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Since their first description in 1988, glycopeptide-resistant enterococci (GRE) have emerged
as a significant cause of nosocomial infections and colonisations, particularly in Europe and
the USA. Two major genetically distinct forms of acquired resistance, designated VanA and
VanB, are recognised, although intrinsic resistance occurs in some enterococcal species
(VanC) and a third form of acquired resistance (VanD) has been reported recently. The
biochemical basis of each resistance mechanism is similar; the resistant enterococci produce
modified peptidoglycan precursors that show decreased binding affinity for glycopeptide
antibiotics. Although VanA resistance is detected readily in the clinical laboratory, the
variable levels of vancomycin resistance associated with the other phenotypes makes
detection less reliable. Under-reporting of VanB resistance as a result of a lower detection
rate may account, in part, for the difference in the numbers of enterococci displaying VanA
and VanB resistance referred to the PHLS Laboratory of Hospital Infection. Since 1987,
GRE have been referred from >1100 patients in almost 100 hospitals, but 88% of these
isolates displayed the VanA phenotype. It is possible that, in addition to the problems of
detection, there may be a real difference in the prevalence of VanA and VanB resistance
reflecting different epidemiologies. Our present understanding of the genetic and
biochemical basis of these acquired forms of glycopeptide resistance has been gained
mainly in the last 5 years. However, these relatively new enterococcal resistances appear still
to be evolving; there have now been reports of transferable VanB resistance associated with
either large chromosomally borne transposons or plasmids, genetic linkage of glycopeptide
resistance and genes conferring high-level resistance to aminoglycoside antibiotics, epidemic
strains of glycopeptide-resistant Enterococcus faecium isolated from multiple patients in
numerous hospitals, and of glycopeptide dependence (mutant enterococci that actually
require these agents for growth). The gene clusters responsible for VanA and VanB resistance
are located on transposable elements, and both transposition and plasmid transfer have
resulted in the dissemination of these resistance genes into diverse strains of several species
of enterococci. Despite extensive research, knowledge of the origins of these resistances
remains poor. There is little homology between the resistance genes and DNA from either
intrinsically resistant gram-positive genera or from the soil bacteria that produce
glycopeptides, which argues against direct transfer to enterococci from these sources.
However, recent data suggest a more distant, evolutionary relationship with genes found in
glycopeptide-producing bacteria. In Europe, VanA resistance occurs in enterococci isolated
in the community, from sewage, animal faeces and raw meat. This reservoir suggests that
VanA may not have evolved in hospitals, and its existence has been attributed,
controversially, to use of the glycopeptide avoparcin as a growth promoter, especially in
pigs and poultry. However, as avoparcin has never been licensed for use in the USA and, to
date, VanB resistance has not been confirmed in non-human enterococci, it is clear that the
epidemiology of acquired glycopeptide resistance in enterococci is complex, with many
factors contributing to its evolution and global dissemination.
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Introduction

On 2 Jan. 1988, The Lancet published a letter entitled
“Vancomycin-resistant enterococci’ written by Anne
Uttley from Dulwich PHL in collaboration with Robert
George and colleagues then working in the Antibiotic
Reference Unit at the Central Public Health Laboratory
[1]. This was the first published report of enterococci
resistant to high-levels of the glycopeptide antibiotics,
vancomycin and teicoplanin. Enterococci showing
similar resistance had been reported at the 1987
Interscience Conference on Antimicrobial Agents and
Chemotherapy (ICAAC) [2] and this work was
published on 21 July 1988 in the New England Journal
of Medicine by Roland Leclercq, Patrice Courvalin and
colleagues from Paris [3]. These two publications
heralded the arrival in clinical microbiology of
vancomycin-resistant enterococci (VRE), although it is
more appropriate to refer to these bacteria as glycopep-
tide-resistant enterococci (GRE); the latter acronym will
be used here. Recognition of GRE made clinicians and
microbiologists aware that glycopeptides could no
longer be relied upon to provide a last line of defence
against serious infections caused by gram-positive
bacteria. Since then, the lack of reliable therapeutic
alternatives for serious gram-positive disease has
remained a major driving force for the academic and
clinical research that has been undertaken into glyco-
peptide resistance. In the last decade, understanding of
glycopeptide resistance has increased greatly, but the
clinical importance of GRE for hospital patients has
been and will, no doubt, continue to be debated. Cynics
argue that relatively few clinical isolates of GRE (in
comparison with, e.g., isolates of methicillin-resistant
Staphylococcus  aureus, MRSA) have given many
researchers a steady supply of publications. However,
for others, GRE are a serious concern, especially when
they cause life-threatening disease, such as endocardi-
tis; indeed, multiple antibiotic resistance means that
some GRE strains are ‘untreatable’ with almost all
currently licensed agents. Hence, a detailed under-
standing of their epidemiology and ability to dissemi-
nate resistance, not only to other enterococci but also to
other genera, may allow development of rational

infection control policies. This review aims to provide
an overview of knowledge of GRE and to highlight
areas of current and future research.

Classes of glycopeptide resistance

Four phenotypic classes of GRE are currently
recognised (Table 1) [4-11]. The first isolates of
GRE were from hospital patients in 1986 and were
highly resistant to vancomycin (MIC = 256 mg/L)
and cross-resistant to teicoplanin (MIC = 128 mg/L).
These isolates exhibited what is now known as the
VanA resistance phenotype and, while most VanA
enterococci continue to display high-level vancomycin
resistance, the levels of resistance displayed to
teicoplanin are now more varied, with many isolates
showing lower levels of resistance (MIC 8-32 mg/L).
Most VanA enterococci are isolates of Enterococcus
Jaecium, but this phenotype occurs also in E. faecalis
and occasionally in E. avium, E. casseliflavus, E.
durans, E. gallinarum and E. raffinosus [12]. This
form of resistance is transferable, in association with
plasmids and transposons (Table 1), so its recognition
in species other than those named would not be
surprising. Indeed, transfer of VanA resistance to non-
enterococcal bacterial species, including S. aureus, has
been demonstrated in vitro [13, 14], and VanA
resistance has also been documented in occasional
clinical isolates of other genera [15, 16].

