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DNA probes specific for genes encoding rRNA and the glycopeptide resistance gene vanA were used to
investigate a cluster of vancomycin-resistant (MICs, >512 mg/liter) Enterococcus faecalis and Enterococcus
faecium isolated from separate patients in a renal unit in a London hospital. When digested with BamHI, 12
of 13 vancomycin-resistant E. faecalis isolates exhibited a common restriction fragment length polymorphism
pattern of rRNA genes (ribotype). A vanA probe hybridized with chromosomal DNA in these 12 isolates. The
other isolate of vancomycin-resistant E. faecaiis had a different ribotype and the vanA gene was located on

plasmid DNA. These data suggest that cross-infection with a single strain of vancomycin-resistant E. faecalis
occurred in most instances. In contrast, 23 vancomycin-resistant E. faecium isolates showed greater
heterogeneity, comprising 8 ribotypes, suggesting that multiple strains were present in the unit. Twenty-one
of these 23 isolates harbored a 24-MDa plasmid which hybridized with the vanA probe, implying that
interstrain dissemination of a vancomycin resistance plasmid may have occurred among E. faecium isolates in
the renal unit.

Members of the genus Enterococcus are now recognized
as important nosocomial pathogens, typically causing be-
tween 5 and 20% of nosocomial infections or colonizations in
many hospitals (13, 17). Approximately 75 to 80% of such
enterococcal episodes are caused by E. faecalis, with E.
faecium responsible for an additional 10 to 15% of such
episodes (17). Traditionally, the patient's own endogenous
flora has been regarded as the source of enterococci respon-
sible for nosocomial infections or colonizations (10, 17, 33).
However, there is increasing evidence which suggests that
transfer of enterococci between patients may also occur (17,
33). Carriage of enterococci by attending staff has been
implicated as one possible route of transmission (27).

Detailed investigation of the epidemiology of clusters of
enterococcal infections or colonizations has been limited by
the lack of a suitable typing scheme for these organisms. A
number of methods including biotyping (4, 12, 31), bacteri-
ocin typing (14, 15, 25), phage typing (2, 3, 14, 15, 24, 31) and
serotyping (29-31) have been applied to enterococci. Anti-
biotic susceptibility testing, determination of plasmid con-

tent, and/or plasmid digestion patterns have also been used
(20, 34, 36). However, none provides suitable discrimination
of clinical isolates. For this reason, there is still a need for a

generally available, reliable typing scheme for both E. faeca-
lis and E. faecium. Recently, a number of laboratories have
begun to assess methods based on analysis of genomic DNA
(1, 11, 18, 19).
We have previously described a cluster of infections or

colonizations in patients in a renal unit; the infections were
caused by enterococci that were highly resistant to the
glycopeptide antibiotics vancomycin and teicoplanin (34).
The majority of these vancomycin-resistant enterococci
(VRE) were identified as E. faecium or E. faecalis. The
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resistance was transferable in vitro from both species (34)
and was mediated by the vanA glycopeptide resistance gene

(5). Preliminary evidence from serotyping and plasmid anal-
ysis and the unusual nature of the antimicrobial resistance
pattern suggested that cross-infection might have occurred
in the renal unit for each of the two species (34). However,
the transferable nature of the vancomycin resistance deter-
minant raised the possibility of a more complex epidemio-
logical picture. In the present study, we examined VRE from
this cluster using DNA probes specific for the genes encod-
ing rRNA (ribotyping) and the vanA glycopeptide resistance
gene.

MATERIALS AND METHODS

Bacterial isolates. Thirteen E. faecalis and 23 E. faecium
isolates that were highly resistant to vancomycin (MICs,
>512 mg/liter) and that were isolated from separate patients
in the renal unit of Dulwich Hospital, London, between
November 1986 and May 1988 (34) were recovered from
storage at -70°C for inclusion in the present study. Two
additional isolates from the renal unit (one E. faecalis and
one E. faecium) which had lost their vancomycin resistance
during storage were also included (Table 1). To assess the
discrimination afforded by ribotyping for isolates of these
two species, 16 other E. faecalis isolates and 18 other E.
faecium isolates were also investigated. These comparison
groups included National Collection of Type Cultures type
strains of both E. faecalis (NCTC 775) and E. faecium
(NCTC 7171), together with enterococci from diverse geo-
graphical areas. The latter group comprised organisms iso-
lated over a 4-year period in 27 hospitals in five countries.
The serotypes of E. faecalis isolates were determined by
immunodiffusion by the scheme of Sharpe and Shattock (29,
30).

