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Antimicrobial susceptibilities and DNA contents were analyzed for six clinical isolates of Enterococcus
faecalis that had high-level resistance to gentamicin (MIC > 2,000 ,ug/ml) but not streptomycin and were
obtained from patients in diverse geographic areas. Contour-clamped homogeneous electric field electrophore-
sis ofgenomic DNA showed all isolates to be different strains. Gentamicin resistance was transferred from four
isolates to plasmid-free enterococcal recipients in filter matings. Restriction enzyme analysis oftransconjugants
showed distinct gentamicin resistance plasmids. A probe specific for the gentamicin resistance determinant
hybridized to the plasmids of four isolates and to the chromosomes of two isolates. These findings suggest that
clonal dissemination is not responsible for the spread of these resistant strains, that resistance determinants
occur on different plasmids as well as on the chromosome of E. faecalis, and that the genetic determinants of
resistance are related.

High-level resistance to gentamicin in enterococci was
first reported in France in 1979 (6, 13). The resistance was
plasmid mediated, due to aminoglycoside-modifying en-
zymes, and not associated with high-level resistance to
streptomycin. Since the initial reports, high-level gentamicin
resistance has been reported worldwide (7, 12-16, 24-32,
34-37). Most isolates exhibiting resistance to high levels of
gentamicin are also resistant to all other aminoglycosides.
However, isolates with high-level gentamicin resistance
which lack resistance to streptomycin have been increas-
ingly reported from diverse geographic areas in the United
States, Canada, and France (22, 24, 26, 35-37). High-level
gentamicin resistance eliminates in vitro synergism between
a cell wall-active antibiotic and an aminoglycoside (16, 22).
To evaluate potential treatment alternatives for this resis-
tance trait, we evaluated in vitro antibiotic susceptibility and
potential synergism of streptomycin plus cell wall-drug com-
binations for isolates from diverse locations in the United
States and Canada. To determine whether the spread of this
resistance is clonal or polyclonal or the result of a single
plasmid, plasmid subunit, or a limited number of plasmids,
the DNA contents of the isolates was compared.

Six clinical isolates of Enterococcus faecalis (from Win-
nipeg, Canada; Dallas, Tex.; Cleveland, Ohio; Charlottes-
ville, Va.; Stamford, Conn.; and Fayetteville, N.C.) were
evaluated. Four isolates (SF339, SF350, SF370, and SF381)
were part of an earlier study (26); the MICs of gentamicin
and streptomycin for these isolates were >2,000 and 5125
,ug/ml, respectively (26). The fifth (SF3502) was a blood
isolate from a patient in Stamford, Conn., with endocarditis
who failed therapy with ampicillin and gentamicin but was
successfully treated with ampicillin and streptomycin. The
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sixth isolate (SF4855) was a ,B-lactamase-producing strain
from the urine of a North Carolina patient.