A second class of resistance was reported at the 1987
ICAAC meeting [17] and again in 1989 [18, 19]. It
was associated with low levels of vancomycin
resistance (MICs of 16—64 mg/L), but sensitivity to
teicoplanin (MIC < 4 mg/L). This VanB phenotype is
found predominantly in E. faecalis and E. faecium,
but has also been observed in rare isolates of other
enterococcal species, including E. casseliflavus (per-
sonal unpublished observation). It is now recognised
that the MICs of vancomycin for enterococci express-
ing VanB resistance vary among isolates (usual range
8-1024 mg/L), but teicoplanin sensitivity remains
typical for almost all enterococci with this phenotype

Table 1. Phenotypic classes of glycopeptide resistance in enterococci

Characteristic VanA VanB VanC VanD*
Type of resistance Acquired Acquired Intrinsic Acquired
Vancomycin MIC = 64 mg/L = 8 mg/L 8-32mg/L 64 mg/L
Teicoplanin MICt = 8 mg/L <4mg/L <4mg/L 4mg/L
Expression* Inducible Inducible Constitutive Constitutive
Location of resistance genes Plasmids or chromosome Chromosome or plasmids Chromosome ?
Transferable plasmids Yes Yes No No
Transposons§ Yes (Tnl546) Yes (Tni547) No ?

Terminal residues of peptidoglycan D-ala-D-lac D-ala-D-lac D-ala-D-ser D-ala-D-lac
precursors!

*Characteristics of the single VanD strain of E. faecium described to date [4].

fRare VanA isolates may be teicoplanin sensitive [5] and constitutive VanB mutants [6, 7] are teicoplanin resistant.
'*T'Constitutive expression of VanA [8] and VanB [6, 7] and inducible expression of VanC [9] have been reported.
§Only the designations of the prototype VanA [10] and VanB [11] resistance transposons are given.

I'Precursors of GRE terminate in D-alanyl-D-lactate or D-alanyl-D-serine.



[6, 20]. As with VanA resistance, the VanB phenotype
is a transferable trait (Table 1) and is, to date, the only
form of glycopeptide resistance confirmed in a clinical
isolate of the genus Strepfococcus (an isolate of S.
bovis [21]).

Whereas VanA and VanB resistance are both acquired
traits, the third enterococcal glycopeptide resistance
phenotype, VanC, is an intrinsic property of F.
gallinarum and E. casseliflavus. Isolates of these two
species typically display low-level resistance to
vancomycin (MICs of 8-32 mg/L), but are sensitive
to teicoplanin in viro (MICs of <4 mg/L) [22].
Recently, a fourth phenotype, VanD, has been
described in a single strain of E. faecium [4]. It is
distinguishable from the VanB phenotype most readily
by determination of genotype (see below), although
studies of the growth characteristics of the isolate in
the presence and absence of glycopeptides to deter-
mine the form of resistance expression may also be
appropriate (Table 1).

Detecting glycopeptide resistance in enterococci

The ability of the clinical laboratory to detect a strain
of GRE accurately is an obvious requirement for all
subsequent studies. However, this fundamental step
remains problematic in many instances. Most labora-
tories test vancomycin primarily, but even isolates of
the same resistance phenotype may display varying
levels of vancomycin resistance (Table 1). Enterococci
with the VanA phenotype are usually detected reliably
[23, 24], but diffusion-based susceptibility tests (such
as disks or Etests) and automated, rapid-turnaround

Vancomycin-resistant enterococcus (MIC = 8 mg/L)

l
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systems have been shown repeatedly to give poorer
rates of detection of the lower levels of vancomycin
resistance associated with the other phenotypes {23—
26]. The use of 5-ug vancomycin disks in the UK gives
increased reliability when detecting low levels of
resistance, as compared with the use of 30-ug disks
[23, 27]. A breakpoint method is probably the most
reliable means of detecting all levels of vancomycin
resistance, and a screening plate of brain heart infusion
agar containing vancomycin 6 mg/L has been recom-
mended in the USA by the National Committee for
Clinical Laboratory Standards (NCCLS) since 1993
[28]. This screening method was used as a supplemen-
tary test by 11 of 32 laboratories in California, but was
not used as the primary method in any [26].
Furthermore, in these 11 laboratories the method
classified correctly five GRE strains (VanA, VanB and
VanC phenotypes) and one glycopeptide-sensitive strain
included in the same distribution.

More accurate detection and reporting of the various
forms of glycopeptide resistance should be a goal for
all laboratories, as it is a prerequisite for controlling
the spread of resistance [26]. Hence, once vancomycin
resistance is confirmed in an isolate, the laboratory
should also be able to report confidently its glycopep-
tide resistance phenotype. A general scheme that may
be used to assign these phenotypes is presented in Fig.
1. The ability to detect teicoplanin resistance (which
may be difficult with diffusion-based methods if the
isolate is not highly resistant) and to speciate the
isolate accurately are sufficient to allow clinical
laboratories to assign a phenotype with a high degree
of confidence. However, isolates have been described
that provide exceptions and examples of these are

: . p Yes VanA phenotype
Cross-resistant to teicoplanin (MIC = 8 mg/L) ? —eee il yp PCR to exclude rare ¢ ive-e sic
p ( mg/L) (probable vanA genotype) [——— CR to exclude rare constitutive-expression

Optional

mutants of the vanB gene cluster

lNo

Speciate the isolate carefully

l

E. gallinarum or E. casseliflavus ? Yeg

VanC phenotype

EE—— (vanC-1 or vanC-2 genotype)

Optional
P PCR to identify rare isolates that
also carry the vanB gene cluster

1No

VanB phenotype Optional

({probable vanB genotype)

PCR to distinguish from VanD
and to detect unusual
expression of vanA gene cluster

Fig. 1. Scheme for assigning a glycopeptide resistance phenotype to a vancomycin-resistant enterococcus.
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indicated (footnotes to Table 1; Fig. 1). Therefore,
although still beyond the requirements of many
laboratories at present, determination of the genotype
of the isolate defines the type of GRE by detecting the
vanA, vanB, vanC-1, vanC-2 or vanD genes (Table 2
[4, 29-34], see below). These genotypic assays are
currently most cost-effective when performed in
reference laboratories, in which they can be targeted
at isolates that show anomalous patterns of resistance.
Such assays have become possible following detailed
characterisation of the genetic and biochemical basis
of the various resistance phenotypes.