Preparation of a cDNA probe for 16S and 23S rRNA genes.
The 16S and 23S rRNAs were extracted from the type strain

653

Vol. 31, No. 3



654 WOODFORD ET AL.

of E. faecalis (NCTC 775), and a biotinylated cDNA probe
was prepared by reverse transcription as described previ-
ously (22).

Preparation of the vanA gene probe. The probe consisted of
a 399-bp digoxigenin-labeled intragenic fragment of vanA.
This was amplified by the polymerase chain reaction (PCR)
by using two 22-bp oligonucleotide primers from the pub-
lished vanA sequence (6). The primers were (i) ATGGCAA
GTCAGGTGAAGATGG (nucleotides 672 to 693; upstream)
and (ii) TCCACCTCGCCAACAACTAACG (nucleotides
1071 to 1050; downstream).

E. faecalis 206, a vancomycin-resistant transconjugant,
was used as the source of the vanA gene. It is derived from
E. faecium NCTC 12202 (34), which is known to hybridize
with a vanA gene probe (5). Strain 206 was grown overnight
on Columbia blood agar, and the growth was resuspended in
1 ml of distilled water (tissue culture grade; Sigma, Poole,
United Kingdom). After boiling for 15 min, the bacteria were
pelleted in a microcentrifuge for 5 min and the supernatant
(containing the template DNA) was stored on ice.
The PCR mixture consisted of the nucleotides dATP,

dGTP dCTP, and dTTP (each at a final concentration of 250
,uM; Perkin-Elmer Cetus purchased through ILS Ltd., Lon-
don, United Kingdom), 10 ,ul of lOx Taq reaction buffer, 1 ,ul
of template DNA, and 1 ,ug of each of the two primers. After
the addition of 3 U of AmpliTaq polymerase (Perkin-Elmer
Cetus), the total reaction volume was adjusted to 100 ,ul with
distilled water (tissue culture grade; Sigma) and the sample
was transferred on ice to a thermal cycler (Trio-thermo-
block; Biometra, Maidstone, United Kingdom). The PCR
program consisted of an initial denaturation step at 960C for
2 min and then 35 cycles of 94°C for 30 s, 500C for 30 s, and
72°C for 60 s. After the final cycle, primer extension was
allowed to continue at 72°C for 10 min. The sample was then
stored at 40C until required. A 1-,ul aliquot of the 399-bp
product of this first round of PCR was used as a template in
a second PCR round. The conditions were identical to those
described above, except that the concentration of dTTP was
reduced to 166 ,uM and digoxigenin-11-dUTP (Boehringer
Mannheim UK, Lewes, United Kingdom) was added to a
concentration of 83 jiM. The ratio of substituted dUTP to
unsubstituted dTTP was therefore 1:2, as recommended
previously (7).
PCR products were analyzed by electrophoresis through

2% agarose gels at 150 V for 1 h in 0.5 x TBE buffer (28). The
final 399-bp digoxigenin-labeled fragment to be used as the
vanA probe was excised from the gel and purified with a
Prep-a-Gene kit (Bio-Rad Laboratories, Hemel Hempstead,
United Kingdom).

Extraction of genomic and plasmid DNAs. For ribotyping,
genomic DNA was extracted from enterococci by using
guanidium thiocyanate (23) and 5-jig aliquots were digested
with 8 to 10 U of restriction endonucleases (Life Technolo-
gies Ltd., Uxbridge, United Kingdom) for 4 h. Plasmid DNA
was extracted by a modified alkaline lysis method (34), in
order to determine the location of the vanA gene. The
molecular sizes of the enterococcal plasmids were deter-
mined by comparing them with plasmids of known size from
Escherichia coli V517 and 39R861, which have been used
previously (34-36). The extracted DNA was separated on
0.8% agarose gels by electrophoresis at 30 V for 20 h
(genomic DNA) or 90 V for 2.5 h (plasmid DNA) in 0.5x
TBE buffer. The DNA was then transferred to nylon mem-
branes (Hybond-N; Amersham, Aylesbury, United King-
dom) by using a VacuGene vacuum blotting apparatus

(Pharmacia-LKB, Milton Keynes, United Kingdom) and
was fixed by baking at 80°C for 2 h.

Hybridization with gene probes. Hybridization and devel-
opment of membranes with either the biotinylated cDNA
probe specific for rRNA or the digoxigenin-labeled vanA
probe were performed under stringent conditions by previ-
ously described methods (9, 21, 35, 36).

