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Nosocomial infections caused by Staphylococcus aureus strains resistant to
methicillin and multiple antibiotics have reached epidemic proportions in Mel-
bourne, Australia, over the past 5 years. Plasmid analysis of representative
clinical isolates demonstrated the presence of three classes of plasmid DNA in
most strains. Resistance to gentamicin, kanamycin, and tobramycin was usually
mediated by an 18-megadalton plasmid but could also be encoded by a related 22-
megadalton plasmid. Two distinguishable plasmids of 3 megadaltons each en-
dowed resistance to chloramphenicol, and the third class consisted of small
plasmids, each approximately 1 megadalton in size, with no attributable function.
An extensive array of resistance determinants, including some which have usually
been associated with a plasmid locus, were found to exist on the chromosome.
Evidence that resistance to gentamicin, kanamycin, and tobramycin is chromo-
somally encoded in some clinical isolates suggests that this determinant may have

undergone genetic translocation onto the staphylococcal chromosome.

The incidence of nosocomial infections
caused by Staphylococcus aureus strains resist-
ant to methicillin and multiple antibiotics has
steadily increased in recent years. Although
generally restricted to small outbreaks (5, 16, 37)
strains of multiply resistant (MR) S. aureus have
shown a propensity for spread and persistence
(2, 35), and some reports suggest that the ap-
pearance of these organisms is more than epi-
sodic (10, 32).

Over the past 5 years, the occurrence of MR
S. aureus in metropolitan hospitals in Mel-
bourne, Australia, has reached epidemic propor-
tions. A survey conducted during 1979 found
that more than 2,500 patients in 31 hospitals
were known to be infected or colonized (or both)
by these organisms (30). The current incidence
of MR S. aureus in some major hospitals is as
high as 50% of all S. aureus strains isolated, and
the number of patients infected, as opposed to
those colonized, has climbed to approximately
half of all cases, with a corresponding increase
in morbidity and mortality. Patients most at risk
from MR S. aureus bacteremia appear to be
those with some form of predisposing condition
such as a surgical wound, burns, or an intravas-
cular device. Additionally, prior therapy with
multiple or broad-spectrum antibiotics is often
associated with acquisition of the organism (24).

A preliminary report has been made on the
genetic nature of the multiple-antibiotic resist-
ance expressed by Melbourne strains of S. aure-
us (22). The purpose of this investigation was to

expand these findings in an attempt to establish
whether dissemination of common antibiotic
resistance plasmids was involved in the apparent
epidemic spread of MR S. aureus throughout
Melbourne hospitals.

MATERIALS AND METHODS

Bacterial strains and plasmids. Clinical isolates of S.
aureus were obtained from Melbourne metropolitan
hospitals and other Victorian hospitals during the
period from 1979 to 1982. We are grateful to J. Andrew
and D. Olden (St. Vincent’s Hospital), V. Asche
(Queen Victoria Medical Centre), P. Carson (Repatria-
tion and General Hospital), R. Pavillard (Royal Mel-
bourne Hospital), A. Hewstone (Royal Children’s
Hospital), J. Spicer (Alfred Hospital), and F. Tosolini
(Austin Hospital) for providing these isolates. Repre-
sentative strains, together with their derivatives, are
listed in Table 1.

Strains carrying plasmids for use as molecular
weight standards were kindly provided by R. N. No-
vick, Public Health Research Institute of the City of
New York [RN1465(pII147), RN453(pI258),
RN3135(pSA4500), RN1305(pC221), RN2425(pC194)]
and M. L. Cohen, Center for Infectious Diseases,
Centers for Disease Control, Atlanta, Ga.
[L3626(pUW3626)].

Strain SA113 (12), a restrictionless derivative of S.
aureus 8325, was kindly provided by S. Iordanescu,
Institute Cantacuzino, Bucharest, Romania.

Media. L. broth contained 1% : (wt/vol) tryptone
(Oxoid Ltd., London, England), 0.5% (wt/vol) yeast
extract (Oxoid), and 1% (wt/vol) sodium chloride (pH
7.2). L agar contained 1.25% (wt/vol) Davis New
Zealand agar in L broth.
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Susceptibility tests. Bacterial susceptibility to a num-
ber of antimicrobial agents and inorganic ions was
ascertained by suspending single colonies in L broth in
separate wells of a microtiter tray and, using a multi-
point inoculator (23), inoculating L agar plates con-
taining one of the antibiotics or inorganic salts (28) at
the following concentrations: benzylpenicillin (Glaxo
Australia, Pty. Ltd., Boronia, Australia), 20 pg/ml;
methicillin (Beecham Australia, Moonabbin, Victoria,
Australia), 8 pg/ml; streptomycin (Glaxo Australia), 10
wng/ml; neomycin (The Upjohn Co., Kalamazoo,
Mich.), 10 pg/ml; kanamycin (Bristol Laboratories,
Syracuse, N.Y.), 10 ug/ml; gentamicin (Schering
Corp., Bloomfield, N.J.), 4 pg/ml; tobramycin (Eli
Lilly & Co., Indianapolis, Ind.), 4 pg/ml; amikacin
(Bristol Laboratories), 8 pg/ml; chloramphenicol
(Boehringer Mannheim Australia, Pty. Ltd., North
Ryde, New South Wales, Australia), 16 pg/ml; clinda-
mycin (Upjohn), 10 pg/ml; erythromycin (Abbott Lab-
oratories, Pty. Ltd., Kurnell, New South Wales, Aus-
tralia), 5 pg/ml; fusidic acid (Leo Pharmaceuticals,
Ballerup, Denmark), 1 pg/ml; rifampin (Lepetit,
00000), 1 ug/ml; sulfathiazole (Sigma Chemical Co.,
S.p.A., Milan, Italy), 100 pg/ml; tetracycline (Sigma),
5 pg/ml; trimethoprim (Sigma), 50 pg/ml; vancomycin
(Eli Lilly & Co.), 4 pg/ml; sodium arsenate, 7 x 1074
M; sodium arsenite, 2 X 10~* M; cadmium nitrate, 5 X
10~3 M; and mercuric nitrate, 5 X 107% M. Susceptibil-
ity was determined after incubation for 16 to 18 h at
30°C (methicillin) or 37°C (all others).

