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Forty-two Enterococcus faecium isolates resistant to ampicillin, penicillin, gentamicin, streptomycin, vanco-
mycin, and teicoplanin (VanA phenotype) from 12 U.S. medical centers were analyzed by pulsed-field gel
electrophoresis of chromosomal DNA. The isolates were tested for susceptibility to 12 alternative drugs. The
results indicated both intrahospital and interhospital diversity among multiresistant van4 enterococcal
isolates. Furthermore, the finding of isolates with identical pulsed-field gel electrophoresis patterns in different
centers strongly suggests some interhospital clonal transmission.

Enterococci are now the second most frequently reported
cause of surgical wound infection and nosocomial urinary tract
infection and the third most frequently reported cause of
bacteremia (15). Along with this rapid rise in incidence,
resistance of enterococci to traditional antimicrobial agents,
including the glycopeptides (4, 11), is increasing, and outbreaks
caused by these resistant organisms have been recently re-
ported with increased frequency (2, 5). Despite the publication
of several studies on this topic, understanding of the dissemi-
nation of multiresistant enterococci (MRE) and their epide-
miology is incomplete. Both intrahospital and interhospital
transmissions of strains resistant to one or two of the antimi-
crobial agents used for enterococcal infections have been
reported. However, most studies evaluate only one hospital or
a few medical centers in a limited geographic area. The
evaluation of a large group of MRE selected from consecu-
tively collected isolates from representative areas of the coun-
try can provide a more valuable analysis of the epidemiology
and spread of this organism in U.S. hospitals.

In the present study, we evaluated a set of 42 enterococci
which were selected from 1,936 clinical isolates because of
their demonstrated clinically relevant resistance to vancomy-
cin, teicoplanin, penicillin G, ampicillin, gentamicin, and strep-
tomycin. The principal objective of the study was to evaluate
the clonal variability and dissemination of MRE among U.S.
hospitals. We also evaluated the correlation between pheno-
typic and genotypic methods of characterizing glycopeptide-
resistant isolates and analyzed the ability of different systems to
detect in vitro antimicrobial resistance to these agents. In
addition, the isolates were tested for susceptibility to 12
alternative antimicrobial agents.

The 42 MRE isolates evaluated were selected from a
previous study (10) in which the prevalence of resistance to
ampicillin, penicillin, gentamicin, streptomycin, teicoplanin,
and vancomycin among 1,936 clinical isolates was assessed.
The isolates of the earlier study were consecutively collected
and processed in the last quarter of 1992 from bloodstream or
other non-urinary tract infections in 97 U.S. medical centers
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(approximately 20 isolates from each center). The participant
centers were distributed among 46 states and the District of
Columbia. In the previous study (10), 42 isolates (2.2% of all
strains) were resistant to all six antimicrobial agents tested.
These 42 MRE isolates were sent to the University of Iowa for
validation and were further analyzed in the present study. The
isolates were collected from 12 medical centers (Table 1). Six
centers were located in New York (26 isolates), two were
located in New Jersey (7 isolates), and one each was located in
Virginia (5 isolates), Connecticut (2 isolates), New Hampshire
(1 isolate), and Hlinois (1 isolate). The isolates were identified
to the species level with the API 20S system (bioMérieux
Vitek, Inc., Hazelwood, Mo.), with the Vitek gram-positive
identification cards with the industrial mode software 8.1
(bioMérieux Vitek, Inc.), and by a modified version (3) of the
conventional method proposed by Facklam and Collins (8).

The MRE isolates were tested against vancomycin and
teicoplanin by broth microdilution, E test, and disk diffusion
methods and against ampicillin, penicillin, and gentamicin by
both the E test (9) and disk diffusion techniques (13). Strep-
tomycin was tested only by the E test with the high-range
(0.125- to 2,048-pg/ml) strip. Susceptibility was determined by
the criteria described by the National Committee for Clinical
Laboratory Standards (12, 13). The isolates were categorized
into phenotypes of glycopeptide resistance on the basis of the
MICs of vancomycin and teicoplanin (1). All 42 isolates were
further tested against chloramphenicol, doxycycline, novobio-
cin, rifampin, imipenem, spectinomycin, trospectomycin, cip-
rofloxacin, clinafloxacin, sparfloxacin, erythromycin, and tri-
methoprim-sulfamethoxazole by either the E test (9) or
National Committee for Clinical Laboratory Standards meth-
ods (13).