Analysis of ribotyping results. The banding patterns ob-
tained for E. faecalis and E. faecium were analyzed sepa-
rately. Patterns were recorded by visual examination of the
blots, and all loci were scored for the presence or absence of
a band (21). Patterns were differentiated into ribotypes
according to a one-band difference rule. The ribotypes of E.
faecalis and E. faecium were designated by roman numerals
prefixed by Fs or Fm, respectively. The number of band
differences between ribotypes was determined by using the
simple matching coefficient. Intergel comparisons were
made possible by the inclusion on each gel of the appropriate
type strain and isolates of the predominant ribotypes (FsI
and FmI) as standards.

RESULTS

Ribotyping of enterococci. Nine restriction endonucleases
(BamHI, ClaI, EcoRI, HindIlI, PstI, SacI, Sau3A, XbaI,
and XhoI) were assessed in order to ascertain which one
showed the greatest potential for discrimination of epidemi-
ologically unrelated enterococci. Genomic DNAs from two
E. faecalis isolates (the type strain NCTC 775 and a vanco-
mycin-resistant isolate from Dulwich Hospital) and two E.
faecium isolates (the type strain NCTC 7171 and a vanco-
mycin-resistant isolate from Dulwich Hospital) were di-
gested with each of the endonucleases, and the restriction
fragment length polymorphisms (RFLPs) of the rRNA genes
were compared. For both E. faecalis and E. faecium,
BamHI gave the greatest degree of discrimination between
the pairs of strains tested and was used in all subsequent
studies. With this enzyme we detected 6 to 12 bands per
strain. The bands ranged in size from greater than 23 to 2.9
kb. There were 11 band differences between the BamHI
ribotypes of the two E. faecalis isolates tested and 12 band
differences between the two E. faecium isolates (Fig. 1). The
ribotypes observed for the two species were distinct.

(i) VRE isolated from the renal unit of Dulwich Hospital.
Hybridization of BamHI-digested genomic DNAs with the
cDNA probe for rRNA genes showed that 13 of 14 (93%) E.
faecalis isolates, including one vancomycin-susceptible re-
vertant, had identical ribotypes (designated pattern FsI;
Table 1). These 13 isolates were all serotype 9. The other
vancomycin-resistant isolate, which was serotype 9/19, had
a distinct ribotype (designated FsII). There were six band
differences between ribotypes FsI and FsII.
The 24 isolates of E. faecium from Dulwich Hospital were

more heterogeneous than the E. faecalis isolates and were
divided into eight ribotypes, designated FmI to FmVIII
(Table 1). There were 1 to 18 band differences between these
ribotypes. All of these ribotypes were distinct from those of
E. faecalis isolates. Five ribotypes were represented by
single isolates, while organisms belonging to ribotypes FmI,
FmII, and FmIII were isolated from 13, 4, and 2 patients,
respectively. The largest group, ribotype FmI, included a
vancomycin-susceptible revertant (Table 1).

(ii) Other clinical isolates of enterococci. BamHI differenti-
ated 16 other isolates of E. faecalis from diverse geograph-
ical areas into 12 ribotypes. The number of band differences
between these ribotypes ranged from 4 to 15. Three (19%) of
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FIG. 1. Southern blots showing the RFLPs of rRNA genes of
enterococci after digestion of genomic DNA with BamHI. (A) E.
faecalis NCTC 775 (lane 2) and a vancomycin-resistant E. faecalis
isolate of ribotype FsI from Dulwich Hospital (lane 3); (B) E.
faecium NCTC 7171 (lane 2) and a vancomycin-resistant E. faecium
isolate of ribotype FmI from Dulwich Hospital (lane 3). Phage
lambda DNA digested with HindIII served as a molecular weight
marker (A and B, lanes 1).

TABLE 1. Ribotypes of vancomycin-resistant Enterococcus spp.
isolated from patients in the renal unit of Dulwich Hospital

between November 1986 and May 1988

Species Serotype No. of isolates Ribotype

E. faecalis 9 13a Fsl
E. faecalis 9/19 1 FsII
E. faecium b 13a FmI
E. faecium 4 FmII
E. faecium 2 FmIII
E. faecium 1 FmIV
E. faecium 1 FmV
E. faecium 1 FmVI
E. faecium 1 FmVII
E. faecium - 1 FmVIII

a These groups of isolates each included one isolate which had reverted
from vancomycin resistance (MIC, >512 mg/liter) to susceptibility (MIC, <4
m/liter) during storage.