MICs. Minimal inhibitory concentrations (MICs)
were determined by inoculating serial twofold dilu-
tions of an antibiotic in L broth with a 0.0005 volume
of an 18-h bacterial culture and incubating at 37°C for
48 h.

Penicillinase assay. Penicillinase production was de-
tected by inoculating resuspended colonies on 0.1
brain heart infusion agar (BBL Microbiology Systems,
Cockeysville, Md.), followed by treatment with N-
phenyl-a-napthylaminocarboxybenzene and 20 mg of
benzylpenicillin per ml as described previously (27).

Plasmid elimination. Plasmid elimination was
achieved by growth in L broth at 44°C for 16 to 18 h (1)
or by growth in L broth containing various concentra-
tions of ethidium bromide (EtBr) at 37 or 44°C for 16 to
18 h (3). Single colonies from such cultures were
picked and screened to determine phenotypic changes.

Rapid plasmid DNA isolation. A rapid plasmid DNA
isolation technique (7) has been modified for general
use in this laboratory (R. Jackson, J. Tennent, B.
Lyon, and R. Skurray, unpublished data). The proce-
dure specific for staphylococcal DNA is as follows.
Cultures in 10 ml of L broth containing the relevant
antibiotic(s) were incubated with shaking at 37°C for
16 to 18 h. Cells were centrifuged, resuspended in 1 ml
of TES buffer (50 mM Tris, 5 mM EDTA, 50 mM NaCl
[pH 8.0)], transferred to a 1.5-ml Eppendorf tube, and
pelleted in an Eppendorf centrifuge. The pellet was
resuspended in 50 pl of lysostaphin (0.2 mg/ml in TE-
sucrose—10 mM Tris, 1 mM EDTA, 25% ([wt/vol]
sucrose [pH 7.8]; Sigma), and a further 450 ul of TE-
sucrose was added to the tube, which was then incu-
bated at 37°C for 45 min. Nucleases were inactivated
by the addition of 5 ul of diethyl pyrocarbonate
(Sigma), and 75 pl of lysis buffer (10% [wt/vol] sodium
dodecyl sulfate, 50 mM Tris, 10 mM EDTA [pH 8.0))
was added and mixed by rolling before incubation at
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room temperature for 10 min. The addition of 400 ! of
potassium acetate (5 M) was followed by incubation on
ice for at least 30 min, centrifugation in an Eppendorf
centrifuge at 4°C for 20 min, and incubation of the
decanted clear lysate with 5 ul of RNase type I-A (10
mg/ml in sterile distilled water; Sigma) for 30 min at
37°C. DNA was precipitated by filling the tube with
room-temperature absolute ethanol and centrifuging in
an Eppendorf centrifuge at room temperature for 10
min. The DNA pellet was air dried and dissolved in 40
pl of TE (pH 7.5). DNA prepared by this method is
sufficient for two gel tracks, can be cleaved by restric-
tion endonucleases, and can be stored at 4°C for at
least 10 days after incubation at 65°C for 5 min.

Isolation of purified plasmid DNA. Cleared lysates,
from 1-liter aerated L broth cultures shaken at 37°C for
16 h, were prepared by the rapid DNA procedure as
described above, with proportional increases in re-
agents, and concentrated by polyethylene glycol pre-
cipitation (11). Covalently closed circular (CCC) plas-
mid DNA was separated from chromosomal DNA by
cesium chloride-EtBr (CsCl-EtBr) equilibrium density
centrifugation. CsCI-EtBr gradients were formed by
centrifugation (40,000 rpm, 40 h) with a Ti70.1 rotor in
an L8-70 ultracentrifuge (Beckman Instruments, Inc.,
Fullerton, Calif.). Plasmid bands were visualized un-
der UV light and collected with needle and syringe,
and the EtBr was removed by double extraction with
cold n-butanol. To remove CsCl, DNA was dialyzed
(16 to 18 h, 4°C) against 20 mM Tris-1 mM EDTA (pH
7.8) containing Dowex 50W-X8 (BDH, Poole, En-
gland) with one change of buffer.

Agarose gel electrophoresis. Whole plasmid DNA
samples were analyzed by submerged horizontal elec-
trophoresis (1.8 V/cm, 16 h) in an 0.9% (wt/vol)
agarose (Sigma, Type II) gel buffered with TAE (40
mM Tris, S mM sodium acetate, 1 mM EDTA [pH
7.8]) (J. Watson, Australian National University, Can-
berra, personal communication). After staining with
EtBr (5 pg/ml) and destaining with distilled water, the
DNA was visualized with a 302-nm-wavelength UV
transilluminator (Ultra-Violet Products, San Gabriel,
Calif.) and photographed through combined 2A/15
Kodak Wratten filters with an MP-4 Polaroid Land
camera and Kodak Tri-X film. Plasmid sizes were
calculated from the migration of DNA bands with
molecular weight standards and the relationship log
molecular weight versus mobility (38). Plasmid stan-
dards were as follows: pUW3626, 32 megadaltons
(Md) (4); plI147, 21.4 Md (29); pI258, 18.6 Md (29);
pSA4500 5.4 Md (13); pC221, 3.0 Md (29); and pC194,
1.8 Md (29).