Biochemical and genetic basis of resistance
Altered D-ala-D-ala ligases

Although GRE may be divided into four phenotypic
classes, the biochemical basis of resistance in each
class is fundamentally similar. Vancomycin and teico-
planin inhibit cell-wall synthesis in gram-positive
bacteria by binding to the D-alanyl-D-alanine (D-ala-
D-ala) groups at the termini of peptidoglycan pre-
cursors, with subsequent steric inhibition of the
transpeptidation and transglycosylation reactions re-
quired to incorporate these precursors into growing
peptidoglycan chains [27]. CRE produce modified
peptidoglycan precursors with altered terminal groups
that have decreased affinity (up to 1000-fold) either for
vancomycin alone, or for both vancomycin and
teicoplanin. In the acquired VanA, VanB and VanD
phenotypes, the precursors terminate in the depsipep-
tide D-alanyl-D-lactate (D-ala-D-lac) [4, 35-38], while a
modified dipeptide, D-alanyl-D-serine (D-ala-D-ser), is
present in the VanC phenotype [39] (Table 1).

All GRE have genes whose products have homology
with bacterial D-ala-D-ala ligases, i.e., the enzymes
that produce the dipeptide target of glycopeptide
antibiotics. The products of these genes are ligases
with altered specificities and produce either the D-ala-

D-lac depsipeptide or the D-ala-D-ser dipeptide [4, 40—
44]. These ligase-encoding genes are specific for the
four different phenotypes and have similar designa-
tions. Thus, the vand gene encodes the ligase
associated with the VanA phenotype, and the ligases
of the VanB, VanC and VanD phenotypes are encoded
by the genes vanB, vanC-1 (in E. gallinarum), vanC-2
(in E. casseliflavus) and vanD, respectively. PCR can
be used to distinguish these genotypes. Many such
assays have been described, but for simplicity, the
reader is referred to the two multiplex assays with
which the author has most experience (Table 2; assays
I and III) [29-34], together with an assay for the
newly described vanD gene (Table 2; assay II) [4].

Location of the ligase genes

The genetic bases of the VanA and VanB resistance
phenotypes have been characterised most fully. In both
cases, the ligase-encoding vand and vanB genes form
part of complex gene clusters. In the prototype VanA
and VanB strains, these gene clusters are located on
large transposable elements (Fig. 2); Tni546 (vanA
gene cluster) is a 10.8-kb Tn3-related transposon [10],
while Tn/547 (vanB gene cluster) is a 64-kb composite
transposon flanked by IS256-like and IS/6 elements
[11]. It is generally assumed that the dissemination of
VanA and VanB glycopeptide resistance to diverse
strains of various enterococcal species has been made
possible by the existence of these transposable
elements and also by their frequent association with
transmissible plasmids. VanA resistance appears usual-
ly to be plasmid-mediated [3, 45], although chromoso-
mally located vanAd genes have been reported [46];
resistance is often transferable from both locations.
Although originally thought to be non-transferable [18,
19], the genes associated with VanB resistance can also
be transferred in association with large chromosomally
borne transposons [6, 11, 47] or, less frequently, with
self-transmissible plasmids [29, 30]. The intrinsic
vanC-1 and vanC-2 genes of E. gallinarum and E.

Table 2. Primers suitable for determining the van genotype and species of GRE

Assay (reference) Gene

PCR primers (5'-3")*

Product size (bp)

I [29-31] vanA

F-ATGGCAAGTCAGGTGAAGATGG 399

R-TCCACCTCGCCAACAACTAACG
vanB F-TCTGTTTGAATTGTCTGGTAT 589
R-GACCTCGTTTAGAACGATG

11 [4] vanD

F-TAAGGCGCTTGCATATACCG 461

R-TGCAGCCAAGTATCCGGTAA

111 [32-34]t vanC-1 (E. gallinarum)

F-GGTATCAAGGAAACCTC 822

R-CTTCCGCCATCATAGCT

vanC-2 (E. casseliflavus)

F-CTCCTACGATTCTCTTG 439

R-CGAGCAAGACCTTTAAG

ddlEfaecalisi

F-ATCAAGTACAGTTAGTCTT 941

R-ACGATTCAAAGCTAACTG

dd[Efaecium t

F-GCAAGGCTTCTTAGAGA 550

R-CATCGTGTAAGCTAACTTC

*F and R indicate forward and reverse primers, respectively.

iPrimer pairs in this assay may be used to assign the isolate to one of the four indicated species.
*The genes ddlg puecaiis and ddlg grecium encode the native D-ala-D-ala ligases of E. faecalis and E. faecium, respectively.
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Fig. 2. Structure of (a) VanA transposon Tn/546 and (b) VanB transposon Tn/547. The various shades indicate genes

with similar functions between the two elements.

casseliflavus are located on the chromosome and are
not transferable. The location of the vanD ligase gene
has not been reported yet [4] although, by analogy with
VanA and VanB resistance, VanD enterococci with
plasmid-mediated and chromosomal genes would be
anticipated.

