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SUMMARY

Escherichia coli and salmonella strains with plasmids conferring resistance to
gentamicin and apramycin have been isolated with increasing frequency both
from cattle and hospital patients in Belgium. The apramycin-gentamicin
resistance plasmids were characterized in recipient strains by their profiles and
molecular weights using agarose gel electrophoresis, by their antimicrobial
resistance patterns and by replicon typing using a series of DNA probes specific
for the genes controlling their systems of replication. Overall, most of the plasmids
differed in their DNA electrophoretic patterns. Seventeen different antimicrobial
resistance profiles were observed, and there were six different types of replicons.
However, two replication genes predominated and had a preferential distribution
in different bacterial species. The rep FIC.a plus rep Q multireplicon was found
mainly in plasmids recovered from gentamicin- and apramycin-resistant E. coli
while replicon of the type rep FIC.b largely prevailed in S. typhimurium. Identical
replication genes were found in most animal and human strains, hence suggesting
a high homology between apramycin- gentamicin plasmids in these communities.
Finally, our results indicate that the rapid spread of apramycin-gentamicin-
resistance in several species of Enterobacteriaceae isolated from animals and from
humans in Belgium is not due to a single plasmid, but rather that the gene
encoding AAC(3)-IV is carried by various replicons.

INTRODUCTION
The aminoglycoside antibiotics apramycin and gentamicin have been used

extensively in veterinary medicine in different countries in Europe since their first
introduction for this purpose in the early 1980s. The first strains of Salmonella
typhimurium and of Escherichia coli resistant to apramycin and gentamicin were
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observed in England in 1982 [1,2] and were isolated thereafter from farm animals
in various countries [3-6]. The mechanism of resistance to apramycin and to
gentamicin is due to N-acetylation by an enzyme of the aminoglycoside
acetyltransferase 3 class (AAC(3)IV) [7]. In recent years, a rapid spread of this
aminoglycoside resistance pattern has been observed in Belgium in Gram-negative
Enterobacteriaceae isolated from calves [8]. In parallel to these findings, the AAC-
(3)-IV aminoglycoside modifying enzyme has been reported on several occasions
in aminoglycoside-resistant human isolates [5, 9-11]. The true prevalence of this
resistance mechanism in isolates from humans is however unknown and likely to
be underestimated because apramycin is an antibiotic whose usage is restricted to
veterinary therapy, and hence clinical human isolates are not routinely tested for
sensitivity to apramycin.

A gene encoding for resistance to apramycin and gentamicin has been cloned
and sequenced [12] and found to be carried on various conjugative plasmids [4, 5].
Digestion with several restriction endonucleases has revealed some degree of
similarity between plasmids of human and animal origin which confer resistance
to apramycin and gentamicin [13]. The aim of this study was to characterize
further the plasmids of apramycin-resistant Enterobacteriaeceae recently isolated
in Belgium, by hybridization with different replicon-specific probes in order to
determine their replicating genes and to assess further the level of genetic
homology between the plasmids of human and of animal origin.

Replicon probes are derived from incompatibility loci of plasmids (replication
and partition loci). These probes allow an accurate identification of most plasmids
of Enterobacteriaceae and of other bacteria [14].

MATERIALS AND METHODS

Strains
Seventy apramycin-resistant clinical strains isolated in Belgium between 1985

and 1990 were studied. The clinical strains of human origin were isolated in an in
vitro study performed in eight hospitals. The apramycin-resistant isolates were
selected among a collection of aminoglycoside resistant isolates obtained during
this study [9]. The strains of animal origin were recovered from sick animals
during the same time period. Overall there were 57 strains of E. coli (19 isolated
from hospitalized patients in Belgium, and 38 animal isolates comprising 37
bovine and one porcine isolate), 10 strains of Salmonella typhimurium (9 of bovine
origin and 1 human isolate), 2 Citrobacter freundii (1 porcine and 1 bovine isolate)
and 1 Klebsiella pneumoniae strain of human origin. Duplicate strains originating
from the same patient or from the same animal were excluded. The origins and
properties of the strains are listed in Table 1.