Restriction endonuclease digestion. Rapidly isolated
DNA samples were cleaved with restriction endonu-
cleases EcoRI, Hindlll, and Sall (Boehringer Mann-
heim) and Hpall and Pvull (New England Biolabs,
Beverly, Mass.) over 2 h, as described previously (6),
and analyzed by 1.0 to 1.4% (wt/vol) agarose gel
electrophoresis as described above. HindIll and Hin-
dIII-EcoRI double digests of A viral DNA (Miles
Laboratories, Inc., Elkhart, Ind.) were employed as
standards. Sizes of the fragments in kilobases (kb)
were taken from Phillipsen et al. (31).

RESULTS

Characteristics of S. aureus isolates. A total of
152 strains of MR S. aureus isolated from 14
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hospitals over the period from July 1979 to
February 1982, were examined in this study.
Almost all of these strains were resistant to
penicillin, streptomycin, and tetracycline; 93%
were resistant to erythromycin and clindamycin;
and 89% were resistant to methicillin. Linked
resistance to gentamicin, kanamycin, and tobra-
mycin was demonstrated by 79% of the strains,
whereas 28% exhibited apparently unlinked
resistance to neomycin. Resistance to chloram-
phenicol was seen in 37% of the organisms.
Resistance to amikacin, fusidic acid, and rifam-
pin was sometimes encountered, but all isolates
appeared to be susceptible to vancomycin. Pro-
duction of a penicillinase; resistance to sulfon-
amide, trimethoprim, and cadmium and mercury
ions; and susceptibility to arsenate and arsenite
were also characteristic of the hospital strains
surveyed.

Representative MR S. aureus strains and their
characteristics are shown in Table 1. Most
strains could not be phage typed at routine test
dilution; however, phage types were obtained at
100 routine test dilution. Several different phage
types from groups I and III were present, with
the 80/85 complex being the most common.

Plasmid composition of S. aureus isolates. Plas-
mid DNA from all 152 clinical isolates of S.
aureus was analyzed to determine the location
of genetic determinants for antibiotic resistance
in these strains. Agarose gel electrophoresis of
DNA isolated from the twelve representative
strains in Table 1 is shown in Fig. 1. CsCI-EtBr-
purified CCC plasmid DNA from strain SK529
(Fig. 1, lane b) indicated the presence of three
plasmids with approximate molecular sizes of
18, 3, and 1 Md. Rapidly isolated DNA of the
same strain (Fig. 1, lane c) showed these three
plasmid bands together with a band of chromo-
somal DNA and a band corresponding to the
putative open circular (OC) form of the 3-Md
plasmid (see below). This plasmid pattern was
common in other strains with antibiograms simi-
lar to that of SK529 (e.g., SK427, SK462,
SK429, SK484, SK18; Fig. 1) and was also
found in methicillin-susceptible isolates with
otherwise identical antibiograms, such as SK240
(Fig. 1, lane n). In some of these lanes, putative
OC forms of the 18-Md plasmid are evident just
below the wells.

These three plasmids were not always found
together, however, and many strains were
shown to possess only one or two of the plasmid
types (e.g., SK526, SK608, SK478; Fig. 1).
Overall, 51% of the strains possessed an 18-Md
plasmid, 37% a 3-Md plasmid, and 69% a 1-Md
plasmid. In addition, 9% of the strains, such as
SK480 (Fig. 1, lane k), possessed a large plasmid
other than the 18-Md variety, and a plasmid
species smaller than the 1-Md plasmid was
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FIG. 1. Agarose gel (0.9% [wt/vol]) electrophoresis
of S. aureus DNA. Lanes a and b contain purified
CCC plasmid DNA, and lanes c through n contain
rapidly isolated plasmid DNA from which OC plasmid
DNA and chromosomal (Chr) DNA have not been
removed. Lane a, molecular weight standards as de-
scribed in Materials and Methods; sizes (in Md) are
shown at left. Lane b, SK529; lane ¢, SK529; lane d,
SKS526; lane e, SK539; lane f, SK427; lane g, SK462;
lane h, SK608; lane i, SK429; lane j, SK484; lane k,
SK480; lane 1, SK478; lane m, SK18; lane n, SK240.

found in two strains (e.g., SK539; Fig. 1, lane e).
Only 7% of the isolates examined were shown to
be devoid of plasmid DNA.

Determination of plasmid phenotypes. Strain
SKS529, with a common antibiogram and plasmid
pattern, was selected for plasmid elimination
studies as described in Materials and Methods.
After overnight incubation at 44°C, up to 40% of
cells were found to be susceptible to gentamicin,
kanamycin, and tobramycin. Plasmid DNA iso-
lated from susceptible variants, such as SK553
(Fig. 2, lane c), demonstrated loss of the 18-Md -
plasmid species seen in SK529 (Fig. 2, lane b).
Curing studies with a further 14 clinical isolates
also demonstrated the association between the
18-Md plasmid, which has been named pSK1,
and resistance to gentamicin, kanamycin, and
tobramycin.

Incubation (44°C) of cultures of strain SK456
(Fig. 2, lane i), which possessed a large 22-Md
plasmid, resulted in the production of plasmid-
less derivatives, such as SK700 (Fig. 2, lane j),



VoL. 23, 1983
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FIG. 2. Agarose gel (0.9% [wt/vol]).electrophoresis
of rapidly isolated S. aureus DNA. Lane a, molecular
weight standards as described in Materials and Meth-
ods; sizes (in Md) are shown at left. Lane b, SK529;
lane ¢, SK553, a derivative of SK529 cured of gentami-
cin, kanamycin, and tobramycin resistance; lane d,
SK554, a derivative of SK553 cured of chlorampheni-
col resistance; lane e, SK429; lane f, SK497, a deriva-
tive of SK429 cured of chloramphenicol resistance;
lane g, SK480; lane h, SK665, a derivative of SK480
with the same phenotype; lane i, SK456; lane j,
SK700, a derivative of SK456 cured of gentamicin,
kanamycin, and tobramycin resistance.