A requirement for multiple gene products

In contrast to mechanisms that confer resistance to
most other classes of antimicrobials, glycopeptide
resistance does not depend solely on the product of
one gene. Although the ligase-encoding genes are
necessary to produce the altered peptidoglycan pre-
cursors, they are not sufficient to confer phenotypic
glycopeptide resistance upon a cell. Expression of
resistance depends on the presence of two further
essential genes, designated vanH and vanX (in VanA
strains) or vanHp and vanXp (in VanB strains). The
vanH /vanHg genes encode enzymes that convert
pyruvate to D-lactate [48-50] and so make this
molecule available to the vanAd- and vanB-encoded
ligases. As VanA and VanB are acquired resistances,
the pathway for producing glycopeptide-resistant pep-
tidoglycan precursors is additional to the native
chromosomally encoded, glycopeptide-sensitive path.
This chromosomal pathway appears not to be switched
off when resistance is expressed, and so sensitive
precursors terminating in D-ala-D-ala are still produced.
The products of the vanX/vanXp genes are dipeptidases
and are essential for cleaving the D-ala-D-ala dipeptide
to prevent its incorporation into precursors [50, 51].

In addition to the vanHAX genes, the VanA transposon
Tni546 also has two other accessory, but non-essential
van genes located downstream of the essential region
(Fig. 2) [10, 27]; vanY encodes a penicillin-insensitive
carboxypeptidase [52, 53] and vanZ encodes an
uncharacterised product that confers low-level teico-
planin resistance [54]. The VanB element Tn/547 also
encodes a carboxypeptidase (the product of the van¥s
gene) and carries a gene (vanl) with no homologue
in the vand cluster; the product of vanW¥ has unknown

function [50]. However, on Tnl547, vanYz and vanW
are both located between the regulatory genes (sce
below) and the vanHzBXjp essential genes (Fig. 2)
[50]. The position of these two genes upstream of the
essential genes suggests that they may play a more
significant role in the expression of VanB resistance
than that played by varnY and vanZ in VanA resistance.

Regulation of resistance

One of the first observations made regarding VanA and
VanB enterococci was that their resistance was
inducible in the presence of glycopeptides [18, 55,
56]. Considering only those glycopeptides available for
clinical use, VanA resistance is induced by exposure to
vancomycin or teicoplanin, whereas VanB resistance is
induced only following exposure to vancomycin. It is
now understood that the two resistance gene clusters
both include genes that encode a two-component
regulatory system [50, 57].

The products of the vanS (in VanA strains) and vanSg
(in VanB strains) genes are transmembrane peptides that
sense environmental glycopeptides and autophos-
phorylate in response to their presence [50, 57].
Phosphoryl groups are rapidly transferred from the
sensors to the products of the vanR or vanRp genes and,
in their phosphorylated forms (phospho-VanR or
phospho-VanRp), these proteins bind to specific pro-
moter sites within the vand [58] and vanB [50] gene
clusters. Transcription of the essential resistance genes
then occurs [27]. In the absence of a glycopeptide
stimulus, VanS dephosphorylates phospho-VanR and
thereby switches off expression of VanA resistance [59].
Absence of such a negative regulator should therefore
not affect expression of resistance adversely and indeed,
insertional inactivation of vanS has confirmed that the
sensor protein is not essential for a VanA phenotype
[57], although resistance is expressed constitutively in
such mutants, rather than inducibly [59]. Conversely, the
VanR protein is essential, as inactivation of the
corresponding gene restores glycopeptide sensitivity
[57, 60]. VanSg may have a similar negative regulatory
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role for VanB resistance, but this has not been
investigated. In contrast to VanS, the VanSp protein
does not normally recognise environmental teicoplanin,
which explains the inability of this glycopeptide to
induce VanB resistance [50], although point mutations
have been identified in the N-terminal domain of the
VanSg protein that do permit induction of resistance by
teicoplanin [61].

Glycopeptide dependence

Variants of VanA or VanB enterococci have been
described that actually require glycopeptides for
growth. These have been isolated from clinical material
[62—67] and following exposure of GRE to glycopep-
tides in vitro [68, 69]. The presence of two pathways
for the synthesis of peptidoglycan precursors in GRE
led to the suggestion that dependent strains had
defective D-ala-D-ala ligases and were unable to
synthesise normal peptidoglycan. However, in the
presence of a glycopeptide, the alternative pathway
(D-ala-D-lac) is induced, allowing peptidoglycan synth-
esis and cell growth [27]. This hypothesis has been
confirmed for two isolates [61, 70]. The clinical
relevance of dependent strains has been debated and
they have been described as ‘superbugs’ [71]. However,
in the author’s opinion, they are defective GRE and
should cause no more concern than GRE, except that
they may not be detected by standard culture
techniques [63, 66, 67].

The epidemiology of GRE in hospitals

Although studies of the pathogenicity of enterococci
are not numerous [72, 73], with E. faecium rarely
included, GRE appear to be no more virulent than
glycopeptide-sensitive strains. Moreover, many patients
have been colonised, rather than infected. Furthermore,
the patients affected frequently have serious underlying
disecase, and so a poor outcome cannot always be
attributed directly to the presence of GRE.

The UK situation

In the UK, no central data are collected on the number
of cases of infection with GRE, although national
epidemiological data are compiled by the Public Health
Laboratory Service from isolates submitted voluntarily
by hospitals in England and Wales. From the first
report of such bacteria [1] to Aug. 1996, the PHLS
Laboratory of Hospital Infection had received GRE
with acquired resistance (either the VanA or VanB
phenotypes) isolated from >1100 individual patients in
93 UK hospitals, most (75%) of which were isolates of
E. faecium with the VanA resistance type [12].
Enterococci with the VanB phenotype accounted for
only 12.5% of referred isolates. The hospitals affected
by GRE ranged from large teaching hospitals to district
general hospitals and, although the majority referred

only sporadic isolates, outbreaks have been investigated
at 25 hospitals. The foci of these outbreaks were on
specialised units, such as the renal, haematological,
intensive care and liver units, but strains have also
spread to other units. Multi-resistant GRE have become
endemic in several hospitals.