Isolates were speciated by using biochemical reactions as
outlined by Facklam and Collins (8) and were evaluated for
,B-lactamase production with nitrocefin (Glaxo Laboratories,
Middlesex, England). High-level aminoglycoside resistance
was defined as a MIC of >2,000 jig/ml. Antimicrobial
susceptibilities were determined by microdilution in Muel-
ler-Hinton broth (Difco Laboratories, Detroit, Mich.) sup-
plemented with CaCl2 and MgCl2 at 50 and 25 mg/liter,
respectively (23). Time-kill synergy experiments were con-
ducted with penicillin or ampicillin-sulbactam (Pfizer Roerig
Pharmaceuticals, New York, N.Y.) in combination with
streptomycin. Antibiotic concentrations were subinhibitory
and did not exceed achievable serum levels for all time-kill
experiments. Sulbactam was used in a 1:2 ratio with ampi-
cillin. Synergy was defined as a reduction in bacterial growth
of >2 loglo CFU/ml after 24 h of incubation with antibiotics
in combination compared with the effect of the agents alone.
Filter and cross streak matings were performed to determine
the transferability of resistance markers (1, 11). E. faecalis
FA2-2 and JH2-2 were used as plasmid-free recipient strains.
Transfer frequencies were expressed as the number of
transconjugants per recipient cell present at the time of
plating on selective media. Plasmid DNA was isolated by a
previously described method (5). DNA was analyzed by
agarose gel electrophoresis, and restriction enzyme diges-
tion of plasmid DNA with EcoRI and HindIII was performed
according to the manufacturer's specifications. Contour-
clamped homogeneous electric field (CHEF) electrophoresis
of genomic DNA digested with SmaI was conducted by
published methods to determine the relatedness of strains
(20, 33). A probe specific for the bifunctional 6'-aminogly-
coside acetyltransferase 2"-phosphotransferase enzyme in E.
faecalis, constructed by Ferretti et al., was used (10) to
determine the relatedness of the gentamicin resistance de-
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FIG. 1. CHEF electrophoresis of genomic DNA digested with
SmaI. Lanes: A, bacteriophage lambda ladder; B, SF339; C, SF350;
D, SF370; E, SF381; F, SF3502.

terminants. DNAwas transferred to nitrocellulose by South-
ern blot hybridization. The probe was biotin labeled by nick
translation (Bethesda Research Laboratories, Gaithersburg,
Md.). Hybridization and visualization were done with Blu-
gene according to the manufacturer's recommendation (Be-
thesda Research Laboratories).

Ampicillin MICs were 0.5 to 1.0 ,ug/ml and penicillin MICs
were 4.0 ,ug/ml for all six isolates. For SF3502 and SF4855,
gentamicin MICs were >2,000 ,ug/ml and streptomycin
MICs were 125 and 62.5 ,ug/ml, respectively. Synergistic
bactericidal killing in vitro with the combination of penicillin
plus streptomycin was found in the five non-13-lactamase-
producing strains and with the combination of ampicillin-
sulbactam plus streptomycin in the 3-lactamase-producing
isolate (SF4855).
CHEF electrophoresis of chromosomal DNA showed all

isolates to be distinct (Fig. 1). All donor strains (clinical

A
1 2 3

TABLE 1. Properties of gentamicin resistance plasmids
lacking high-level streptomycin resistance from

clinical isolates of E. faecalis

E. faecalis Resistance Plasmid Molecular Transfer
strain plasmid propertiesa size (kb) frequencydesignation

SF370 pYN111 Tra+, GM, EM, TC, Hly- 54 1.4 x 10-6
SF381 pYN112 Tra+, GM, EM, TC, Hly- 53 4.4 x 10-4
SF3502 pYN113 Tra+, GM, TC, EM 56 5 x 10-2
a Abbreviations: EM, resistance to macrolide, lincosamide, and strepto-

gramin B-type antibiotics; GM, resistance to gentamicin; Hly-, no production
of beta-hemolysin or bacteriocin; TC, resistance to tetracycline; Tra+,
conjugative.

isolates) had different plasmid patterns in agarose electro-
phoretic gels and contained zero to three plasmids. Strain
SF4855 was plasmid free. SF350 contains three plasmids;
pYN120 is a 43-kb conjugative macrolide-lincosamide-strep-
togramin B plasmid. This plasmid transfers into JH2-2 recip-
ients at a frequency of 10-2 and mediates only macrolide-
lincosamide-streptogramin B resistance. The functions of
the other plasmids are cryptic. Properties of gentamicin
resistance plasmids pYN111, pYN112, and pYN113 are
shown in Table 1. Three isolates (SF370, SF381, and
SF3502) transferred gentamicin resistance by filter mating at
high frequency (1.4 x 10-6 to 5 x 10-2) and one isolate
(SF350) transferred at low frequency (1 x 10-9). Gentamicin
resistance plasmids (pYN111, pYN112, and pYN113) had
different molecular sizes ranging from 53 to 56 kb and
different restriction enzyme (HindIII and EcoRI) patterns
(Fig. 2A). Common fragments were observed. Hybridization
of the gentamicin resistance determinant occurred on differ-
ent plasmid fragments of four isolates (SF339, SF370,
SF381, and SF3502) (Fig. 2B) and on the chromosomes of
two isolates (SF350 and SF4855). Data are not shown for
SF4855.
The treatment of enterococcal infections has recently been

