Bonten MJ, Willems RJ (2008) 

Identification of a novel genomic island specific to hospital-acquired clonal 
complex 17  Enterococcus faecium isolates. Appl Environ Microbiol 74: 7094-

7097.

49. Ruiz-Garbajosa P, Bonten MJ, Robinson DA, Top J, Nallapareddy SR, et 

al. (2006) Multilocus sequence typing scheme for Enterococcus faecalis 

reveals hospital-adapted genetic complexes in a background of high rates of 

recombination. J Clin Microbiol 44: 2220-2228.

50. Nallapareddy SR, Wenxiang H, Weinstock GM, Murray BE (2005) Molecular 

characterization of a widespread, pathogenic, and antibiotic resistance-

receptive Enterococcus faecalis lineage and dissemination of its putative 

pathogenicity island. J Bacteriol 187: 5709-5718.

51. Poulsen LL, Bisgaard M, Son NT, Trung NV, An HM, et al. (2012)  Enterococcus 

faeciumclones in poultry and in humans with urinary tract infections, Vietnam. 

Emerging infectious diseases 18: 1096-1100.

52. Werner G, Fleige C, Fessler AT, Trung NV, An HM, et al. (2012) Improved 

identification including MALDI-TOF mass spectrometry analysis of group D 
streptococci from bovine mastitis and subsequent molecular characterization 

of corresponding  Enterococcus faecium and  Enterococcus faecium isolates. 

Vet Microbiol 160: 162-169.

53. Larsen J, Schonheyder HC, Lester CH, Olsen SS, Porsbo LJ, et al. (2010) 

Porcine-origin gentamicin-resistant  Enterococcus faecium in Humans, 

Denmark. Emerg Infect Dis 16: 682-684.

54. Zischka M, Kuenne C, Blom J, Dabrowski PW, Linke B, et al. (2012) Complete 

Genome Sequence of the Porcine Isolate  Enterococcus faecium D32. Journal 

of bacteriology 194: 5490-5491.

55. Manson JM, Keis S, Smith JM, Cook GM (2003) Characterization of a 

vancomycin-resistant  Enterococcus faecium (VREF) isolate from a dog with 

mastitis: further evidence of a clonal lineage of VREF in New Zealand. J Clin 

Microbiol 41: 3331-3333.

56. Manson JM, Keis S, Smith JM, Cook GM (2004) Acquired bacitracin resistance 

in  Enterococcus faecium is mediated by an ABC transporter and a novel 

regulatory protein, BcrR. AntimicrobAgents Chemother 48: 3743-3748.

57. Manson JM, Keis S, Smith JM, Cook GM (2003) A clonal lineage of VanA-

type  Enterococcus faecium predominates in vancomycin-resistant enterococci 

isolated in New Zealand. Antimicrobial Agents and Chemotherapy 47: 204-210.

58. Agersø Y, Lester CH, Porsbo LJ, Orsted I, Emborg HD, et al. (2008) Vancomycin-

resistant  Enterococcus faecium isolates from a Danish patient and two healthy 

human volunteers are possibly related to isolates from imported turkey meat. J 

Antimicrob Chemother 62: 844-845.

59. Hammerum AM, Lester CH, Heuer OE (2010) Antimicrobial-resistant 

enterococci in animals and meat: a human health hazard? Foodborne Pathog 

Dis 7: 1137-1146.

