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Abstract

Aminoglycoside resistance was evaluated in 690 enterococcus strains isolated from different clinical sources originating from
patients at the University Clinic Hospital of Zaragoza (Spain). The enterococci obtained from clinically significant samples (blood,
urine, or exudates) showed more high-level resistance to gentamicin and streptomycin (65 and 42%, respectively) than those
isolated from faecal samples (49 and 23%, respectively). Aminoglycoside-modifying enzymes (AME) from 119 of these high-level
gentamicin and streptomycin resistant enterococcus strains were studied. The most frequent AMEs found were APH(3%) and
AAC(6%)-APH(2¦). More than one enzyme was detected in 71% of the strains (four different enzymes in 5% of the strains). Three
Enterococcus faecalis strains had ANT(4%)(4¦) enzymatic activity. Different enzymatic expressions of the bifunctional enzyme
AAC(6%)-APH(2¦) were demonstrated in strains in which the complete aac(6 %)-aph(2¦) gene was detected by PCR and
hybridization: (i) AAC(6%)+APH(2¦) activity; (ii) AAC(6%) only; (iii) APH(2¦) only; and (iv) no activity of AAC(6%) or APH(2¦).
© 2000 Elsevier Science B.V. and International Society of Chemotherapy. All rights reserved.
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1. Introduction

Nosocomial infections caused by enterococci are be-
coming increasingly important. Enterococci have a nat-
ural low level resistance to aminoglycosides (Ag). In
addition, enterococci can also show high level resistance
to aminoglycosides (HLR-Ag) [1]. This is generally due
to the acquisition of genes coding for aminoglycoside-
modifying enzymes (AME) [2]. HLR-Ag in enterococci
precludes any synergistic role of these antibiotics (gener-
ally gentamicin or streptomycin) with cell wall-active
agents (such as penicillin or vancomycin). Such a combi-
nation may be important in the treatment of serious
enterococcal infections [3].

Different AMEs have been detected in Enterococcus
spp. [4–11]. High-level gentamicin resistance in entero-
cocci is generally due to the bifunctional enzyme
AAC(6%)-APH(2¦) which also confers resistance to other
aminoglycosides such as tobramycin, kanamycin,
netilmicin and amikacin. The gene coding for this enzyme
has been reported previously [9]. Other genes related to
high or moderate levels of gentamicin resistance, aph(2¦)-
Id and aph(2¦)-Ic, have been described in enterococci
[5,11]. High-level resistance to streptomycin in entero-
cocci can be mediated by the ANT(6) and ANT(3¦)(9)
enzymes [6,12]. Ribosomal mutation may also be in-
volved in streptomycin resistance (MIC of \32 000
mg/l) [13]. The ANT(4%)(4¦) enzyme, that modifies
kanamycin, tobramycin and amikacin, has been previ-
ously detected in Enterococcus faecium [4] as well as in
strains of staphylococci [12].

The aim of this study was to determine the HLR-Ag
frequency as well as the mechanism of resistance involved
in enterococci isolated from clinically significant samples
and from faecal samples.
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2. Materials and methods

2.1. Bacterial strains and susceptibility testing

A total of 690 strains of various Enterococcus spp.,
isolated from different patients at the University Clinic
Hospital of Zaragoza (Spain), between April and
November 1995, were included in this study. The
origins of the strains were as follows: urine samples
(168 E. faecalis, seven E. faecium and four E. durans),
blood/exudates (91 E. faecalis, six E. faecium and three
E. durans) and faecal samples (29 E. faecalis, five E.
faecium and 377 Enterococcus spp.). The enterococcal
strains from the faecal samples were isolated on non-se-
lective media (chocolate agar), and only one enterococ-
cus strain per sample was selected for further studies.
Strains from different origins were identified to the
species level using the commercial PASCO system
(Difco), the API 20 STREP system (BioMerieux) and
various biochemical tests [14]. High-level gentamicin
and streptomycin resistance were investigated using the
agar diffusion method with high charge disks [15]. Lack
of inhibition zones around disks of gentamicin (120 mg
per disk) or streptomycin (300 mg per disk) were indica-
tive of high-level aminoglycoside resistance. Inhibition
zones of ]10 mm suggested absence of high-level
aminoglycoside resistance. When inhibition zones of
7–9 mm were detected, MICs were performed. High-
level aminoglycoside resistance was taken to be an MIC
\2000 and \500 mg/l for high level streptomycin and
gentamicin resistance, respectively.