The isolates were analyzed for the presence of vanA, vanB,
and vanC resistance genes by PCR and hybridization as
described in a previous study (6). Pulsed-field gel electrophore-
sis (PFGE) of chromosomal DNA was performed as described
by Pfaller et al. (14). Restriction digestion of chromosomal
DNA was performed with Smal (New England Biolabs, Inc.).
The resultant restriction fragments were resolved in a 1%
agarose gel with a CHEF-DR 1II system (Bio-Rad Laborato-
ries, Richmond, Calif.). The pulse time ramped from 5 to 30 s
over 23 h at 13°C and 6 V/cm. PFGE patterns were considered
identical if they shared every band, similar if they differed from
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TABLE 1. PFGE patterns of 42 MRE from 12 medical centers

Isolate no. Center no. (state) PFGE pattern®

1 9 (NY) 1

2 11 (NY) 2

3 11 (NY) 3

4 12 (NY) 4a
5 12 (NY) 4b
6 12 (NY) 6a
7 12 (NY) 7

8 12 (NY) 6b
9 12 (NY) 4c
10 12 (NY) 10
11 12 (NY) 11
12 23 (VA) 6b
13 23 (VA) 6b
14 23 (VA) 6b
15 23 (VA) 6b
16 23 (VA) 6b
17 25 (CT) 17
18 25 (CT) 17
19 30 (NH) 19
20 33 (NY) 6b
21 33 (NY) 6b
22 33 (NY) 6b
23 33 (NY) 6b
24 38 (NY) 24
25 38 (NY) 25
26 38 (NY) 26a
27 38 (NY) 26b
28 38 (NY) 26b
29 38 (NY) 26b
30 38 (NY) 26b
31 38 (NY) 31
32 38 (NY) 26¢
33 80 (NY) 33
34 80 (NY) 34
35 83 (NI) 35
36 83 (NJ) 36a
37 83 (NJ) 36b
38 83 (NJ) 36b
39 83 (NJ) 36¢
40 83 (NJ) 36b
41 94 (NJ) 41
42 99 (IL) 26b

“ The major patterns are represented by Arabic numerals, and the subtypes are
represented by lowercase letters.

one another by only one or two clearly visible bands, and
different if they differed by three or more bands.

Analysis of the Smal restriction digests of genomic DNA by
PFGE resulted in 19 major patterns (Table 1 and Fig. 1), and
only 2 of those were demonstrated in more than one medical
center. PFGE pattern 6b was demonstrated in two hospitals in
New York City and in a third hospital located in Virginia, and
PFGE pattern 26b was demonstrated in two medical centers,
one located in New York City and the other in Chicago. In
addition, more than one pattern were demonstrated in five of
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FIG. 1. PFGE patterns of E. faecium isolates after digestion of
genomic DNA with Smal and electrophoresis with switch time ramp-
ing from 5 to 30 s. The lane numbers match the isolate numbers (Table
1). Isolates 4, 5, and 8 are from center 12 (New York); isolates 12 to
16 are from center 23 (Virginia); isolates 20 to 22 are from center 33
(New York); isolates 26 to 30 are from center 38 (New York); and
isolate 42 is from center 99 (Illinois). Lanes A\, lambda ladder
molecular mass standards. Molecular masses are shown on the left.

eight medical centers that referred more than one MRE
isolate. Five PFGE patterns were verified among eight isolates
sent by medical center 12, and four PFGE patterns were
demonstrated among nine isolates from medical center 38.
Both hospitals are located in New York City (Table 1).

PFGE has been successfully used by many investigators and
appears to be the technique of choice for epidemiologic
evaluations of enterococci (2, 5, 7). The isolates were also
evaluated by restriction endonuclease analysis of plasmid DNA
(data not shown). Our results agreed with those of other
studies in showing discrepant results between the two molec-
ular methods. The discrepancy is probably due to plasmid
instability (7). In addition, the results of restriction endonucle-
ase analysis of plasmid DNA were very difficult to interpret
because of the large number of bands and the presence of faint
bands. In summary, the PFGE pattern appears to be more
stable and easier to interpret than the restriction endonuclease
analysis of plasmid DNA pattern.