http://www.ncbi.nlm.nih.gov/pubmed/12682148
http://www.ncbi.nlm.nih.gov/pubmed/17428929
http://www.ncbi.nlm.nih.gov/pubmed/10074530
http://www.ncbi.nlm.nih.gov/pubmed/7501463
http://www.ncbi.nlm.nih.gov/pubmed/10950776
http://www.ncbi.nlm.nih.gov/pubmed/22198716
http://www.ncbi.nlm.nih.gov/pubmed/22223412
http://www.ncbi.nlm.nih.gov/pubmed/11526147
http://www.ncbi.nlm.nih.gov/pubmed/10781564
http://www.ncbi.nlm.nih.gov/pubmed/19343175
http://www.ncbi.nlm.nih.gov/pubmed/15472301
http://www.ncbi.nlm.nih.gov/pubmed/18261124
Ahttp://www.ncbi.nlm.nih.gov/pubmed/17425779
http://www.ncbi.nlm.nih.gov/pubmed/17669548
http://www.ncbi.nlm.nih.gov/pubmed/15472370
http://www.ncbi.nlm.nih.gov/pubmed/19413762
http://www.ncbi.nlm.nih.gov/pubmed/22390069
http://www.ncbi.nlm.nih.gov/pubmed/2425735
http://www.ncbi.nlm.nih.gov/pubmed/9501229
http://www.ncbi.nlm.nih.gov/pubmed/12037049
http://www.ncbi.nlm.nih.gov/pubmed/14973027
http://www.ncbi.nlm.nih.gov/pubmed/17430587
http://www.ncbi.nlm.nih.gov/pubmed/19450271
http://www.ncbi.nlm.nih.gov/pubmed/19087322
http://www.ncbi.nlm.nih.gov/pubmed/22207599
http://www.ncbi.nlm.nih.gov/pubmed/20569263
http://www.ncbi.nlm.nih.gov/pubmed/17257059
http://www.ncbi.nlm.nih.gov/pubmed/18836023
http://www.ncbi.nlm.nih.gov/pubmed/16757624
http://www.ncbi.nlm.nih.gov/pubmed/16077117
http://www.ncbi.nlm.nih.gov/pubmed/22709904
http://www.ncbi.nlm.nih.gov/pubmed/22677481
http://www.ncbi.nlm.nih.gov/pubmed/20350387
http://www.ncbi.nlm.nih.gov/pubmed/22965105
http://www.ncbi.nlm.nih.gov/pubmed/12843085
http://www.ncbi.nlm.nih.gov/pubmed/15388429
http://www.ncbi.nlm.nih.gov/pubmed/12499192
http://www.ncbi.nlm.nih.gov/pubmed/18586660
v


Citation: Werner G (2013) Molecular Typing of Enterococci/VRE. J Bacteriol Parasitol S5-001. doi:10.4172/2155-9597.S5-001

Page 7 of 8

J Bacteriol Parasitol                                                                                                                                  ISSN:2155-9597 JBP an open access journal Diagnostic Methods of Microbial Pathogens

60. Freitas AR, Coque TM, Novais C, Hammerum AM, Lester CH, et al. (2011) 

Human and swine hosts share vancomycin-resistant Enterococcus faecium 

CC17 and CC5 and  Enterococcus faecium CC2 clonal clusters harboring 

Tn1546 on indistinguishable plasmids. J Clin Microbiol 49: 925-931.

61. Sletvold H, Johnsen PJ, Hamre I, Simonsen GS, Sundsfjord A, et al. (2008) 

Complete sequence of  Enterococcus faecium pVEF3 and the detection of an 

omega-epsilon-zeta toxin-antitoxin module and an ABC transporter. Plasmid 

60: 75-85.

62. Sletvold H, Johnsen PJ, Simonsen GS, Aasnaes B, Sundsfjord A, et al. (2007) 

Comparative DNA analysis of two vanA plasmids from  Enterococcus faecium 

strains isolated from poultry and a poultry farmer in Norway. Antimicrob Agents 

Chemother 51: 736-739.

63. Novais C, Freitas AR, Sousa JC, Baquero F, Coque TM, et al. (2008) Diversity 

of Tn1546 and its role in the dissemination of vancomycin-resistant enterococci 

in Portugal. Antimicrob Agents Chemother 52: 1001-1008.

64. Freitas AR, Novais C, Ruiz-Garbajosa P, Coque TM, Peixe L (2009) Clonal 

expansion within clonal complex 2 and spread of vancomycin-resistant 

plasmids among different genetic lineages of  Enterococcus faecium from 

Portugal. J Antimicrob Chemother 63: 1104-1111.

65. L Laverde Gomez JA, van Schaik W, Freitas AR, Coque TM, Weaver KE, et al. 

(2010) A multiresistance megaplasmid pLG1 bearing a hylEfm genomic island 

in hospital  Enterococcus faecium isolates. Int J Med Microbiol 301: 165-175.

66. Werner G, Freitas AR, Coque TM, Sollid JE, Lester C, et al. (2010) Host range 

of enterococcal vanA plasmids among Gram-positive intestinal bacteria. J 

Antimicrob Chemother 66: 273-282.