2.2. Testing for aminoglycoside-modifying enzymes

The AMEs were identified in sonic extracts of resis-
tant enterococci obtained by ultrasonic disruption [16],
using the phosphocellulose paper-binding assay as de-
scribed previously [17]. The reaction was allowed to
proceed for 30 min at 37°C. The bacterial strains to be
analyzed were grown in brain heart infusion broth
(Difco, Detroit, MI) supplemented with a subinhibitory
gentamicin concentration (50 mg/l). Aminoglycosides
used as substrates were: gentamicin C1a, gentamicin
C1, tobramycin, netilmycin, amikacin, dactinomycin,
streptomycin, spectinomycin, neomycin, butirosin, and
lividomycin.

2.3. Mating experiments

Filter mating experiments were performed as previ-
ously described [18] using E. faecalis strain JH2-2 as the
recipient (plasmid free, resistant to rifampicin and fu-
sidic acid but without high-level resistance to aminogly-
cosides) [19], with a donor/recipient ratio of 1:10.
Transconjugants were selected on brain heart infusion
agar (Difco) supplemented with rifampicin (100 mg/l),
fusidic acid (20 mg/l) and gentamicin (500 mg/l).

2.4. PCR amplification

Amplifications of the aac(6 %)-aph(2¦) and aph(2¦)-Id
genes used PCR, primers and conditions described pre-
viously [11,20]. Escherichia coli JM 109/SF 815A and E.
casselifla6us UC73 (kindly supplied by P. Courvalin
and J.W. Chow, respectively) were used for aac(6 %)-
aph(2¦) and aph(2¦)-Id amplifications, respectively; the
E. faecalis strain JH2-2 was used as a negative control.
The DNA for the PCR reactions was obtained using
InstaGene™ Purification Matrix (BioRad) according to
the manufacturer’s instructions.

2.5. Hybridization

Probes were obtained as follows: aac(6 %)-Ie as a 781
bp AluI-ScaI fragment from the plasmid pSF 815AC,
aph(2¦)-Ia as a 1045 bp ScaI-AluI fragment from the
plasmid pSF 940AP and aac(6 %)-aph(2¦) as a 1500 bp
AluI fragment from the plasmid pSF 815A(9) (all these
probes were kindly supplied by P. Courvalin).

For the dot blot hybridization, DNA was obtained
by the alkaline method and transferred onto nylon
membrane (Hybond, Amersham) as previously de-
scribed [16]. For the Southern blot hybridizations,
DNA was digested with AluI according to the manufac-
turer’s instructions and transferred onto nylon mem-
brane using a vacuum system. The probes were labelled
by random primer labelling (Rediprime, Amersham)
with [32P]dCTP (Redivue, Amersham). Prehybridiza-
tions and hybridizations were carried out in a rapid
hybridization buffer (Amersham) at 65°C for 30 min
and 18 h, respectively. The filters were washed twice at
65°C in 2×SSC (1×SSC in 0.15 M NaCl and 0.015 M
sodium citrate)-0.1% SDS, once with 1×SSC-0.1%
SDS and once with 0.7×SSC-0.1% SDS. Autoradiog-
raphy was carried out by exposing X-ray film (X-Omat,
Eastman Kodak Co., Rochester, NY) to the filters for
72 h at −80°C.

3. Results and discussion

A total of 690 strains of Enterococcus spp. isolated
from clinically significant samples (n=279) and faecal
samples (n=411) were examined for the presence of
high-level resistance to streptomycin and gentamicin by
using an agar diffusion method with high charge disks
and also by MIC determination. Enterococcus strains
isolated from blood, exudate and urine samples showed
higher levels of HLR to both streptomycin and gentam-
icin (60 and 70%, 60 and 36.6%, 68 and 43%, respec-
tively) than those obtained from faecal samples (49.1
and 23.1%) (Table 1). Taking into account all the
enterococcal strains investigated in this study, HLR to
streptomycin was more frequently detected (55.6%)
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Table 1
High level streptomycin and gentamicin resistance in 690 strains of
Enterococcus spp. from different origins

No.Enterococci High level resistancea no. (%)
origin

STR GEN STR+GEN

122 (68.2)Urine 77 (43)179 72 (49.7)
Exudate 90 54 (60) 33 (36.6) 31 (34.4)
Blood 10 6 (60) 7 (70) 4 (40)

202 (49.1) 95 (23.1)411 88 (21.4)Faeces
Total 384 (55.6)690 212 (30.7) 195 (28.3)

a STR, streptomycin; GEN, gentamicin.