-, the serotyping scheme used was not applicable to E. faecium.

mids of approximately 35 and 45 MDa hybridized with the
probe.
The probe hybridized with plasmid DNA in all of the 23

vancomycin-resistant E. faecium isolates examined. The
probe hybridized with a plasmid of approximately 24 MDa in
21 isolates, while in 2 isolates of ribotypes FmI and FmIV,
respectively, it hybridized with a plasmid of approximately
40 MDa.

In those isolates of E. faecalis and E. faecium in which the
probe hybridized with plasmid DNA, faint hybridization
with the chromosomal DNA band was also observed (Fig.
2). In contrast, isolates of both species which had reverted to
vancomycin susceptibility showed no hybridization with the
vanA probe. The probe also did not react with the type
strains E. faecalis NCTC 775 (Fig. 2) and E. faecium NCTC
7171 or with enterococci of the VanB and VanC glycopep-
tide resistance phenotypes (data not shown).

these E. faecalis isolates belonged to ribotype FsI, which
was the most common ribotype among the vancomycin-
resistant isolates from Dulwich Hospital and included a VRE
isolated from a renal patient at a second hospital in London.
Ribotype FsII was seen in 1 of the 16 E. faecalis isolates not
associated with the cluster ofVRE in the renal unit. Ribotyp-
ing was able to subdivide isolates of E. faecalis which had
identical serotypes (data not shown).

Eighteen geographically diverse, vancomycin-susceptible
isolates of E. faecium could be divided into nine ribotypes.
The numbers of band differences among the ribotypes of E.
faecium ranged from 1 to 20. Ten isolates (56%) belonged to
ribotype FmI, which was also the most prevalent ribotype
among the isolates from Dulwich Hospital. The remaining
isolates each belonged to distinct ribotypes not seen among
the vancomycin-resistant isolates.

Hybridization with the vanA gene probe. The vanA gene
probe hybridized with plasmid DNA in only 1 of 13 vanco-
mycin-resistant E. faecalis isolates from the renal unit of
Dulwich Hospital. In 12 of these isolates, which were all
serotype 9 and ribotype FsI, the probe hybridized with only
chromosomal DNA (Fig. 2). Although a vancomycin-resis-
tant E. faecalis isolate from a second hospital in London
had a ribotype identical to that of the 12 isolates, the vanA
probe hybridized with a plasmid of approximately 60 MDa in
this isolate. In the isolate from the renal unit of Dulwich
Hospital, which was serotype 9/19 and ribotype FsII, plas-

DISCUSSION

Direct analysis of RFLPs of digested enterococcal
genomic DNA by conventional electrophoretic methods has
previously been advocated for epidemiological studies (1,
11). However, in the present study nine restriction endonu-
cleases were evaluated, but all produced large numbers of
genomic fragments, which made comparison of isolates
difficult (data not shown). As an alternative, we used a
combination of DNA probes specific for genes encoding
rRNA and the glycopeptide resistance protein VANA to
investigate a cluster of vancomycin-resistant E. faecalis and
E. faecium isolated from patients in the renal unit of Dulwich
Hospital. Extended antimicrobial susceptibility testing, plas-
mid profiling, and serotyping previously suggested that
cross-infection with both species of enterococci occurred in
patients from this unit (34).
Twelve of 13 vancomycin-resistant E. faecalis isolates and

a vancomycin-susceptible revertant from the renal unit had
indistinguishable BamHI ribotypes and all were serotype 9.
These isolates had very similar plasmid profiles (34) and
could not be subdivided by ribotyping with other restriction
endonucleases. Furthermore, in Southern blots the vanA
gene appeared to hybridize with chromosomal DNA in each
of these 12 resistant isolates. It is unclear whether the
transferable nature of vanA in these isolates reflects the
presence of a conjugative transposon within the chromo-
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FIG. 2. (A) Agarose gel electrophoresis of plasmid DNA from E. faecalis and E. faecium; (B) corresponding Southern blot hybridized with
the digoxigenin-labeled probe specific for the vanA glycopeptide resistance gene. Lanes: 1, E. coli V517; 2, E. coli 39R861; 3, E. faecalis
isolate (serotype 9, ribotype FsI) from Dulwich Hospital; 4, E. faecalis isolate (serotype 9/19, ribotype FsII) from Dulwich Hospital; 5,
vancomycin-resistant E. faecalis isolate (serotype 9, ribotype FsI) from a second London hospital; 6, E. faecium isolate (ribotype FmI) from
Dulwich Hospital; 7, E. faecium isolate (ribotype FmI) from Dulwich Hospital; 8, E. faecium isolate (ribotype FmIV) from Dulwich Hospital;
and 9, E. faecalis type strain, NCTC 775.