Our results confirm the impressions of other investigators,
showing a great genomic variability among multiresistant En-
terococcus faecium isolates collected in different hospitals or
even in the same hospital. This finding can be explained by
horizontal transmission of resistance genes via either plasmids
or transposons (1). However, mutation and subsequent selec-
tion of resistant strains caused by the extensive use of certain
antimicrobial agents in some institutions may be occurring in
genomically distinct strains. In addition, the discovery of
isolates with identical PFGE patterns in different medical
centers strongly suggests interhospital transmission.

The agreement among the applied susceptibility testing
methods was very high, i.e., no major or very major errors were
identified. Minor errors occurred only when teicoplanin was
tested. The disk diffusion results disagreed (false intermediate)
with the results (resistant) of both other methods for only three
isolates. Several studies have reported the inability of some
susceptibility testing methods, especially automated systems
and disk diffusion, to detect resistance to B-lactams, aminogly-
cosides, and glycopeptides (9, 16). On the other hand, our
results indicate that the E test appears to be an acceptable
alternative for testing enterococci against the antimicrobial
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TABLE 2. Testing results for susceptibility of 42 multiresistant
E. faecium isolates to alternative compounds

% of strains in category”
Antimicrobial agent

Susceptible Intermediate  Resistant

Chloramphenicol 100 0 0
Doxycycline 93 7 0
Novobiocin 100 0 0
Rifampin 21 0 79
Imipenem 0 0 100
Aminocyclitols

Spectinomycin 10 78 12

Trospectomycin 100 0 0
Fluoroquinolones

Ciprofloxacin 2 29 69

Clinafloxacin 64 5 31

Sparfloxacin 55 10 35
Erythromycin 0 0 100
Trimethoprim-sulfamethoxazole 2 0 98

2 Breakpoint criteria used to define the susceptible and resistant categories,
respectively, were as follows: novobiocin, =1 and =4 pg/ml; spectinomycin, =18
and <14 mm; trospectomycin, <16 and =64 pg/ml; clinafloxacin, =<1 and =4
wg/ml; and sparfloxacin, =1 and =4 pg/ml. Results for all other drugs were
interpreted by National Committee for Clinical Laboratory Standards criteria
(12, 13).

agents most frequently used to treat infections caused by these
species.

When analyzed by hybridization and PCR gene amplifica-
tion, all isolates (all were VanA) produced the expected 1-kb
product with the van4 primers and also hybridized with the
vanA probe. All isolates produced negative results with both
vanB and vanC primers. In contrast with other investigators,
we did not identify any discrepancy between phenotype and
genotype in our MRE strain collection.

The results of tests for susceptibility to alternative drugs are
summarized in Table 2. The highest levels of in vitro inhibition
were for chloramphenicol (100%), novobiocin (100%), tro-
spectomycin (100%), and doxycycline (93%). However, further
evaluation of the antibiotics tested showed that none demon-
strated bactericidal activity either alone or in combination
(data not shown). A great variation in the in vitro activity of the
quinolones against enterococci was also noted. Although cip-
rofloxacin showed poor activity, 64% of the isolates were
susceptible to the investigational fluoroquinolone clinafloxacin
(MIC = 1 pg/ml). In addition, susceptibility to the fluoro-
quinolones varied among isolates with identical PFGE pat-
terns. This discrepancy was noticed for all three tested com-
pounds. Since there is no proven effective alternative therapy
for MRE infections, treatment options are limited to unproven
combinations of older drugs or experimental compounds (11).
This problem underscores the need to investigate new combi-
nations and to develop new antimicrobial agents for these
multiresistant strains.

In summary, our results show a great genomic variety among
the most drug-resistant E. faecium isolates in numerous U.S.
hospitals. PFGE appeared to be an acceptable and preferred
method for epidemiologic typing of this species. In addition,
the glycopeptide resistance phenotype VanA showed a good
correlation with the resistance genotype (vanAd), and the E test
appeared to be a reasonable susceptibility testing method for
detecting and precisely quantitating resistance to the antimi-
crobial agents most frequently used to treat enterococci infec-
tions as well as some alternative drugs used for MRE chemo-
therapy.
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