Microbiological techniques

Enterobacterial strains were isolated on MacConkey medium or on G2SX
Salmonella agar [15] and identified according to standard identification techniques
[16]. Antimicrobial resistance was determined by the disk diffusion test on
Mueller-Hinton agar [17]. The following antimicrobial agents were tested:
ampicillin, disk 10 meg (Ap); amoxycillin, 20 mcg/clavulanic acid, 10 meg (Aug);
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apramycin, 100 meg (Apr); cephalothin, 30 meg (Ctn); chloramphenicol, 30 meg
(Cm); gentamicin, 10 meg (Gm); kanamycin, 30 meg (Km); nalidixic acid, 30 meg
(Xal); polymyxin B, 300 I.U. (Po); sulphonamide, 200 meg (Su); streptomycin,
10 meg (Sm); tetracycline, 30 meg (Tc); trimethoprim, 5 meg (Tp). Minimal
inhibition concentrations (MICs) of gentamicin and of apramycin were also
determined using the same Mueller-Hinton agar medium [17]. The resistance
mechanisms were inferred from the aminoglycoside resistance patterns observed
by disk susceptibility testing against ten different aminoglycoside antibiotics,
following the method described by Shimizu and colleagues [18]. The amino-
glycosides tested included: amikacin, disk 30 meg; apramycin, 100 meg; 5-
episisomicin (Sch 22591; Schering corp.), 10 meg; 2'-N-ethyl-netilmicin (Schering
corp.), 10 meg; 6'-N-ethyl-netilmicin (Schering corp.), 10 meg; fortimicin, 30 meg;
gentamicin, 10 meg; isepamicin (Sch 21420; Schering corp.), 30 meg; netilmicin,
30 meg; tobramycin, 10 meg.

Conjugation
An overnight conjugation in brain heart infusion broth was performed following

a previously described technique [19]. Escherichia coli K-12 14R525 [20] and S.
typhimurium TM123 [21] were used as recipient strains. After transfer to the first
recipient strain, the plasmids encoding resistance to apramycin and gentamicin
were transferred to a second recipient in order to obtain transconjugants carrying
a single plasmid. Apramycin was used at a concentration of 500 micrograms per
milliliter for selection of transconjugants.

Plasmid DNA
Preparation of plasmid DNA of the transconjugants and agarose gel

electrophoresis were performed following the alkaline lysis technique of Portnoy
and colleagues [22]. Size standards were plasmids from strain E. coli V517 [23] and
Erwinia uredovora [24].

Probes and hybridization
The replicon control systems of the different transconjugants were determined by
DNA-DNA hybridization using specific rep probes following the replicon typing
technique described by Couturier and colleagues [14]. Fifty transconjugants were
tested with the following replicon radiolabelled gene probes: repFIA, repFIB,
repFIC, repFIIA, rep9, repB/O, repK, repll, repHI.l, repHI.2, repL/M, repP,
repQ, repT, repU, repW, repX and repY.

Hybridization was usually performed on colony filters obtained from the
transconjugants. However, with 35 transconjugants hybridization was done on
dried agarose gels using the rep9, repll and repQ probes. Since no hybridization
occurred with a number of rep probes, only the probes specific for repFIB, rep9,
repll and repL/M were tested on the 17 subsequent transconjugants. In 3 cases
(1 K. pneumoniae isolate, 2 C. freundii isolates) hybridization was performed
directly on the donor strains as no transconjugants could be obtained from these
strains. Single plasmids isolated in the transconjugants obtained from all E. coli
strains as well as from the single K. pneumoniae strains of human origin and from
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7 E. coli and 2 8. typhimurium strains isolated from cattle hybridized on filters
with a probe specific for the gene encoding AAC(3)-IV acetylase [5-13].

RESULTS

All 70 strains were highly resistant to apramycin (MICs ^ 1024 /<g/ml) and
moderately resistant to gentamicin (MICs ranging between 16 and 32 /^g/ml) and
most were resistant to other antimicrobial agents, irrespective of the source
(Table 1). Twenty-five strains were resistant to ten or more antimicrobial agents.
All strains were susceptible to polymyxin B; only three were resistant to
cephalothin and five to amoxycillin-clavulanic acid (Table 1). Transconjugants
carrying a single plasmid that encoded resistance to apramycin and to gentamicin
were obtained in 63 strains. The aminoglycoside resistance patterns determined
for all the transconjugants were compatible with the presence of the aac4 gene
with resistance to apramycin, gentamicin, netilmicin, 2'-N-ethyl, 6'-N-ethyl
netilmicin, tobramycin and susceptibility to amikacin, 5'-episisomicin, fortimicin
and isepamicin. In 9 cases, the plasmids only encoded resistance to apramycin and
to gentamicin, while 16 others had resistance to 3 antimicrobial agents, 19 to 4
agents, 14 to 5 agents and 5 to 6 agents (Table 2). Seventeen different
antimicrobial resistance patterns were observed (Table 2). Resistance to
ampicillin, streptomycin, and trimethoprim was frequently found in association
with apramycin and gentamicin. In contrast, none of the apramycin-gentamicin
resistant transconjugants expressed resistance to cephalothin, chloramphenicol,
enrofloxacin, nalidixic acid or polymyxin B.