complicated by the emergence of penicillin-, glycopeptide-,
and aminoglycoside-resistant strains (2-4, 6, 7, 13-22, 24-32,
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FIG. 2. (A) Agarose gel electrophoresis of restriction endonuclease digestion with EcoRI. Lanes: 1, pYNll; 2, pYN112; 3, pYN113; 4,
SF350 purified plasmid DNA; 5, SF350 chromosome; 6, bacteriophage lambda. (B) Hybridization of a probe specific for the gentamicin
resistance determinant (bifunctional 6'-aminoglycoside acetyltransferase 2'-phosphotransferase enzyme) and DNA specific for bacteriophage
lambda to the gel in panel A.
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34-37). Since up to 49% of strains exhibiting high-level
resistance to gentamicin lack high-level streptomycin resis-
tance in some institutions, screening for these resistances is
indicated for the management of infections for which an
aminoglycoside is required. The difficulty in obtaining strep-
tomycin in the United States further complicates therapy. To
date, almost all P-lactamase-producing enterococcal strains
show high-level aminoglycoside resistance (18-21, 27, 28,
30). Rare exceptions include one previously described strain
lacking high-level gentamicin resistance (27) and an isolate
reported in the present study which is P-lactamase producing
and lacks high-level resistance to streptomycin. Prior studies
have shown in vitro synergy of penicillin and streptomycin
against strains lacking high-level resistance to streptomycin
(22). This study confirms those earlier observations and in
addition shows synergy of ampicillin-sulbactam plus strep-
tomycin for the ,3-lactamase-producing strain examined.
Since all isolates evaluated in the present study showed in
vitro synergy of bactericidal killing with the combination of
penicillin or ampicillin-sulbactam plus streptomycin, these
agents can be considered for therapy of serious infections.
On the bases of CHEF analysis of chromosomal DNA and

plasmid analysis, all clinical isolates in the present study
were different strains. In addition, distinct conjugative plas-
mids and a nonconjugative plasmid were responsible for
gentamicin resistance in different clinical isolates. There-
fore, the spread of this resistance trait in examined isolates
was not due to the spread of a single strain or a single
plasmid. There was similarity of high-level gentamicin resis-
tance genes as determined by DNA-DNA hybridization
studies using a probe specific for the bifunctional 6'-amino-
glycoside acetyltransferase 2"-phosphotransferase enzyme
in E. faecalis. Earlier studies have shown similarity of
gentamicin resistance determinants in different clinical en-
terococcal isolates and between enterococci and staphylo-
cocci (12, 28, 29, 31). Transposons mediating gentamicin,
erythromycin, and tetracycline resistances in enterococci
have been recently identified (3, 4, 12). In this study, the
finding of the gentamicin resistance determinant on both the
plasmid and chromosome and on the chromosome in the
absence of coresident plasmids is suggestive of transposi-
tion. The apparent transfer of the gentamicin resistance
determinant from chromosome and the homology among
gentamicin resistance determinants within different strains
and plasmids are also suggestive of transposition.
The epidemiology of resistance development and spread in

enterococci is complex. To determine the epidemiology for
high-level gentamicin resistance, a combination of molecular
methods including plasmid analysis, CHEF electrophoresis,
and DNA-DNA hybridization experiments is required. Fur-
ther study will be needed to determine the molecular basis
for the spread of this resistance.

This study was supported in part by the William Beaumont
Hospital Research Institute and Pfizer Roerig Pharmaceuticals, New
York, N.Y.
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