one E. durans from urine samples, 18 E. faecalis and
one E. durans from blood/exudates and 28 E. faecalis,
five E. faecium and 14 Enterococcus spp. from faecal
samples. The different AMEs detected in these 119
high-level gentamicin and streptomycin resistant entero-
cocci are shown in Table 2. The most frequently de-
tected AMEs were APH(3%) (67.1%) and
AAC(6%)-APH(2¦) (64.7%). These data suggest a wide
dissemination of genetic determinants for kanamycin
resistance, even though the strains investigated in this
study were selected only for gentamicin and strepto-
mycin resistance, these being aminoglycosides that are
not substrates for APH(3%). In other studies, APH(3%)-
III and AAC(6%)-APH(2¦) were the most frequent en-
zymes detected in HLR-Ag enterococcal strains [31,32].
Other AMEs were also detected in this study: ANT(6)
(30.3%), APH(3¦) (13.4%), APH(2¦) (9.2%), AAC(6%)
(9.2%), ANT(3¦)(9) (2.5%) and ANT(4)(4¦) (2.5%). In
15 strains, no AMEs were detected by the radioenzy-
matic assay (12.6%).

In 87 of the 119 high-level gentamicin and strepto-
mycin resistant strains analyzed, more than one AME
was identified in the same strain (Table 2). The most
common AME association detected was AAC(6%)-
APH(2¦)+APH(3%). It was frequently found in combi-

than HLR to gentamicin (30.7%). The occurrence of
enterococci showing HLR-Ag varies substantially de-
pending on the geographic location and the setting;
frequencies of 7.5–65% have been reported for HLR to
gentamicin in clinical enterococcal strains and frequen-
cies of 21–51% for HLR to streptomycin [21–30].

A total of 119 strains of the 195 high-level gentamicin
and streptomycin resistant enterococcal strains found in
this study, were randomly selected for analysis of the
detection of AMEs by the radioenzymatic method. The
strains comprised: 50 E. faecalis, one E. faecium and

Table 2
Combinations of aminoglycoside-modifying enzymes in 119 enterococcal strains with HLR to both gentamicin and streptomycin

E. faecalisAminoglycoside-modifying-enzymes Other enterococcal species

Clinical isolatesFaecal isolates Faecal isolatesClinical isolates
(n=3) (n=19)(n=68) (n=29)

AAC(6%)-APH(2¦)+APH(3%) 16 6 9
AAC(6%)-APH(2¦)+APH(3%)+ANT(6) 12 8 3

5AAC(6%)-APH(2¦) 21
AAC(6%)-APH(2¦)+APH(3%)+APH(3¦) 125

3APH(2¦)+APH(3%) 1a

AAC(6%) 3
3AAC(6%)+APH(3%)

AAC(6%)-APH(2¦)+APH(3%%) 1 1
AAC(6%)+APH(3%)+ANT(6) 1 1a

2AAC(6%)+ANT(6)
APH(2¦)+APH(3%)+ANT(6)+ANT(4)(4¦) 1 1

1APH(2¦)+APH(3%)+APH(3¦)
1APH(2¦)

APH(3%) 1b

AAC(6%)+APH(3%)+APH(3¦) 1
1APH(2¦)+APH(3¦)

1APH(2¦)+APH(3%)+ANT(3¦)(9)
+ANT(4)(4¦)

1AAC(6%)-APH(2¦)+ANT(6) 11
3ANT(6) 1b

AAC(6%)-APH(2¦)+APH(3%)+ANT(3¦)(9) 2
APH(2¦)+APH(3%)+ANT(6) 1

2No aminoglycoside-modifying-enzymes 11 2

a E. durans.
b E. faecium.
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Fig. 1. Dot blot hybridization using genomic DNA of Enterococcus
spp. with different expressions of the bifunctional enzyme: (1)
AAC(6%)+APH(2¦) (E. faecalis 305, 312, 376); (2) AAC(6%) (E.
faecalis 15, 153, 174, 283 and E. durans 239); (3) APH(2¦) (E. faecalis
113, 184). Probes: (a) aac(6 %)-Ie ; (b) aph(2¦)-Ia ; and (c) aac(6 %)-
aph(2¦).

suggest the dissemination of the ant(4 %)-Ia gene between
different enterococcal species.

In 88 out of 119 enterococcal strains studied, a
gentamicin resistance enzymatic mechanism was de-
tected (77 with AAC(6%)-APH(2¦) and 11 with
APH(2¦)). In 53 strains of the same group, an enzy-
matic mechanism for streptomycin resistance was
found: ANT(6) (31 E. faecalis, three E. faecium, one E.
durans and two Enterococcus spp.), ANT(3¦)(9) (three
E. faecalis) and APH(3¦) (12 E. faecalis and one Ente-
rococcus spp.). The detection of the aadA gene coding
for a streptomycin/spectinomycin adenylyltransferase
ANT(3¦)(9) in E. faecalis has been recently described
[6]. In our study, the ANT(6) enzyme was detected in
32% of the streptomycin resistant E. faecalis strains
(25% in clinically significant strains and 48% in faecal
strains). Ounissi et al. [12] found a positive hybridiza-
tion with an ant(6)-Ia probe in 87% of streptomycin-re-
sistant enterococci.