Five epidemic vancomycin (glycopeptide)-resistant
strains of E. faecium (EVREM) have been defined
on the basis of (i) the macrorestriction digestion
patterns of their genomic DNA following separation
by pulsed-field gel electrophoresis (PFGE), and (ii) by
isolation from at least two patients in at least two
hospitals [74]. At present, the strain designated
EVREM-3 is causing greatest concern. It is usually
multi-resistant, with the VanA phenotype and addi-
tional high-level resistance to aminoglycosides, peni-
cillins and numerous other antibiotic classes. It can
spread rapidly within a unit and, up to Aug. 1996, had
been isolated at 16 hospitals, mostly in the London
area. The appearance of EVREM-3 in one hospital
outside London could be attributed to the transfer of
two patients from a London teaching hospital known
to have the strain [75]. The recognition of strains,
such as EVREM-3, lends weight to the suggestion that
some strains of enterococci (including GRE) ‘have
heightened capabilities to colonise, overgrow, invade
host tissues and persist compared with endogenous
enterococcal flora’ [72].

With the exception of the EVREM strains, analysis by
PFGE of the GRE isolated from patients at different
UK hospitals reveals marked heterogeneity. Sporadic
isolates tend to have unique banding patterns and,
although each hospital with a cluster of cases may have
a predominant strain, the predominant strains from
different hospitals are usually distinct. Given the
distribution of affected hospitals throughout the UK
[12], these data suggest that most GRE have emerged
independently at a number of different centres, rather
than simply spreading between centres. Furthermore,
the wide distribution of the VanA and VanB resistance
phenotypes, both of which have been associated with
outbreaks [30, 45, 76], argues that these two genetically
distinct, complex resistance mechanisms have arisen in
multiple strains in this country. Even though the
resistance genes may be transferable, the available data
based on the analysis of nosocomial GRE do not
provide an easy explanation for these observations and
suggest that the true epidemiology of GRE is complex
and includes stages outside of the hospital environ-
ment. It is this aspect of GRE that is receiving a great
deal of attention at present (see below).

A global perspective

Much of the experience gained with GRE in the UK is
similar to that reported from other countries. Enter-
ococci with the VanA and VanB resistance phenotypes
have been reported from many European countries and



from the USA [27, 77]). However, as with the UK, few
other countries have published national figures for
numbers of GRE infections. In a recent review of the
global impact of GRE [78], McDonald and Jarvis noted
that these bacteria were reported in an increasing
number of countries. During 1996, GRE had been
reported for the first time from Sweden and Australia,
while the first hospital outbreaks had occurred in
Germany, Italy and Canada. GRE have become a major
infection control problem in the USA, where ‘the
percentage of States with a National Nosocomial
Infections Surveillance system hospital reporting more
than one [GRE] increased from eight (27%) of 30 in
1989-1993 to 16 (44%) of 36 in 1994-1995°.
Furthermore, the percentage of nosocomial enterococci
resistant to vancomycin in surveillance system hospitals
increased from <0.5% in 1989 to just over 10% in
1995 [78]. As with the UK EVREM strains, instances
of inter-hospital spread of GRE have been reported in
the USA [79, 80].

An environmental reservoir of GRE

A possible explanation for the distribution of GRE
among diverse hospitals in the UK is that these bacteria
are endemic in the community and are selected when
people are exposed to the various pressures exerted in
the hospital environment. The first indication that VanA
GRE could be found outside of the hospital environ-
ment was published in 1993 by Bates et a/. [81] and
this aspect has become a major area of research.

Are we what we eat?

In several countries in Europe, VanA enterococci have
been isolated in the community and from sewage, the
faeces of farm animals, and raw meat for human
consumption purchased at retail outlets [82-92]. To
date, recovery from these sources has not been reported
in the USA [93], although a VanA enterococcus was
isolated from a sample of dry dog food [94]. Hence, in
Europe at least, these sources are a potential reservoir
of GRE that may pass to man and affect public health.
Once ingested, these strains may either colonise the
human gut, or they may pass transiently, during which
time their resistance genes may be passed to the
endogenous enterococcal flora.

Obviously it has not been possible to investigate the
ability of animal or environmental strains of GRE to
colonise man or to transfer resistance genes in vivo,
although there is evidence to suggest that this is a
likely scenario. In a Belgian study, Van der Auwera et
al. failed to isolate GRE from 22 healthy volunteers
before oral administration of glycopeptides, although
VanA enterococci (confirmed to contain Tnl546) were
isolated from 14 of these volunteers after exposure to
glycopeptide antibiotics [91]. This suggests that GRE
may be present in low numbers in the guts of non-
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hospitalised subjects, and that these reach detectable
frequencies following glycopeptide treatment. A sec-
ond observation consistent with the possibility that gut
carriage of GRE in man may follow exposure to an
environmental reservoir is provided by the isolation of
GRE from the stools of people who eat meat, but not
from those of strict vegetarians [95]. The isolation of
VanA enterococci from pet cats and dogs [90, 96]
probably indicates that these species are also subject
to colonisation by enterococci following ingestion of
contaminated food [94].

VanA resistance and the association with use of
avoparcin

The existence of this environmental reservoir suggests
that VanA resistance may not have evolved in hospitals
and, controversially, its evolution has been attributed to
the use of avoparcin [97, 98]. This glycopeptide has
been used in Europe since 1975 as a growth promoter
for meat production, especially in pigs and poultry
[87]. VanA enterococci are cross-resistant to avoparcin,
and the isolation of these bacteria from farm animals
has been correlated with farms that used this agent for
growth promotion purposes [84, 85, 99]. The potential
risk, rather than the proven hazard, posed to public
health by the continued use of avoparcin has resulted in
the withdrawal of this agent pending a thorough re-
evaluation of its use.