which were now susceptible to gentamicin,
kanamycin, and tobramycin. Therefore, in this
strain, resistance to these aminoglycosides is
mediated by a 22-Md plasmid (pSK4). Strain
SK480 (Fig. 2, lane g) also possessed a 22-Md
plasmid (pSKS8), but incubation at 44°C failed to
yield antibiotic-susceptible variants among more
than 300 colonies screened from several curing
attempts. Six colonies so treated were chosen
for plasmid DNA analysis, and all, like SK665
(Fig. 2, lane h), demonstrated loss of the 22-Md
plasmid while retaining gentamicin, kanamycin,
and tobramycin resistance. Twenty-eight genta-
micin-, kanamycin-, and tobramycin-resistant
strains, such as SK478 (Fig. 1, lane 1), which
also lack any form of large plasmid, have been
isolated from clinical sources. All attempts to
cure aminoglycoside resistance in strains SK665
and SK478 have been unsuccessful. Further-
more, use of an alkaline-lysis plasmid DNA
isolation procedure (R.P. Novick, personal
communication), which we have also employed
successfully for the isolation of large plasmid
DNA from staphylococci, failed to reveal any
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new plasmid DNA in those strains tested. These
results suggest that resistance to gentamicin,
kanamycin, and tobramycin in strain SK665 and
the clinical isolates represented by SK478 is
mediated by the chromosome.

MICs of the various aminoglycosides have
been used to deduce which aminoglycoside-
modifying enzymes are present in resistant bac-
teria (34). MICs for MR S. aureus strains were
therefore determined to compare the mechanism
of aminoglycoside resistance mediated by the
plasmid-borne resistance determinants with that
apparently encoded by the chromosomes of
strains SK665 and SK478. The MICs of gentami-
cin, kanamycin, and tobramycin for strain
SK529 were 64, 128 and 32 pg/ml, respectively,
as compared with 0.5 pg/ml for SKS53, the
derivative of SK529 cured of pSK1. The MIC of
neomycin was <1 pg/ml for both SK529 and
SK553; however, the MIC of amikacin was 4 pg/
ml in SK529 but only 1 pg/ml in SK553. These
results suggest that pSK1 mediates an effect on
amikacin, although not enough to confer full
resistance on the host. The other plasmid-carry-
ing strains, SK456(pSK4) and SK480 (pSKS),
and those strains in which aminoglycoside
resistance appears to be chromosomally en-
coded (SK665 and SK478) all demonstrated
MICs identical to those for SK529 over the same
range of aminoglycosides. These results can be
interpreted to indicate the presence of determi-
nants for a 6’-acetyltransferase and a 2"-phos-
photransferase (34), not only where plasmid-
borne resistance occurs, but also in those strains
with chromosomal aminoglycoside determi-
nants.

The mixed culture techniques described by
Lacey (17) and Jaffe et al. (14) were used in an
attempt to transfer the determinants encoding
gentamicin, kanamycin, and tobramycin resist-
ance to plasmidless recipients. However, strains
carrying plasmids pSK1, pSK4, and pSK8 all
proved to be unsuccessful as donors. Such re-
sults are in agreement with those from similar
experiments with Australian strains reported by
Gedney and Lacey (9). Transformation with
DNA isolated from derivatives of strain SK18
carrying pSK1, by a modification of the method
of Lindberg and Novick (21) did, however,
achieve transfer of linked gentamicin, kanamy-
cin, and tobramycin resistance to other SK18
derivatives cured of pSK1 and also into the
restrictionless strain SA 113. Although pSK1
plasmid DNA could be isolated from most of
these transformants, some strains with the ap-
propriate phenotype did not demonstrate this
plasmid (M. Gillespie, J. May, and R. Skurray,
unpublished data).

Strain SK553, the derivative of SK529 cured
of pSK1, when subjected to incubation over-
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night at 44°C in the presence of EtBr (15 pg/ml),
produced up to 35% chloramphenicol-suscepti-
ble derivatives. Plasmid DNA isolated from
such derivatives as SK554 (Fig. 2, lane d)
showed loss of both the 3-Md plasmid species
(pSK2) and its putative OC form. Absence of the
putative OC form in CsCl DNA preparations
immediately after isolation, its progressive ap-
pearance in the stored preparation, and its re-
moval after denaturation of the DNA by treat-
ment at 90°C are indicative that this band is
produced by the OC form of pSK2. A plasmid
marginally larger than pSK2 was found in strain
SK429 (Fig. 2, lane e). Curing studies (Fig. 2,
lane f) confirmed that this plasmid, pSKS, also
carries a chloramphenicol resistance determi-
nant. Curing data from other strains, including
SK539, SK480, and SK18 (Table 1), and the
100% correlation seen in clinical isolates be-
tween chloramphenicol resistance and the pres-
ence of a plasmid of approximately 3 Md in size
provide strong evidence that chloramphenicol
resistance is exclusively plasmid mediated in
these strains.

Loss of the small 1-Md plasmid (pSK3) was
only rarely detected after plasmid elimination
procedures. Three strains, including SK529 and
SK480 (Table 1), were cured of this plasmid with
no evident change in phenotype, and compari-
sons of strains with and without pSK3 confirmed
its lack of association with the antibiogram.
Screening for the loss of resistance determinants
other than for the aminoglycosides and chloram-
phenicol proved unsuccessful. This result, com-
bined with the absence of any further classes of
uncharacterized plasmid DNA, leads to the con-
clusion that the remaining resistance determi-
nants in these strains, including penicillinase
production and resistance to methicillin, strepto-
mycin, neomycin, clindamycin, erythromycin,
fusidic acid, rifampin, suifonamide, tetracycline,
trimethoprim, and cadmium and mercury ions,
are encoded on the chromosome.