67. van den Braak N, van Belkum A, van Keulen M, Vliegenthart J, Verbrugh HA, et 

al. (1998) Molecular characterization of vancomycin-resistant enterococci from 

hospitalized patients and poultry products in The Netherlands. J Clin Microbiol 

36: 1927-1932.

68. Willems RJ, Top J, van den Braak N, van Belkum A, Mevius DJ, et al. (1999) 

Molecular diversity and evolutionary relationships of Tn1546-like elements in 

enterococci from humans and animals. AntimicrobAgents Chemother 43: 483-

491.

69. Huh JY, Lee WG, Lee K, Shin WS, Yoo JH (2004) Distribution of insertion 

sequences associated with Tn1546-like elements among  Enterococcus 

faecium isolates from patients in Korea. J Clin Microbiol 42: 1897-1902.

70. Werner G, Dahl KH, Willems RJ (2006) Composite elements encoding antibiotic 

resistance in  Enterococcus faeciumand  Enterococcus faecium. In: Kobayashi 

N, Hrsg. Drug Resistance in Enterococci: Epidemiology and Molecular Markers. 

1. Aufl. Fort P.O., Trivandrum, Kerala: Research Signpost 157-208.

71. Lim SK, Kim TS, Lee HS, Nam HM, Joo YS, et al. (2006) Persistence of 

vanA-type  Enterococcus faecium in Korean livestock after ban on avoparcin. 

Microbial Drug Resistance 12: 136-139.

72. Yoo SJ, Sung H, Cho YU, Kim MN, Pai CH, et al. (2006) Role of horizontal 

transfer of the transposon Tn1546 in the nosocomial spread of vanA 

vancomycin-resistant enterococci at a tertiary care hospital in Korea. Infect 

Control Hosp Epidemiol 27: 1081-1087.

73. Jensen LB, Ahrens P, Dons L, Jones RN, Hammerum AM, et al. (1998) 

Molecular analysis of Tn1546 in  Enterococcus faecium isolated from animals 

and humans. J Clin Microbiol 36: 437-442.

74. Jung WK, Lim JY, Kwon NH, Kim JM, Hong SK, et al. (2007) Vancomycin-

resistant enterococci from animal sources in Korea. Int J Food Microbiol 113: 

102-107.

75. López M, Sáenz Y, Alvarez-Martínez MJ, Marco F, Robredo B, et al. (2010) 

Tn1546 structures and multilocus sequence typing of vanA-containing 

enterococci of animal, human and food origin. J Antimicrob Chemother 65: 

1570-1575.

76. Park SH, Park C, Choi SM, Lee DG, Kim SH, et al. (2011) Molecular 

epidemiology of vancomycin-resistant  Enterococcus faecium bloodstream 

infections among patients with neutropenia over a 6-year period in South 

Korea. Microb Drug Resist 17: 59-65.

77. Xu HT, Tian R, Chen DK, Xiao F, Nie ZY, et al. (2011) Nosocomial spread 

of hospital-adapted CC17 vancomycin-resistant  Enterococcus faecium in a 

tertiary-care hospital of Beijing, China. Chin Med J (Engl) 124: 498-503.

78. Valdezate S, Miranda C, Navarro A, Freitas AR, Cabrera JJ, et al. (2012) Clonal 

outbreak of ST17 multidrug-resistant  Enterococcus faecium harbouring an 

Inc18-like::Tn1546 plasmid in a haemo-oncology ward of a Spanish hospital. J 

Antimicrob chemother 67: 832-836.

79. Cha JO, Jung YH, Lee HR, Yoo JI, Lee YS (2012) Comparison of genetic 

epidemiology of vancomycin-resistant  Enterococcus faecium isolates from 

humans and poultry. J Med Microbiol 61: 1121-1128.

80. Paulsen IT, Banerjei L, Myers GS, Nelson KE, Seshadri R, et al. (2003) Role 

of mobile DNA in the evolution of vancomycin-resistant  Enterococcus faecium. 

Science 299: 2071-2074.

81. Hegstad K, Mikalsen T, Coque TM, Werner G, Sundsfjord A (2010) Mobile 

genetic elements and their contribution to the emergence of antimicrobial 

resistant  Enterococcus faecium and Enterococus faecium. Clin Microbiol Infect 

16: 541-554.