In 77 of the 119 high-level gentamicin and strepto-
mycin resistant enterococcal strains, a typical expres-
sion of the bifunctional enzyme AAC(6%)-APH(2¦) was
detected. However, a dissociate expression was ob-
served in 22 strains (20 E. faecalis and 2 E. durans).
Eleven of these strains showed AAC(6%) without
APH(2¦) activity and 11 strains the opposite, APH(2¦)
without AAC(6%) activity. In the remaining 20 strains,
no enzymatic activities compatible with AAC(6%) or
APH(2¦) were found. The dissociate expression
(AAC(6%) without APH(2¦) activity) could be confused
with the activity of the enzyme codified by aph(2¦)-Id,
described recently in enterococci [11]. In all our 42
strains with dissociated or no enzymatic activity, a
positive PCR amplification for the aac(6 %)-aph(2¦) gene
was obtained with negative amplification for the
aph(2¦)-Id gene. In all these reactions, positive and
negative results were obtained with positive and nega-
tive controls, respectively. Dot blot hybridization exper-
iments using aac(6 %)-Ie, aph(2¦)-Ia and aac(6 %)-aph(2¦)
probes gave positive results in 4/4 strains with AAC(6%)
without APH(2¦) activity (E. faecalis 15, 174, 283 and
E. durans 239) and in 2/2 strains with APH(2¦) without
AAC(6%) (E. faecalis 113 and 184) (Fig. 1). Southern
blot hybridization of genomic DNA digested with AluI
from E. faecalis, with different expressions of the bi-
functional enzyme, was carried out using aac(6 %)-
aph(2¦) as a probe; a positive hybridization was
obtained on a 1.5 Kb band in 3/3 strains with AAC(6%)-
APH(2¦) activity and in 1/2 strains with only AAC(6%)
activity. On the other hand, a positive hybridization on
two bands of 0.9 and 1.5 Kb was detected in the E.
faecalis strain 283 (with only AAC(6%) activity) (data
not shown). Dissociate expression of the bifunctional
enzyme has been previously reported in staphylococci
[33]. The structures that carry the aac(6 %)-aph(2¦) gene
in E. faecalis and other enterococcal strains are highly
diverse [34–39].

nation with other modifying enzymes such as ANT(6),
APH(3¦) or ANT(3¦)(9). In this way, the combination
of AAC(6%)-APH(2¦)+APH(3%), either alone or with
other enzymes, was found in 48.5% of clinical E. fae-
calis strains, in 62% of the faecal enterococcal strains
and in 63% of the non-E. faecalis strains obtained from
faecal samples (Table 2). Lower detection rates of these
two enzymes have been found by other authors (4.1%)
(31). In 36 E. faecalis strains (37%), at least three
different AMEs were observed (30.8% in E. faecalis
strains of clinically significant samples and 51.7% in E.
faecalis strains of faecal samples); in three of these
strains, four different resistance mechanisms were de-
tected. This high diversity of AME in one strain is also
common in Gram negative rods [10]. The ANT(4%)(4¦)
enzyme was found in three E. faecalis strains (two
isolated from faecal samples and one strain isolated
from a urine sample), always associated with APH(3%)
and APH(2¦) without AAC(6%) activity. This
ANT(4%)(4¦) enzyme has been reported in both staphy-
lococcal and E. faecium strains [12]; however, to our
knowledge, this is the first time that this enzyme has
been described in E. faecalis strains. These findings
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The transfer of aminoglycoside resistance determi-
nants was carried out by conjugation in six enterococ-
cus strains with different expressions of the bifunctional
enzyme, using E. faecalis strain JH22 as recipient. In all
cases, the gentamicin resistance was transferred but no
plasmids were observed in the donor and transconju-
gant strains. Complete AAC(6%)-APH(2¦) activity was
detected by the radioenzymatic assay and a positive
aac(6 %)-aph(2¦) PCR amplification for all the
transconjugant strains was obtained (data not shown).
Transconjugants obtained with donors which were
enterococcus strains with different expressions of the
bifunctional enzyme, expressed both AAC(6%) and
APH(2¦) activities.

The results of this study show that HLR to strepto-
mycin and gentamicin is frequently detected in entero-
coccal strains isolated from clinically significant
samples and lower rates of resistance are detected in
those strains isolated from faecal samples. Different
AMEs are implicated in aminoglycoside resistance and
three or more enzymes are usually involved.
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