Restriction endonuclease analysis of plasmid
DNA. To examine the relatedness of phenotypi-
cally similar plasmids found in these S. aureus
strains, rapidly isolated plasmid DNA was sub-
jected to EcoRI and HindIll digestion and ana-
lyzed on agarose gels. Comparison of the EcoRI
restriction patterns of strain SK529 (Fig. 3A,
lane b) and its gentamicin-kanamycin-tobramy-
cin-susceptible derivative SK553 (Fig. 3A, lane
c) revealed that pSK1 is cleaved into three
fragments of 13, 9, and 4.5 kilobases (kb); pSK1
thus has a total length of approximately 26.5 kb.
A diagrammatic summary of these three EcoRI
fragments (labeled A, B, and C, respectively) is
shown in Fig. 4. Restriction analyses of nine
other strains which possess plasmids equivalent
in size to pSK1 (SK429 and SKS539 [Fig. 3A,

ANTIMICROB. AGENTS CHEMOTHER.

A B
abcdefg abcdefg
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b 9.46 —
9.46 661 —
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4.26 —
426 —
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1.98 —
0.56 —
0.56 —

FIG. 3. EcoRI (A) and HindIIl (B) restriction di-
gests of rapidly isolated plasmid DNA from S. aureus
strains after electrophoresis in 1.2% (A) and 1.4% (B)
(wt/vol) agarose gels. Lane a, A DNA (cleaved with
HindlIIl; fragment sizes (in kb) are shown at left of
each gel. Lane b, SK529; lane c, SK553; lane d,
SK456; lane e, SK480; lane f, SK429; lane g, SK539.

lanes f and g]; SK526, SK427, SK462, SK608,
SK484, SK18, and SK240 [data not shown])
display identical patterns of these three frag-
ments. Digestion of plasmid DNA from strains
SK456 and SK480 with EcoRI (Fig. 3A, lanes d
and e) indicated that an identical 22-Md (33-kb)
plasmid was present in both strains. Each plas-
mid was cleaved into three fragments of 13, 11,
and 9 kb, the largest and smallest of these being
equivalent in size to fragments A and B of pSK1,
respectively (Fig. 4). It would appear that pSK4
and pSK8 are related to pSK1, differing by the
presence of an additional 6.5 kb of DNA in
EcoRI fragment C’ (11 kb) not found in fragment
C (4.5 kb) of pSK1.

Comparison of the HindlII restriction patterns
for SK529 and SK553 (Fig. 3B, lanes b and ¢)
revealed that pSK1 is cleaved into at least seven
fragments which are also visible in digests of
SK429 and SK539 (Fig. 3B, lanes f and g).
Electrophoresis of HindIIl digests of SKS529
DNA in agarose gels of different concentrations
and HindIIl digests of separated pSK1 DNA
(data not shown) revealed that pSK1 is cleaved
into an extra two fragments that are masked by
other plasmid forms in Fig. 3B. The pattern of
the nine HindIII fragments of pSK1 (labeled a
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FIG. 4. Diagrammatic representation of the agar-
ose gel electrophoresis pattern of the seven S. aureus
plasmids digested with EcoRI (dashed lines and capital
letters) and HindIlI (solid lines and lowercase letters).
Plasmids uncleaved by these enzymes remain as CCC
and OC forms. A HindIIl standard fragments (in kb)
are shown at left. The interpretation is based on data
from Fig. 3A and B and other gels (not shown).

through i) is presented diagrammatically in Fig.
4, Digestion of plasmid DNA from strains SK456
and SK480 with HindIII (Fig. 3B, lanes d and e)
revealed some differences between pSK4 and
pSK8. The additional DNA in both pSK4 and
pSKS8 contains a HindIII site which leads to the
production of two HindIII fragments (b’ and b")
from each plasmid in place of HindIII fragment b
in pSK1 (Fig. 4). The other eight HindIll frag-
ments in pSK1 (a, c, d, e, f, g, h, and i) are also
common to pSK4 and pSK8.

Analysis of the EcoRI restriction pattern of
strain SK529 (Fig. 3A, lane b) indicates that
pSK2, the plasmid which mediates chloram-
phenicol resistance in this strain, retains its CCC
and OC forms and therefore must lack an EcoRI
site. Restriction analysis of strain SK429 (Fig.
3A, lane f) indicates that pSKS, a second chlor-
amphenicol resistance plasmid slightly larger
than pSK2, produces a single fragment when
treated with EcoRI (Fig. 4). Digestion with other
restriction endonucleases revealed further dif-
ferences as well as an underlying relatedness
between these two plasmids. Cleavage with Hin-
dIII (Fig. 3B, lanes b and f) produced single
linear fragments from both plasmids, with the
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fragment from pSK2 (4.3 kb) appearing margin-
ally smaller than that from pSKS5 (4.4 kb). This
difference in size was again noticed when DNA
isolated from the two strains carrying these
plasmids was digested with Hpall (Fig. 5, lanes
b and c). Each of these plasmids produced two
Hpall fragments; the smaller fragments (1.7 kb)
derived from pSK2 and pSKS appeared to be
identical, but the larger fragment from pSK2 (2.6
kb) differed from that produced with pSKS (2.7
kb). Finally, digestion of SK529 with Pvull and
Sall independently had shown that pSK2 pos-
sesses a single site for each of these endonucle-

abcde

o

N

-
I

FIG. 5. Agarose gel (1.0% [wt/vol]) electrophoresis
of restriction digests of rapidly isolated plasmid DNA
from S. aureus strains. Lane a, A\ DNA (double digest
with HindIIl and EcoRlI); fragment sizes (in kb) are
shown at left. Lane b, SK529 cleaved with Hpall; lane
¢, SK429 cleaved with Hpall; lane d, SK529 double
digest with Pvull and Sall; lane e, SK429 double
digest with Pvull and Sall.
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ases (data not shown). Double digestion of
SK529 and SK429 DNA by Pvull and Sall (Fig.
5, lanes d and e) therefore produced two frag-
ments (3.2 and 1.1 kb) from pSK2; in contrast,
pSKS retained the CCC and OC forms, not
possessing sites for either enzyme.