82. Carias LL, Rudin SD, Donskey CJ, Rice LB (1998) Genetic linkage and 

cotransfer of a novel, vanB-containing transposon (Tn5382) and a low-

affinity penicillin-binding protein 5 gene in a clinical vancomycin-resistant  
Enterococcus faecium isolate. J Bacteriol 180: 4426-4434.

83. Rice LB, Carias LL, Donskey CL, Rudin SD (1998) Transferable, plasmid-

mediated vanB-type glycopeptide resistance in  Enterococcus faecium. 

Antimicrob Agents Chemother 142: 963-964.

84. Zheng B, Tomita H, Inoue T, Ike Y (2009) Isolation of VanB-type  Enterococcus 

faecium strains from nosocomial infections: first report of the isolation and 
identification of the pheromone-responsive plasmids pMG2200, Encoding 
VanB-type vancomycin resistance and a Bac41-type bacteriocin, and pMG2201, 

encoding erythromycin resistance and cytolysin (Hly/Bac). Antimicrob Agents 

Chemother 53: 735-747.

85. Sivertsen A, Lundblad EW, Wisell KT et al. The widespread VRE outbreak in 

Swedish hospitals 2007-2009 was associated with clonal E. faecium CC17 

genogroup strains harbouring several virulence traits and transferable vanB 

pRUM-like repA plasmids. Final Programme of the 21st ECCMID, Milano, May 

7-10, 2011 2011; Poster P924: 113.

86. Bjorkeng E, Rasmussen G, Sundsfjord A, Sjöberg L, Hegstad K, et al. (2011) 

Clustering of polyclonal VanB-type vancomycin-resistant Enterococcus faecium 

in a low-endemic area was associated with CC17-genogroup strains harbouring 

transferable vanB2-Tn5382 and pRUM-like repA containing plasmids with axe-

txe plasmid addiction systems.. APMIS 119: 247-258.

87. Poole TL, Hume ME, Campbell LD, Scott HM, Alali WQ, et al. (2005) 

Vancomycin-resistant  Enterococcus faecium strains isolated from community 

wastewater from a semiclosed agri-food system in Texas. AntimicrobAgents 

Chemother 49: 4382-4385.

88. Hershberger E, Oprea SF, Donabedian SM, Perri M, Bozigar P, et al. (2005) 

Epidemiology of antimicrobial resistance in enterococci of animal origin. J 

Antimicrob Chemother 55: 127-130.

89. Werner G, Serr A, Schütt S, Schneider C, Klare I, et al. (2011) Comparison of 

direct cultivation on a selective solid medium, polymerase chain reaction from 

an enrichment broth, and the BD GeneOhm™ VanR Assay for identification 
of vancomycin-resistant enterococci in screening specimens. Diagn Microbiol 

Infect Dis 70: 512-521.

90. Klare I, Fleige C, Geringer U, Witte W, Werner G (2012) Performance of three 

chromogenic VRE screening agars, two Etest(®) vancomycin protocols, and 

different microdilution methods in detecting vanB genotype Enterococcus 

faecium with varying vancomycin MICs. Diagn Microbiol Infect Dis 74: 171-176.

91. Johnson PD, Ballard SA, Grabsch EA, Stinear TP, Seemann T, et al. (2010) 

A sustained hospital outbreak of vancomycin-resistant  Enterococcus faecium 

bacteremia due to emergence of vanB E. faecium sequence type 203. 

JInfectDis 2010; 202: 1278-1286.

92. Soderblom T, Aspevall O, Erntell M, Hedin G, Heimer D et al. (2010) Alarming 

spread of vancomycin resistant enterococci in Sweden since 2007. Euro 

Surveill 15: pii: 19620.

93. Bourdon N, Fines-Guyon M, Thiolet JM, Maugat S, Coignard B (2011) Changing 

trends in vancomycin-resistant enterococci in French hospitals, 2001-08. J 

Antimicrob Chemother 66: 713-721.

94. Christiansen KJ, Tibbett PA, Beresford W, Pearman JW, Lee RC, et al. (2004) 
Eradication of a large outbreak of a single strain of vanB vancomycin-resistant  
Enterococcus faecium at a major Australian teaching hospital. Infect Control 
Hosp Epidemiol 25: 384-390.