some, as suggested previously (34), or other possibilities
such as the presence of an unusual transferable element
which comigrates with chromosomal DNA (26). A distinct
strain of vancomycin-resistant E. faecalis was isolated from
a single patient. This strain was of a different ribotype and
the vanA gene was present on plasmid DNA. These data
suggest that the cluster of infections or colonizations caused
by vancomycin-resistant E. faecalis isolates in the renal unit
was due predominantly to the spread of a single strain
between patients.
A vancomycin-resistant E. faecalis isolate from a renal

patient at a second hospital in London was also of ribotype
FsI. There was a transfer of at least one renal patient
between Dulwich Hospital and the other hospital during the
period of the cluster of vancomycin-resistant enterococcal
infections at Dulwich Hospital (32), which raises the possi-
bility of the interhospital spread of vancomycin-resistant E.
faecalis. However, ribotype FsI was observed in a relatively
high proportion (19%) of E. faecalis isolates not associated
with the renal unit cluster of infections. This fact, together
with the different locations of the vanA gene in the E.
faecalis isolates from the two hospitals, means that the
alternative possibility that vancomycin resistance arose in-
dependently cannot be excluded.

Results obtained with the combination of two DNA probes
suggested that the epidemiology underlying the cluster of
infections caused by vancomycin-resistant E. faecium dif-
fered from that seen with those caused by vancomycin-
resistant E. faecalis. The 23 isolates of vancomycin-resistant
E. faecium belonged to eight distinct BamHI ribotypes,
indicating that the isolates on the renal unit were heteroge-
neous. As seen with the ribotypes among vancomycin-
resistant E. faecalis isolates, it was not possible to subdivide
those of the E. faecium isolates by using other restriction
endonucleases. A similar heterogeneity of ribotypes has also
been observed among vancomycin-resistant E. faecium iso-
lates in a children's hospital in France (1). In the present
study, three ribotypes were each isolated from more than
one patient on the renal unit, and although one ribotype

predominated, 56% of geographically diverse E. faecium
isolates were also of this ribotype.

Despite the heterogeneity of the vancomycin-resistant E.
faecium isolates from patients in the renal unit, the vanA
gene was present on a 24-MDa transferable plasmid in most
isolates, suggesting that transfer of this plasmid between
strains had occurred. However, the different location of the
vanA gene in isolates of E. faecalis did not suggest the
interspecies transfer of this plasmid. Isolates containing
plasmids which hybridized with the vanA probe also gave
faint hybridization with the chromosomal DNA band. This
phenomenon, which we have seen with other probes (36),
may be due to integration of a transposable element into the
chromosome or degradation of plasmid DNA to its linear
form during the extraction procedure. The original source of
the vanzA gene which emerged in both E. faecalis and E.
faecium isolates from patients in this unit is unknown,
although French et al. (8) have suggested that the spread of
the vanA gene during outbreaks may be due to dissemination
of a common resistance plasmid between enterococci and
other genera in the commensal bowel flora.

Previous workers have found ribotyping of enterococci to
be poorly discriminative and more suited to determination of
an isolate's species than to epidemiological investigations (1,
11). We feel that our results suggest that ribotyping with
BamHI chromosomal digests may be of use for the investi-
gation of clusters of infections and colonizations caused by
enterococci. This enzyme discriminated isolates of both E.
faecalis and E. faecium. In addition, it allowed subdivision
of some isolates of E. faecalis which were indistinguishable
by serotyping. This may be useful, because most clinical
isolates are either nontypeable or are serotype 9 (16). De-
spite this, the predominant ribotypes found in both species
from patients in the renal unit were also common among

enterococci unrelated to this cluster. This limits the useful-
ness of ribotyping when used alone, particularly when
clusters of infections are caused by enterococci of the
common ribotypes. For this reason, ribotyping used in
combination with other traditional or molecular typing meth-
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ods may allow greater discrimination of enterococci. In
prospective investigations it is also important to determine
the prevalence of particular ribotypes present within a
hospital population. However, this was not possible in the
retrospective study described here.

In summary, ribotyping used in combination with a vanA
probe demonstrated differences between the epidemiologies
of two species of vancomycin-resistant enterococci from
patients in the renal unit of Dulwich Hospital and suggested
that dissemination of both strains and resistance determi-
nants occurred concurrently. These findings serve to illus-
trate the fact that clusters of enterococci with unusual
antimicrobial resistances are not necessarily indicative of the
spread of single strains.
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