Restriction analysis of strain SK529 (Fig. 3A,
lane b) showed that the cryptic plasmid pSK3 is
cleaved by EcoRI at a single site, whereas the
smaller plasmid pSK6 in strain SK539 (Fig. 1,
lane e) lacked this site (Fig. 3A, lane g; Fig. 4).
Whereas both pSK3 and pSK6 lack sites for
HindIII (Fig. 3B, lanes b and g), a further
difference between the two is the single site for
Hpall present in pSK3, producing a 1.6-kb
fragment (Fig. 5, lane b), but absent from pSK6
(data not shown).

DISCUSSION

Nosocomial infections with S. aureus strains
resistant to methicillin and multiple antibiotics
have reached epidemic proportions in Mel-
bourne, causing considerable morbidity and
mortality (30). More than 150 strains of MR S.
aureus received from various clinical sources
throughout the Melbourne metropolitan and
Victorian country area over the past 3 years
have been screened for the presence of plasmid
DNA. Isolates with similar antibiograms gener-
ally demonstrated similar plasmid profiles, with
each profile comprising elements of only three
basic plasmid classes. -

The most prevalent plasmid class contained
the small plasmids of approximately 1 Md in
size, such as pSK3 and pSK6. These were found
in 70% of the MR S. aureus isolates but, as
evidenced by curing studies, apparently play no
part in determining the antibiogram of the host
organism. Restriction endonuclease digestion of
pSK3 and pSK6 failed to establish the related-
ness of these two plasmids. However, these
limited studies leave open the possibility that the
smaller and much rarer pSK6 might be derived
from pSK3 through the deletion of a small piece
of DNA containing the EcoRI and Hpall sites
found in the latter. Only further restriction di-
gests and hybridization analysis will resolve this
question.

The second. plasmid class consisted of the 3-
Md plasmids, such as pSK2 and pSKS, which
encode chloramphenicol resistance. Restriction
endonuclease digestion of these two plasmids
revealed similarities in the number of HindIII
and Hpall sites. The slightly larger size of pSKS$
(4.4 kb) as compared with pSK2 (4.3 kb) could
be attributed to the deletion of a small piece of
DNA containing the EcoRlI site found in pSKS
but absent from pSK2. However, if these plas-
mids are related, more evolutionary change than
this has occurred, since pSK2 possesses single
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sites for Pvull and Sall which are absent in
pSKS. It is interesting to note that the restriction
pattern for pSKS is similar to that published for
pC221 (39), a chloramphenicol plasmid carried
by an S. aureus strain isolated in France some 20
years ago.

The final class of plasmids comprised those
responsible for mediating gentamicin, kanamy-
cin, and tobramycin resistance. Of the strains
resistant to these aminoglycosides, 65% pos-
sessed an 18-Md plasmid, for which pSK1 is the
prototype. A further 12% of the resistant strains
possessed other large plasmids exemplified by
pSK4 and pSK8. These two plasmids differ from
pSK1 in only one EcoRI and two HindIII restric-
tion fragments, and it is tenable that pSK4 and
pSK8 evolved from the more common pSK1
through the insertion of DNA within the region
of EcoRI fragment C. The fact that the EcoRI
and HindIll patterns of pSK4 and pSK8 are
closely related suggests that pSK8, like pSK4
and pSK1, encodes resistance to the three ami-
noglycosides, although this has not been proven °
by curing or transfer.

The phenotype of strains carrying plasmids
pSK1, pSK4, and pSK8, demonstrating resist-
ance to gentamicin, kanamycin, and tobramycin
and susceptibility to amikacin and neomycin,
implies the complicity of two aminoglycoside-
modifying enzymes, a 6'-acetyltransferase and a
2"-phosphotransferase (34). The resistance de-
terminants from the Melbourne plasmids may
therefore be similar to ones characterized else-
where (20, 36); DNA-DNA hybridization and
enzymatic studies are required to establish the
involvement of a like gene(s).

In 23% of the gentamicin-, kanamycin-, and
tobramycin-resistant clinical isolates, we were
unable to detect plasmid DNA capable of encod-
ing this determinant (e.g., SK478), suggesting
that the gene(s) for resistance have a chromo-
somal location. MIC testing of strains with chro-
mosomally borne resistance determinants (e.g.,
SK478 and SK665) showed a pattern across a
range of five aminoglycosides identical to that
demonstrated for plasmid-borne resistance (e.g.,
SK529 and SK456). Hence, it seems probable
that the same resistance determinants occur at
chromosomal and extrachromosomal sites, a
trait which is usually indicative of a transposon
(26). Further evidence for the involvement of a
transposon is seen in the transformation data in
which a plasmid locus could not always be
demonstrated for the transferred resistance de-
terminants.

By inference from the above, strains such as
SK480 may be in a transition state whereby
copies of the transposon are found on both a
plasmid and the chromosome in the one cell (25).
Alternatively, the gentamicin-kanamycin-tobra-
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mycin resistance determinant located on pSK8
may have transposed onto the chromosome of
SK480 during the procedure which cured the
strain of the plasmid, thus producing derivatives
such as SK665. The high proportion of clinical
isolates with chromosomal resistance to these
aminoglycosides could similarly result from a
trend to dispense with the plasmid replicon,
which had earlier aided the dissemination of the
transposon within the staphylococcal popula-
tion, while still retaining the resistance gene(s) it
. carried.