A reservoir of VanA resistance genes may continue to
exist in animal enterococci, despite the current
suspension of avoparcin use. Although this suspension
makes sense scientifically, and may decrease the direct
selective pressure for VanA resistance, the economic
pressures faced by the meat production industry will
ensure that alternative growth promoting agents will be
used in many countries. These alternatives will con-
tinue to select for GRE indirectly if the genes that
confer resistance to them are linked to glycopeptide
resistance genes. In this scenario, the latter genes will
persist in the population and the potential remains for
transmission to enterococci in man.

Avoparcin has never been licensed for use in the USA
[100], which suggests that the current problems with
GRE in that country may result from the clinical
(over)use of vancomycin; teicoplanin is not available
in the USA. However, the relative importance of the
clinical use of vancomycin and teicoplanin versus the
use of avoparcin for animal growth promotion as
factors promoting the evolution, selection and dis-
semination of glycopeptide resistance and GRE in
Europe requires further study.

Relatedness of nosocomial versus non-hospital
GRE

Molecular typing studies are necessary to determine
the relatedness of VanA GRE from human and non-
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human sources. Such studies will establish whether
exchange of strains occurs, whether some strains are
specific either to man or to animals, and whether the
strains found in food are also present in the
community and hospital patients. Some studies to
investigate this have already been undertaken. GRE
from different hospitals usually have distinct PFGE
patterns as, indeed, may GRE isolated from patients in
adjacent beds. Therefore, it is not particularly surpris-
ing that there is currently little conclusive evidence for
the occurrence of strains common to man and other
souces. Bates et al. [82] reported that the GRE
isolated from two hospital patients and a pig had
similar ribotypes, as did two isolates from the stool of
a community patient and from sewage. Klare et al.
[85] observed similar PFGE patterns in pairs of GRE
isolated from (i) minced meat and an outpatient stool,
and (ii) minced meat and a clinical specimen, while
van Belkum et al. found a particular genotype of GRE
in dogs, cats and a human carrier [96]. Recently,
identical isolates of GRE have been obtained from
turkeys and from the farmer [101], which suggests
that the unrelatedness noted between most isolates in
earlier studies may have been because of the lack of a
sufficiently close epidemiological relationship between
the isolates studied.

As only limited instances of similarity have been
noted between the strains of GRE isolated from
hospital patients and those isolated from other
sources, it seems likely that transfer of plasmids or
transposons between enterococci plays a significant
role in the dissemination of VanA resistance. Hence,
several groups are currently investigating the relation-
ships between genetic elements that confer VanA
resistance in enterococci isolated from man and other
sources.

Structure of VanA resistance elements

Detection of the vand gene in GRE from non-human
sources (see above) implies the presence of the
essential vanH and vanX genes and it has been
assumed that these genes are located on elements
comparable with Tn/546 [10]. In the study by Van den
Auwera et al. [91], 35 VanA enterococci were shown to
have gene arrangements indistinguishable from that of
the prototype VanA transposon. However, restriction
fragment length polymorphisms (RFLPs) occur in
VanA elements [102] and appear to result from a
variety of insertion sequences (IS elements) that have
been found at various positions within Tn/546-like
elements. Specifically, IS elements have been found at
the 5’ end of Tni546 (an IS12/6V/truncated-IS3
complex) [46, 103] (personal unpublished observa-
tions), in the intergenic regions between the orf2/vanR
(IS1542) [104], vanS/vanH (1S1251) [103, 105], and
vanX/vanY (IS1216V) [59] (personal unpublished
observations) genes, and within the reading frames of
vanY (1S1476) [106], orfl (IS3) (personal unpublished

observations) or orf2 (IS1216V) (personal unpublished
observations).

The author has recently described 24 groups of VanA
resistance elements in GRE from UK hospital patients
and other sources [104]. Six of these groups were
found in GRE from both man and other sources, 10
groups from hospital patients only, and eight groups
only from non-human sources. The groups were
defined by amplifying 10 overlapping fragments of
Tnl546-like elements with primers described by
Arthur et al. [10], and the differences between them
have been confirmed by long-PCR RFLP analysis
[107, 108]. Most of these VanA elements ranged in
size from 8 to >15 kb, but all have intact vanRSHAX
genes, indicating that all of the variation lies upstream
of vanR or downstream of vanX, ie., in areas not
essential for a VanA phenotype (personal unpublished
observations). Twenty-one VanA groups have upstream
alterations in the region associated with transposition
of Tnl546 (orfl and orf2) that may affect their ability
to disseminate resistance [104]. Nineteen groups have
downstream alterations [104], including seven groups
that lack vanY and one group that lacks both van¥ and
vanZ (personal unpublished observations). Although
these two genes are not essential for the expression of
VanA resistance (see above), the absence of vanY
from clinical isolates of VanA enterococci has not
been reported previously and only one strain has been
described that lacks vanZ [101].

Of particular interest was the observation that
elements indistinguishable from Tnl/546 were more
common in enterococci from non-human sources than
in strains from hospital patients. This may indicate
that VanA elements become more diverse when they
enter ‘human’ enterococci and are subjected to
hospital selection pressures. Indeed, variation from
Tni546 is even apparent among the VanA elements of
the ‘original’ GRE isolated from man in the late
1980s; some isolates from the hospital cluster reported
by Uttley et al. [1, 45] contain elements indistinguish-
able from Tn/546, but others contain Tnl546-like
elements that have alterations in orfI and IS elements
in the vanX—vanY intergenic region (personal unpub-
lished observations). Variation from Tn/546 was also
noted in some French isolates at the time Tn/546 was
characterised [10].