The molecular weights of the plasmids conferring resistance to apramycin and
to gentamicin ranged between 57 MDa and 72 MDa in the E. coli strains of human
origin, while those found in the bovine strains varied between 54 MDa and 82 MDa
(Table 1).

The single apramycin-gentamicin E. coli transconjugant obtained from a pig
contained a plasmid of approximately 58 MDa. Plasmids found in the apramycin-
resistant S. typhimurium transconjugants of bovine origin had a molecular weight
ranging between 58 and 66 MDa, while the only apramycin-resistant S.
typhimurium of human origin contained a plasmid of approximately 69 MDa.
Apramycin-gentamicin resistance plasmids were not found in the single isolate of
K. pneumoniae or in one C.freundii strain of animal origin. A 66 MDa plasmid was
found in another animal strain of C. freundii, but it is unknown whether this
plasmid encoded resistance to apramycin and to gentamicin since it could not be
transferred into recipient strains.

Hybridization results on colony filters with the rep probes are also shown in
Table 1 and are summarized in Table 3. Overall, 42 out of 57 (74-7%) apramycin-
gentamicin resistant E. coli transconjugants carried a double replicon of the types
rep FIC.a plus repQ. These two replicons were found at a similar frequency in the
resistant strains irrespective of their origin. In addition, six transconjugants
(10-5%) hybridized with the rep FIC.a probe alone while one strain (1-7%)
hybridized solely with the rep Q probe. The FIC.b replicon alone (five strains:
8-7 %) or in association with either the rep P or rep Q types (one strain each; 1-7 %)
were less frequently encountered in the E. coli transconjugants carrying a single
apramycin-gentamicin resistance plasmid. The transconjugant obtained from the
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Table 2. Resistance patterns of 63* apramycin-gentamicin resistance plasmids

Origin of plasmids*

Resistance pattern

Apr Gm
Tp Apr Gm
Sm Apr Gm
Su Apr Gm
Ap Apr Gm
Km Tp Apr Gm
Sm Tp Apr Gm
Sm Ap Apr Gm
Su Sm Apr Gm
Sm Km Apr Gm
Su Sm Ap Apr Gm
Sm Ap Tp Apr Gm
Su Ap Tp Apr Gm
Su Sm Ap Tp Apr Gm
Su Sm Tc Tp Apr Gm
Sm Km Ap Aug Apr Gm
Su Sm Km Tp Apr Gm

t
Human
(n = 19)

4
5
3

—
—
1

—
—
—
—
3

—
—
2
1

—
—

E. coli

Cattle Pig
(n = 36) ( n = 1)

3 1
6 —

— —
1 —

— —
— —
1 —
6 —
9 —

— —
3 —
5 —
2

— —
— —
— —
— —

Salmonella sp.

Human Cattle
( n = l ) (n = 6;

1 —
— —
— —
— —
— 1
— —
— —
— —
— —
— 2

1
— —
— —
— —
— —
— 1

1

* These 63 transconjugants contained only one plasmid.

Table 3. Replicon-typing of apramycin-gentamicin resistance plasmids

Origin
Bacterial

species

E. coli

S. typhimurium

Klebsiella sp.

Citrobacter sp.

Replicons

FIC.a+ Q
FIC.b+ P
FIC.b+ Q
FIC.a
FIC.b
Q
Unknown

FIC.b
Q

Unknown

FIC.b

Human

(n = 19)
14

1
1
2
1

—
—

1
—

It

—

A

Cattle

(n = 37)
28*
—
—
4
4
1

—

(» = 9)

7t
2

—

It

Pig

(n=l)
—
—
—
—
—
—
1

—
—

—

(n = 1)

It

Toti

42
1
1
6
5
1
1

8
2

1

2

* One of the 28 transconjugants contained two plasmids.
t Three of the seven transconjugants contained two plasmids.
J Hybridization with the clinical isolates.