95. Werner G, Klare I, Witte W (1997) Arrangement of the vanA gene cluster in 
enterococci of different ecological origin. FEMS Microbiol Lett 155: 55-61.

http://www.ncbi.nlm.nih.gov/pubmed/21227995
http://www.ncbi.nlm.nih.gov/pubmed/18511120
http://www.ncbi.nlm.nih.gov/pubmed/17116680
http://www.ncbi.nlm.nih.gov/pubmed/18180362
http://www.ncbi.nlm.nih.gov/pubmed/19329507
http://www.ncbi.nlm.nih.gov/pubmed/20951641
http://www.ncbi.nlm.nih.gov/pubmed/21131318
http://www.ncbi.nlm.nih.gov/pubmed/9650938
http://www.ncbi.nlm.nih.gov/pubmed/10049255
http://www.ncbi.nlm.nih.gov/pubmed/15131146
http://www.ncbi.nlm.nih.gov/pubmed/16922630
http://www.ncbi.nlm.nih.gov/pubmed/17006816
http://www.ncbi.nlm.nih.gov/pubmed/9466754
http://www.ncbi.nlm.nih.gov/pubmed/17010464
http://www.ncbi.nlm.nih.gov/pubmed/20519356
http://www.ncbi.nlm.nih.gov/pubmed/21128837
http://www.ncbi.nlm.nih.gov/pubmed/21362270
http://www.ncbi.nlm.nih.gov/pubmed/22228676
http://www.ncbi.nlm.nih.gov/pubmed/22228676
http://www.ncbi.nlm.nih.gov/pubmed/22538996
http://www.ncbi.nlm.nih.gov/pubmed/12663927
http://www.ncbi.nlm.nih.gov/pubmed/20569265
http://www.ncbi.nlm.nih.gov/pubmed/9721279
http://www.ncbi.nlm.nih.gov/pubmed/9559822
http://www.ncbi.nlm.nih.gov/pubmed/19029325
http://www.ncbi.nlm.nih.gov/pubmed/21492224
http://www.ncbi.nlm.nih.gov/pubmed/16189128
http://www.ncbi.nlm.nih.gov/pubmed/15574473
http://www.ncbi.nlm.nih.gov/pubmed/21767707
http://www.ncbi.nlm.nih.gov/pubmed/22901792
http://www.ncbi.nlm.nih.gov/pubmed/20812846
http://www.ncbi.nlm.nih.gov/pubmed/20667301
http://www.ncbi.nlm.nih.gov/pubmed/21393182
http://www.ncbi.nlm.nih.gov/pubmed/15188843
http://www.ncbi.nlm.nih.gov/pubmed/9345764


Citation: Werner G (2013) Molecular Typing of Enterococci/VRE. J Bacteriol Parasitol S5-001. doi:10.4172/2155-9597.S5-001

Page 8 of 8

J Bacteriol Parasitol                                                  ISSN:2155-9597 JBP an open access journal Diagnostic Methods of Microbial Pathogens

96. Werner G, Klare I, Fleige C, Witte W (2007) Increasing rates of vancomycin 
resistance among  Enterococcus faecium isolated from German hospitals 
between 2004 and 2006 are due to wide clonal dissemination of vancomycin-
resistant enterococci and horizontal spread of vanA clusters. International 
Journal of Medical Microbiology 298: 515-527.

97. Lester CH, Frimodt-Moller N, Sorensen TL, Monnet DL, Hammerum AM. (2006) 
In vivo transfer of the vanA resistance gene from an  Enterococcus faecium 

isolate of animal origin to an E. faecium isolate of human origin in the intestines 

of human volunteers. Antimicrobial Agents and Chemotherapy 50: 596-599.

98. Lester CH, Hammerum AM (2010) Transfer of vanA from an  Enterococcus 

faecium isolate of chicken origin to a CC17 E. faecium isolate in the intestine of 

cephalosporin-treated mice. J Antimicrob Chemother 65: 1534-1536.

99. Moubareck C, Bourgeois N, Courvalin P, Doucet-Populaire F (2003) Multiple 

antibiotic resistance gene transfer from animal to human enterococci in the 

digestive tract of gnotobiotic mice. Antimicrob Agents Chemother 47: 2993-

2996.

100.  Dahl KH, Mater DD, Flores MJ, Johnsen PJ, Midtvedt T, et al. (2007) Transfer 

of plasmid and chromosomal glycopeptide resistance determinants occurs 

more readily in the digestive tract of mice than In vitro and exconjugants can 

persist stably in vivo in the absence of glycopeptide selection. J Antimicrob 

Chemother 59: 478-486.