Recently, Jensen et al. identified a single base change
(from G to T) at position 8234 in the vanX gene of
some VanA enterococci [103]; this was the only
variation from the published sequence of Tnl546
observed when sequencing fragments of the vanR,
vand and vanX genes [103]. In isolates studied to
date, the presence of this mutation appears to
correlate with VanA elements defined as ‘group D’
by Woodford ef al. [104] and seems to be associated
with GRE isolated from pig faeces and some hospital
patients, but not with GRE from the faeces of other



animals [103, 104] (personal unpublished observa-
tions).

Investigations of the structure of VanA resistance
elements are providing tools for dissecting the fine
details of VanA epidemiology. The various groups
defined may be useful for evolutionary or snapshot
epidemiological studies of this resistance. However,
their value for long-term epidemiological studies will
be compromised if they prove to be highly unstable;
transposition of an IS element into, out of, or to a
different position within a VanA element would cause
the element to be assigned to a different group.
Isolates of a single epidemic strain of VanA E.
faecium (EVREM-3) may have VanA elements of
distinct groups [104], which suggests that VanA
elements may change more rapidly than more
frequently used molecular markers, such as the
distribution of Smal target sites (for PFGE) or rmn
operons (for ribotyping). Hence, the stability of the
groups requires evaluation.

Does VanB resistance occur outside hospitals?

Although GRE with VanB resistance are not always
detected readily (see above), there is a very marked
difference in the proportions of VanA (87.5%) and
VanB (12.5%) GRE referred from UK hospital patients
to the PHLS Laboratory of Hospital Infection since
1987 [12]. It is possible that, in addition to the
problems of detection, there may also be a real
difference in the prevalence of VanA and VanB
resistance that reflects different epidemiologies. Despite
numerous investigations of the occurrence of GRE in
the community and non-human sources, the presence of
VanB enterococci in sources outside of the hospital
environment remains to be proven; isolates reported to
date have had the VanA or VanC phenotypes. This
apparent absence of VanB resistance is puzzling.
However, if real, the existence of an environmental
reservoir of enterococci with the VanA resistance
genes, but no similar reservoir of VanB enterococci,
might contribute significantly to the different isolation
rates observed from hospital patients. The clinical use
of teicoplanin, which induces VanA but not VanB
resistance, may play a role in the selection of resistance
in hospitals.

An environmental origin for glycopeptide
resistance genes?

Vancomycin and teicoplanin are both produced by
soil-living bacteria (Amycolatopsis orientalis and
Actinoplanes teichomyceticus, respectively) [77] and,
not surprisingly, these bacteria are resistant to the
action of the agents they produce. In 1990, shortly
after the vanAd gene was characterised [109], it was
demonstrated that a probe specific for this gene
failed to hybridise with DNA from either of the
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above species [110]. Furthermore, database searches
with the nucleotide and amino-acid sequences of a
teicoplanin resistance gene from A. teichomyceticus
failed to indicate homology with known enterococcal
glycopeptide resistance genes [111]. Caution has
been urged regarding over-interpretation of negative
hybridisation data [110], but the apparent sequence
divergence reported between the resistance genes of
enterococci and that of the producer of teicoplanin
[111] suggests that recent acquisition of VanA
resistance by enterococci from glycopeptide-produ-
cing species is unlikely. As the sequences of the
vanB and vanC genes had not then been published,
comparison with these mechanisms was not under-
taken.

A VanA-like phenotype of glycopeptide resistance
(i.e., resistance to both vancomycin and teicoplanin) is
an intrinsic characteristic of many lactobacilli, Leuco-
nostoc spp. and Pediococcus spp. [27, 77], and results
from the production of peptidoglycan precursors that
terminate in D-ala-D-lac [112-114]. However, this
similarity with the acquired forms of enterococcal
resistance appears to be an example of convergent
evolution, as there is little relationship between the
various ligases involved [115].

Several major advances in our understanding of
glycopeptide resistance followed the development of
degenerate PCR primers suitable for amplifying c.
600-bp intragenic fragments of genes (designated ddl)
likely to encode enzymes related to D-ala-D-ala ligases
[43, 108]. These primers have recently been modified
and used to re-evaluate the possible relationship
between the genes present in glycopeptide-producing
species and those of GRE [116]. Two actinomycetes
were studied: 4. orientalis (which produces vancomy-
cin) and Streptomyces toyocaensis (which produces an
aglycopeptide). The GC contents of the ddl genes
obtained from both species (65% and 58%, respec-
tively) differed significantly from those of the vand
(45%) or vanB (48%) genes [116]. This observation
may explain the negative hybridisation results noted
previously [110] and is consistent with the proposal
that there has been no recent direct transfer to
enterococci. However, a more distant, evolutionary
relationship with the VanA and VanB resistance
mechanisms, possibly involving intermediate bacterial
genera, has been suggested by comparison of the
amino acid sequences of the ligases. Such analysis
indicates that enterococcal glycopeptide-resistant li-
gases are related more closely to the ligases of
glycopeptide producers than they are to the ligases of
intrinsically resistant genera (Fig. 3) [116]. The recent
cloning of genes that encode homologues of the VanH
and VanX proteins from glycopeptide-producing bac-
teria provides further evidence for a distant role of
these species in the origin of enterococcal glycopep-
tide resistance (G. D. Wright, personal communica-
tion).



858 N. WOODFORD

Ddl Lactobacillus plantarum

Ddl Lactobacillus salivarius

Ddl Lactobacillus confusa

Ddl Leuconostoc mesenteroides

DdIA Escherichia coli

Ddl Lactobacillus leichmannii
DdIM Streptomyces toyocaensis
DdIN Amycolatopsis orientalis
VanA Enterococcus faecium
VanB Enterococcus faecalis
VanC Enterococcus gallinarum

VanC—3 Enterococcus flavescens

49.7

DdIB Escherichia coli

11 1T 1 11
45 40 35 30 25 20 15

Fig. 3. Phylogenetic relationship among dd/ genes. The horizontal axis is the percentage distance between sequences.
Reproduced from reference [116] with the permission of the authors and publisher (Copyright (1997) National

Academy of Sciences, USA).