bovine E. coli strain 14K87 contained one plasmid of 74 MDa and another of
76 MDa (Table 1). Hybridization on agarose gel showed that rep FIC.a and rep Q
were located on the larger plasmid. The resistance plasmid of the single E. coli
strain of porcine origin did not hybridize with any of the 14 probes used.
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In contrast, the replicon of the rep FIC.b type predominated in S. typhimurium
being found in seven transconjugants from bovine strains and in the single strain
of human origin. However, three transconjugants of S. typhimurium of animal
origin contained two plasmids (58 and 66 MDa) (Table 1) so it remains unknown
in these cases whether the FIC.b replicon was located on the apramycin-
gentamicin plasmid. The two remaining S. typhimurium transconjugants reacted
with the rep Q probe alone. The K. pneumoniae isolate did not react with any of
the probes while the two C. freundii carried rep FIC.b, although it was not
determined whether this was on the same plasmid that encoded resistance to
apramycin and gentamicin.

DISCUSSION
Resistance to apramycin and gentamicin is mediated by a 3-N-acetyltransferase

type IV enzyme (AAC(3)-IV) encoded by a gene located on bacterial plasmids
[4, 7, 12, 18] which are present in isolates from veterinary and human origin [1-5,
9-11, 25]. Homology between plasmids from isolates of human and animal origins
encoding AAC(3)-IV has been suggested previously. Chaslus Dancla and colleagues
[5, 13] found a high degree of similarity in the plasmid DNA fingerprint obtained
on agarose gels after digestion with several restriction enzymes of apramycin-
resistant E. coli, isolated from hospital patients in Belgium and strains isolated
from cattle in France and Belgium. Salauze and colleagues [25] used specific
probes and southern hybridization to show that the AAC(3)-IV gene was always
linked with hphB, a gene encoding a 4-1 phosphotransferase which inactivates
hygromycin B, another aminoglycoside antibiotic. These genes formed an operon,
which contains insertion sequences (IS140) that are similar in apramycin-resistant
Enterobacteriaceae isolated from different human and animal sources.

By using probes that are specific for different replicon control systems, we were
able to show that the apramycin-gentamicin resistance plasmids found in different
Enterobacteriaceae isolated both from human and animal sources frequently
carry similar replicons. A double replicon, FIC.a plus repQ, was present in a large
majority of the human and animal E. coli strains. In contrast, the FIC.b replicon
was less frequently present in E. coli, but predominated in transconjugants of S.
typhimurium. The replication system of the plasmid isolated in the single porcine
isolate of E. coli is unknown as the transconjugant did not hybridize with any of
the rep probes. This suggest that other, as yet uncharacterized replicon control
systems exist. Our results also confirm that apramycin-gentamicin resistance is
limited to a few species of Enterobacteriaceae in both animals and humans
(mainly E. coli and S. typhimurium). Only three apramycin-gentamicin resistant
strains were found among two other Gram-negative species (K. pneumoniae and C.
freundii), and transferable plasmids were not found in these bacteria.

This work indicates that the epidemic spread of apramycin and gentamicin
resistance observed in E. coli and S. typhimurium isolated from farm animals was
not associated with a single plasmid. Rather, resistance check was associated with
a variety of plasmids which also carried resistance determinants to other classes
of antimicrobial agents. This suggests that the aac4 gene is also probably carried
on transposable elements. Seventeen different antimicrobial resistance patterns
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were found among the apramycin- gentamicin resistant transconjugants (Table 2),
and six different replicon control systems were identified (Table 3). However, two
types of replication control genes predominated namely, the double replicon FIC.a
plus Q and replicon FIC.b. The other replicon types identified may have resulted
from genetic rearrangement (deletions/recombinations). The double replicon
FIC.a plus Q was almost exclusively found in E. coli strains, while the FIC.b type
was mainly found in S. typhimurium thus indicating that a preferential relation
may exist between plasmids and their bacterial hosts. During the course of this
study, randomly selected Enterobacteriaceae belonging to species other than E.
coli or S. typhimurium were screened. Resistance to apramycin was not found
except in one K. pneumoniae strain of human origin and in two C.freundii isolates
of animal origin (data not shown). The observation that apramycin and gentamicin
resistance apparently exists in only a few bacterial species agrees with the
observations of others [4, 10], and indicates a possible preferential association
between plasmids and their hosts [26]. However, more isolates from other
Enterobacteriaceae species should be studied in order to corroborate this
impression.
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