Melbourne strains of MR S. aureus are en-
dowed with an impressive array of resistance
determinants associated with the chromosome.
These include resistance to penicillin, methicil-
lin, streptomycin, neomycin, clindamycin,
erythromycin, fusidic acid, rifampin, tetracy-
cline, sulfonamide, trimethoprim, and some
heavy-metal ions. Many of these determinants
are thought to be of chromosomal origin (18),
and some occur as such in other recent MR §.
aureus isolates (4, 32). The Melbourne isolates
differ from these, however, with respect to the
total number of resistance determinants carried
by the chromosome, being only rivalled, per-
haps, by recently described strains from France
(8), and by the addition to the chromosome of
genes for penicillinase production and resistance
to heavy-metal ions, which are frequently re-
ported as being located on plasmids (4, 15, 19,
40). It is possible that these loci, which may be
transposable (33), have undergone translocation
to the chromosome in these recent Melbourne
strains, and our evidence suggests that a similar
process might now be occurring with the amino-
glycoside determinant(s). S. aureus strains iso-
lated in Melbourne therefore seem capable of
both accruing chromosomal resistance markers
and seconding resistance genes from plasmids
transiently existent in the cell.

The homogeneity of the clinical isolates from
Melbourne hospitals, with regard to their anti-
biograms, phage types, and plasmid profiles,
provides substantial evidence for their common
origin. Although the transfer of plasmids be-
tween organisms must have accounted for the
original emergence of multiple-antibiotic resist-
ance, and indeed may be the rationale for the
presence of plasmid DNA in these strains, we
believe that the current epidemic of MR S.
aureus in Melbourne is more likely to have
arisen via the spread of a single strain or its
derivatives from hospital to hospital. Subse-
quent evolutionary events, such as mutation and
DNA insertion and deletion through transposi-
tion or recombination, have lead to the produc-
tion of the strain variants that are currently
being isolated.

PLASMIDS IN MULTIPLY RESISTANT S. AUREUS

825

ACKNOWLEDGMENTS

We thank Janette Iuorio for skillful technical assistance, Jan
Tennent and Matthew Gillespie for useful discussions, and
Leonie Horvath (Microbiological Diagnostic Unit, Melbourne
University) for performing the phage typing of the strains
used.

This work was supported by a project grant from the
National Health and Medical Research Council (Australia)
and a Monash University special research grant.

LITERATURE CITED

1. Asheshov, E. H. 1966. Loss of antibiotic resistance in
Staphylococcus aureus resulting from growth at high
temperature. J. Gen. Microbiol. 42:403-410.

2. Ayliffe, G. A. J., W. Green, R. Livingston, and E. J. L.
Lowbury. 1977. Antibiotic-resistant Staphylococcus aure-
us in dermatology and burn wards. J. Clin. Pathol. 30:40-

4,

3. Bouanchaud, D. H., M. R. Scavizzi, and Y. A. Chabbert.
1969. Elimination by ethidium bromide of antibiotic resist-
ance in Enterobacteria and Staphylococci. J. Gen. Micro-
biol. 54:417-425.

4. Cohen, M. L., E. S. Wong, and S. Falkow. 1982. Common
R-plasmids in Staphylococcus aureus and Staphylococcus
epidermidis during a nosocomial Staphylococcus aureus
outbreak. Antimicrob. Agents Chemother. 21:210-215.

5. Crossley, K., D. Loesch, B. Landesman, K. Mead, M.
Chern, and R. Strate. 1979. An outbreak of infections
caused by strains of Staphylococcus aureus resistant to
methicillin and aminoglycosides. I. Clinical studies. J.
Infect. Dis. 139:273-279.

6. Davis, R. W., D. Botstein, and J. R. Roth. 1980. A manual
for genetic engineering: advanced bacterial genetics. Cold
Spring Harbor Laboratory, Cold Spring Harbor, N.Y.

7. Davis, R. W., M. Thomas, J. Cameron, T. P. St. John, S.
Scherer, and R. A. Padgett. 1980. Rapid DNA isolations
for enzymatic and hybridization analysis. Methods Enzy-
mol. 65:404-411.

8. El Solh, N., J. M. Fouace, J. Pillet, and Y. A. Chabbert.
1981. Plasmid DNA content of multiresistant Staphylo-
coccus aureus strains. Ann. Microbiol. (Paris) 132B:131-
156.

9. Gedney, J., and R. W. Lacey. 1982. Properties of methicil-
lin-resistant Staphylococci now endemic in Australia.
Med. J. Aust. 1:448-450.

10. Hone, R., M. Cafferkey, C. T. Keane, M. Harte-Barry, E.
Moorhouse, R. Carroll, F. Martin, and R. Ruddy. 1981.
Bacteraemia in Dublin due to gentamicin resistant Staphy-
lococcus aureus. J. Hosp. Infect. 2:119-126.

11. Humphreys, G. O., G. A. Willshaw, and E. S. Anderson.
1975. A simple method for the preparation of large
quantities of pure plasmid DNA. Biochim. Biophys. Acta
383:457-463.

12. Tordanescu, S. 1977. Relationships between co-transduci-
ble plasmids in Staphylococcus aureus. J. Bacteriol.
129:71-75.

13. Jordanescu, S., and M. Surdeanu. 1979. Relationships
between autonomous and integrated forms of tetracycline
resistance plasmid in Staphylococcus aureus. Plasmid
2:216-224.

14. Jaffe, H. W., H. M. Sweeney, C. Nathan, R. A. Weinstein,
S. A. Kabins, and S. Cohen. 1980. Identity and interspecif-
ic transfer of gentamicin resistance plasmids in Staphylo-
coccus aureus and Staphylococcus epidermidis. J. Infect.
Dis. 141:738-747.

15. Jaffe, H. W., H. M. Sweeney, R. A. Weinstein, S. A.
Kabins, C. Nathan, and S. Cohen. 1982. Structural and
phenotypic varieties of gentamicin resistance plasmids in
hospital strains of Staphylococcus aureus and coagulase-
negative staphylococci. Antimicrob. Agents Chemother.
21:773-779.

16. Klimek, J. J., F. J. Marsik, R. C. Bartlett, B. Weir, P.



826

17.

18.

19.

21.