101. Sletvold H, Johnsen PJ, Wikmark OG, Simonsen GS, Sundsfjord A, et al. 

(2010) Tn1546 is part of a larger plasmid-encoded genetic unit horizontally 

disseminated among clonal  Enterococcus faecium lineages. J Antimicrob 

Chemother 65: 1894-1906.

102. Jensen LB, Garcia-Migura L, Valenzuela AJ, Løhr M, Hasman H, et al. (2009) 

A classification system for plasmids from enterococci and other Gram-positive 
bacteria. JMicrobiolMethods 80: 25-43.

103. Weaver KE, Kwong SM, Firth N, Francia MV (2009) The RepA_N replicons of 

Gram-positive bacteria: a family of broadly distributed but narrow host range 

plasmids. Plasmid 61: 94-109.

104. Rosvoll TC, Pedersen T, Sletvold H, Johnsen PJ, Sollid JE, et al. (2009) 

PCR-based plasmid typing in  Enterococcus faecium strains reveals widely 

distributed pRE25-, pRUM-, pIP501- and pHTbeta-related replicons associated 

with glycopeptide resistance and stabilizing toxin-antitoxin systems. FEMS 

Immunol Med Microbiol 58: 254-268.

105. Freitas AR, Francia MV, Peixe L et al. (2008) Plasmid characterisation of 

vancomycin-resistant  Enterococcus faecium strains from different continents 

(1986-2007). 18th ECCMID conference Barcelona P2111.

106. Freitas AR, Tedim AP, Novais C, Ruiz-Garbajosa P, Werner G, et al. ( 2010) 

Global spread of colonization-virulence hyl
Efm

 gene in megaplasmids of CC17  

Enterococcus faecium polyclonal sub-cluster. AntimicrobAgents Chemother 

54: 2660-2665.

107. Freitas AR, Tedim-Pedrosa A, Novais C et al. (2009) Diversity of hyl plasmids 

among international CC17  Enterococcus faecium strains (1992-2009). 

ESCMID Conference on Enterococci: from Animals to Man, Conference 

Proceedings 34-34.

108. Garcia-Migura L, Hasman H, Svendsen C, Jensen LB, et al. (2008) Relevance 

of hot spots in the evolution and transmission of Tn1546 in glycopeptide-

resistant  Enterococcus faecium (GREF) from broiler origin. Journal of 

Antimicrobial Chemotherapy 62: 681-687.

109. Sorum M, Johnsen PJ, Aasnes B, Rosvoll T, Kruse H, et al. (2006) Prevalence, 
persistence, and molecular characterization of glycopeptide-resistant 
enterococci in Norwegian poultry and poultry farmers 3 to 8 years after the 
ban on avoparcin. Applied and Environmental Microbiology 72: 516-521.

110. Koser CU, Ellington MJ, Cartwright EJ, Gillespie SH, Brown NM, et al. (2012) 
Routine use of microbial whole genome sequencing in diagnostic and public 
health microbiology. PLoS pathogens 8: e1002824.

111. Didelot X, Bowden R, Wilson DJ, Peto TE, Crook DW (2012) Transforming 
clinical microbiology with bacterial genome sequencing. Nature reviews 
Genetics 13: 601-612.

112. Snitkin ES, Zelazny AM, Thomas PJ, Stock F; NISC Comparative Sequencing 
Program Group, et al. (2012) Tracking a Hospital Outbreak of Carbapenem-
Resistant Klebsiella pneumoniae with Whole-Genome Sequencing. Science 
translational medicine 4: 148ra116.

113. Lam MM, Seemann T, Bulach DM, Gladman SL, Chen H, et al. (2012) 
Comparative analysis of the first complete  Enterococcus faecium genome. J 
bacteriol 194: 2334-2341.

114. Bourgogne A, Garsin DA, Qin X, Singh KV, Sillanpaa J, et al. (2008) Large 
scale variation in  Enterococcus faecium illustrated by the genome analysis of 
strain OG1RF. Genome Biol 9: R110.

115. Brede DA, Snipen LG, Ussery DW, Nederbragt AJ, Nes IF (2011) Complete 
Genome Sequence of the Commensal  Enterococcus faecium 62, Isolated 
from a Healthy Norwegian Infant. J Bacteriol 193: 2377-2378.