Treatment of infections caused by GRE; present
and future options

Clinically, the major problem associated with multi-
resistant enterococci is the lack of available antibiotics
with guaranteed bactericidal activity. The array of
intrinsic resistance to different antibiotic classes
exhibited by enterococci, their relative insensitivity to
quinolones, together with their usual tolerance of the
bactericidal action of penicillins and glycopeptides
[117, 118], means that no single agent shows good
activity, even against glycopeptide-sensitive members
of this genus. Typically, a cell wall-active agent, such
as a penicillin or glycopeptide, is used in combination
with an aminoglycoside to exert synergic bactericidal
anti-enterococcal activity. However, resistance to either
component of the combination results effectively in
non-bactericidal monotherapy, which is unsuitable for
serious infections such as endocarditis and, possibly,
bacteraemia [27].

As mentioned previously, many GRE isolated in the
UK also exhibit high-level resistance to penicillins
(strains of E. faecium) and aminoglycosides, particu-
larly those of the VanA phenotype. Thus, should they
cause serious disease, these isolates are completely
resistant to proven clinical options for therapy and
require the use of less-favoured therapies. Therefore,
there is a need for new antimicrobial agents with
activity against enterococci, including VanA GRE and
multiresistant strains. For GRE of the VanB pheno-
type, teicoplanin plus an aminoglycoside has been
suggested as a currently available bactericidal option

[119], and this regimen could probably also be
considered for VanC and VanD enterococci as it has
proved effective against VanB [69] and VanC [120]
enterococci in animal models of endocarditis. How-
ever, clinicians should be aware that exposure of VanB
enterococci to teicoplanin carries a risk of the
emergence of teicoplanin-resistant mutants that express
resistance constitutively [7, 69]. Although this risk was
reduced in an animal model by combination with an
aminoglycoside [69], and so may not be realised
clinically, patients treated with this regimen should be
monitored carefully.

Several new antimicrobials are in development,
including new fluoroquinolones, semi-synthetic vanco-
mycin derivatives, glycylcyclines and oxazolinidones,
and many of these exhibit good in-vitro activity
against enterococci, including VanA GRE and other
multiresistant strains. The reader is referred to a recent
review of these agents [121].

Currently, there is considerable interest in the
injectable streptogramin combination of quinupristin
with dalfopristin (Synercid™), which may be licensed
for use in the near future. Although isolates of E.
faecalis are inherently resistant, this mixture shows
good bacteristatic activity against many multiresistant
strains of E. faecium. However, concern has been
raised that resistance may spread fairly rapidly after
the introduction of this agent into clinical use.
Transferable resistance to quinupristin with dalfopris-
tin has been reported already in strains of glycopep-
tide-resistant (VanA phenotype) E. faecium isolated



from raw chicken and from hospital patients in the
UK [122]. There have been similar observations of
streptogramin A-resistant strains of E. faecium in
Denmark (A. Hammerum, personal communication)
and Germany (W. Witte, personal communication). As
streptogramins are not used clinically in the UK, the
existence of these resistant enterococci in the UK
cannot be blamed upon clinical overuse or misuse of
antibiotics. It seems likely that use of the related
streptogramin, virginiamycin, as an animal feed
additive may already have selected a reservoir of
resistance genes and resistant strains of E. faecium.
So, it looks as if the ‘antibiotics in animal feed’ story
may be set to begin a new chapter.

The future — glycopeptide-resistant MRSA?

Resistance to vancomycin or teicoplanin, or both, has
been reported in coagulase-negative staphylococci for
several years and teicoplanin-resistant S. aureus have
also been described [27, 77]. However, confirmed
reports of clinical isolates of MRSA resistant to
vancomycin have only appeared recently [123, 124].
These isolates, from Japan and the USA, exhibit low-
level vancomycin resistance (MIC of 8 mg/L) which
was not detected readily by disk tests [125]. None of the
glycopeptide-resistant staphylococci reported to date
contains enterococcal glycopeptide resistance genes,
and resistance seems unlikely to involve production of
altered peptidoglycan precursors [123, 126].

Many authors have indicated the potential for the
vanAd or vanB gene clusters to emerge in S. aureus,
and evidence for this possibility is provided by (i) the
number of resistance genes shared by these two genera
and, more directly, by (ii) the transfer of VanA
resistance to a laboratory strain of methicillin-sensitive
S. aureus [14]. Interestingly, E. faecalis strain NCTC
12201, which was used as the donor in the experi-
ments by Noble et al. [14], contains a VanA element
indistinguishable from Tn/546 (personal unpublished
observations). Such elements were present in <10% of
VanA enterococci from UK hospital patients [104]. It
is possible that the more common VanA clements,
many of which have alterations in genes associated
with transposition [104], are able to transfer less
readily to other genera than Tn/546 itself. This may
explain why VanA resistance has not yet been detected
in S. aureus in vivo. A more detailed understanding of
the factors affecting transfer of enterococcal glycopep-
tide determinants is needed to understand and try to
avoid the conditions in which transfer to S. aureus is
most likely to occur.

Conclusions

Many aspects of the epidemiology of GRE remain
unanswered and must be understood if we are to
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develop rational approaches towards their control. The
epidemiology of acquired glycopeptide resistance in
enterococci is a complex issue and many factors have
contributed to its evolution and dissemination. It seems
likely that the next 2-3 years will see major
developments in this area as more molecular tools,
including DNA sequencing, are applied to large
numbers of isolates from diverse sources and hospital
clusters. Further insights are likely to be gained into
the origins of the various forms of acquired resistance,
but it remains to be seen whether these resistances will
emerge eventually in S. aureus.

I am grateful to Paul Chadwick, David Livermore, Donald Morrison,
Marie-France Palepou and Patricia Woodford for their helpful
comments on this manuscript.
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