22

23.

LYON, MAY, AND SKURRAY

Shea, and R. Quintiliani. 1976. Clinical, epidemiologic and
bacteriologic observations of an outbreak of methicillin-
resistant Staphylococcus aureus at a large community
hospital. Am. J. Med. 61:340-345.

Lacey, R. W. 1971. Transfer of tetracycline-resistance
between strains of Staphylococcus aureus in mixed cul-
tures. J. Gen. Microbiol. 69:229-237.

Lacey, R. W. 1975. Antibiotic resistance plasmids of
Staphylococcus aureus and their clinical importance.
Bacteriol. Rev. 39:1-32.

Lacey, R. W., and A. Stokes. 1979. Studies on recently
isolated cultures of methicillin-resjstant Staphylococcus
aureus. J. Gen. Microbiol. 114:329-339.

. LeGoffic, F., A. Martel, N. Moreau, M. L. Capman, C. J.

Soussy, and J. Duval. 1977. 2"-O-Phosphorylation of gen-
tamicin components by a Staphylococcus aureus strain
carrying a plasmid. Antimicrob. Agents Chemother.
12:26-30.

Lindberg, M., and R. P. Novick. 1973. Plasmid-specific
transformation in Staphylococcus aureus. J. Bacteriol.
115:139-145.

Lyon, B. R., J. W. May, J. H. Marshall, and R. A. Skur-
ray. 1982. Plasmid-mediated antibiotic resistance in meth-
icillin-resistant Staphylococcus aureus. Med. J. Aust.
1:468-469.

May, J. W., and R. H. Houghton. 1965. A simple multi-
point inoculator. Lab. Pract. 14:168.

. McDonald, M., A. Hurse, and K. N. Sim. 1981. Methicil-

lin-resistant Staphylococcus aureus bacteraemia. Med. J.
Aust. 2:191-194.

. Murphy, E., S. Phillips, I. Edelman, and R. P. Novick.

1981. Tn554: isolation and characterization of plasmid
insertions. Plasmid 5:292-305.

. Novick, R.P., 1. Edelman, M. D. Schwesinger, A.D.

Gruss, E. C. Swanson, and P. A. Pattee. 1979. Genetic
translocation in Staphylococcus aureus. Proc. Natl.
Acad. Sci. U.S.A. 76:400-404.

. Novick, R. P., and M. H. Richmond. 1965. Nature and

interactions of the genetic elements governing penicillin-
ase synthesis in Staphylococcus aureus. J. Bacteriol.
90:467-480.

. Novick, R. P., and C. Roth. 1968. Plasmid-linked resist-

ance to inorganic salts in Staphylococcus aureus. J.
Bacteriol. 95:1335-1342.

. Novick, R., C. Sanchez-Rivas, A. Gruss, and 1. Edelman.

1980. Involvement of the cell envelope in plasmid mainte-

3.

32

33.

3s.

37.

38.

39.

ANTIMICROB. AGENTS CHEMOTHER.

nance: plasmid curing during the regeneration of proto-
plasts. Plasmid 3:348-358.

. Pavillard, R., K. Harvey, D. Dougias, A. Hewstone, J.

Andrew, B. Collopy, V. Asche, P. Carson, A. Davidson, G.
Gilbert, J. Spicer, and F. Tosolini. 1982. Epidemic of
hospital-acquired infection due to methicillin-resistant
Staphylococcus aureus in major Victorian hospitals. Med.
J. Aust. 1:451-454.

Phillipsen, P., R. A. Kramer, and R. W. Davis. 1978.
Cloning of the yeast ribosomal DNA repeat unit in SszI
and HindIIl lambda vectors using genetic and physical
size selections. J. Mol. Biol. 123:371-386.

Schaefler, S., D. Jones, W. Perry, L. Ruvinskaya, T.
Baradet, E. Mayr, and M. E. Wilson. 1981. Emergence of
gentamicin- and methicillin-resistant Staphylococcus au-
reus strains in New York City hospitals. J. Clin. Microbi-
ol. 13:754-759.

Shalita, Z., E. Murphy, and R. P. Novick. 1980. Penicillin-
ase plasmids of Staphylococcus aureus: structural and
evolutionary relationships. Plasmid 3:291-311.

. Shannon, K., and 1. Phillips. 1982. Mechanisms of resist-

ance to aminoglycosides in clinical isolates. J. Antimi-
crob. Chemother. 9:91-102.

Shanson, D. C., J. G. Kensit, and R. Duke. 1976. Out-
break of hospital infection with a strain of Staphylococcus
aureus resistant to gentamicin and methicillin. Lancet
ii:1347-1348.

. Vogel, L., C. Nathan, H. M. Sweeney, S. A. Kabins, and S.

Cohen. 1978. Infections due to gentamicin-resistant
Staphylococcus aureus strain in a nursery for neonatal
infants. Antimicrob. Agents Chemother. 13:466-472.
Wenzel, R. P., L. Donowitz, and G. B. Miller, Jr. 1981.
Methicillin-resistant Staphylococcus aureus—United
States. Morbid. Mortal. Weekly Rep. 30:140-147.
Wilishaw, G. A., H. R. Smith, and E. S. Anderson. 1979.
Application of agarose gel electrophoresis to the charac-
terization of plasmid DNA in drug resistant Enterobac-
teria. J. Gen. Microbiol. 114:15-25.

Wilson, C. R., S. E. Skinner, and W. V. Shaw. 1981.
Analysis of two chloramphenicol resistance plasmids from
Staphylococcus aureus: insertional inactivation of Cm
resistance, mapping of restriction sites, and construction
of cloning vehicles. Plasmid 5:245-258.

. Wood, D. O., M. J. Carter, and G. K. Best. 1977. Plas-

mid-mediated resistance to gentamicin in Staphylococcus
aureus. Antimicrob. Agents Chemother. 12:513-517.