116. Qin X, Galloway-Pena JR, Sillanpaa J, Roh JH, Nallapareddy SR, et al. 
(2012) Complete genome sequence of  Enterococcus faecium strain TX16 
and comparative genomic analysis of  Enterococcus faecium genomes. BMC 
Microbiol 12: 135.

117. Palmer KL, Carniol K, Manson JM, Heiman D, Shea T, et al. (2010) High-

quality draft genome sequences of 28 Enterococcus sp. isolates. J Bacteriol 

192: 2469-2470.

118. Palmer KL, Godfrey P, Griggs A, Kos VN, Zucker J, et al. (2012) Comparative 

genomics of enterococci: variation in  Enterococcus faecium, clade structure in 

E. faecium, and defining characteristics of E. gallinarum and E. casseliflavus. 
M Bio 3: e00318-00311.

119. Grad YH, Lipsitch M, Feldgarden M, Arachchi HM, Cerqueira GC, et al. (2012) 

Genomic epidemiology of the Escherichia coli O104:H4 outbreaks in Europe, 

2011. Proc Natl Acad Sci U S A 109: 3065-3070.

120. Koser CU, Holden MT, Ellington MJ,Cartwright EJ, Brown NM, et al. ( 2012) 

Rapid whole-genome sequencing for investigation of a neonatal MRSA 

outbreak. N Engl J Med 366: 2267-2275.

121. Nübel U, Nachtnebel M, Falkenhorst G, Benzler J, Hecht J, et al. (2013) MRSA 

transmission on a neonatal intensive care unit: epidemiological and genome-

based phylogenetic analyses. PLoS One 8: e54898.

This article was originally published in a special issue, Diagnostic Methods 

of Microbial Pathogens handled by Editor(s). Stefan Borgmann, Hospital of 

Ingolstadt, Germany

http://www.ncbi.nlm.nih.gov/pubmed/17977789
http://www.ncbi.nlm.nih.gov/pubmed/16436715
http://www.ncbi.nlm.nih.gov/pubmed/20488981
http://www.ncbi.nlm.nih.gov/pubmed/12937011
http://www.ncbi.nlm.nih.gov/pubmed/17283034
http://www.ncbi.nlm.nih.gov/pubmed/20558469
http://www.ncbi.nlm.nih.gov/pubmed/19879906
http://www.ncbi.nlm.nih.gov/pubmed/19100285
http://www.ncbi.nlm.nih.gov/pubmed/20015231
http://www.ncbi.nlm.nih.gov/pubmed/20385861
http://www.ncbi.nlm.nih.gov/pubmed/18583326
http://www.ncbi.nlm.nih.gov/pubmed/16391086
http://www.ncbi.nlm.nih.gov/pubmed/22876174
http://www.ncbi.nlm.nih.gov/pubmed/22868263
http://www.ncbi.nlm.nih.gov/pubmed/22914622
http://www.ncbi.nlm.nih.gov/pubmed/22366422
http://www.ncbi.nlm.nih.gov/pubmed/18611278
http://www.ncbi.nlm.nih.gov/pubmed/21398545
http://www.ncbi.nlm.nih.gov/pubmed/22769602
http://www.ncbi.nlm.nih.gov/pubmed/20207762
http://www.ncbi.nlm.nih.gov/pubmed/22354958
http://www.ncbi.nlm.nih.gov/pubmed/22315421
http://www.ncbi.nlm.nih.gov/pubmed/22693998
http://www.ncbi.nlm.nih.gov/pubmed/20865122

	Title
	Corresponding author
	Abstract
	Introduction
	Serotyping
	Ribotyping
	PCR-based typing/rep-PCR typing

	Macrorestriction Analysis in Pulsed-Field GelElectrophoresis (PFGE)
	Amplified Fragment Length Polymorphism (AFLP)
	Multiple Locus Variable Number of Tandem RepeatAnalysis (MLVA)
	Multi-Locus Sequence Typing (MLST)
	Vancomycin Resistance Gene Cluster Typing
	Plasmid Typing
	Whole Genome Sequencing/Next Generation sequencing(WGS/NGS)
	Conclusion/outlook
	Figure 1
	Table 1
	References

