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Characterization of the Earliest Known Staphylococcus aureus
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The staphylococcal gacB-encoding multidrug resistance plasmid pSK156, isolated from a clinical strain
dating from 1951, was characterized. Comparison of the regions flanking gacB with other gac4- and gacB-
encoding plasmids provided insights into the evolution and dissemination of these multidrug efflux genes and
led to the detection of the earliest known copy of the insertion sequence 1S257.

The antiseptic resistance gene gacA from the opportunistic
pathogen Staphylococcus aureus encodes one of the best-char-
acterized bacterial multidrug efflux proteins (10). gacA confers
resistance to monovalent and divalent organic cations via a
proton motive force-dependent efflux mechanism, while the
closely related gacB determinant confers resistance primarily
to monovalent organic cations (7). Molecular comparisons of
qacA and gacB have indicated that their nucleotide sequences
differ by only 7 bp, and mutagenesis studies have determined
that a single amino acid substitution is responsible for their
different phenotypes (9). gacA and qacB are both found in
association with a divergently encoded gene, gacR, whose
product has been purified and demonstrated to act as a trans-
acting repressor of gacA expression (5).

The gacA and qacB genes have typically been found to be
plasmid encoded in S. aureus strains, although the relation-
ships between these plasmids remain unclear. gacB has been
characterized on B-lactamase and heavy-metal resistance plas-
mids, such as pSK23, isolated from strains dating from the
early 1980s (7). gacA was first located on plasmids also dating
from the early 1980s, such as the B-lactamase and heavy-metal
resistance plasmid pSK57 (4), and it has more frequently been
found on pSKI1 family plasmids in epidemic staphylococcal
strains from Australia and the United Kingdom since 1980 (8).
Additionally, gacB has been reported to be plasmid encoded in
clinical S. aureus strains isolated in the early 1950s (7). This
paper describes a gacB-encoding plasmid, pSK156, present in
a clinical strain isolated in 1951 from a patient of the Alfred
Hospital, Melbourne, Australia, which represents the earliest
known multidrug efflux-encoding plasmid.

The gacB-encoding plasmid pSK156 is 45.4 kb in size and
additionally encodes penicillin resistance (7). A restriction en-
donuclease map of pSK156 was constructed (Fig. 1), and gacB
and the penicillin resistance gene blaZ were localized by
Southern hybridization (15), using a 0.33-kb Pvull fragment
from pSK1 (13) and a 0.7-kb EcoRV fragment from pSK4 (3)
as qacA/B- and blaZ-specific probes, respectively. Comparison
of pSK156 with the restriction maps of the plasmids pSK1 and
pSK23 (8) revealed no obvious restriction map similarity be-
tween these plasmids outside of the gacA- and gacB-encoding
regions.

The gacB gene from pSK156 was cloned on a 6.3-kb EcoRI
fragment (Fig. 1) which was inserted into the corresponding
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site of the Escherichia coli vector pUCI18 (17). MIC analyses
and ethidium bromide transport assays were performed as
described by Littlejohn et al. (7), and the results indicated that
qacB cloned from pSK156 displayed a phenotype identical to
that of the previously cloned gacB gene from pSK23 (9).

Nucleotide sequencing of the cloned gacB and gacR genes
from pSK156 and of the regions flanking gacB on both pSK23
and pSK156 was undertaken to investigate the evolutionary
relationship between these temporally distinct plasmids. The
qacB and gacR genes from pSK156 proved to be identical to
their counterparts from pSK23, with the exception of a single
nucleotide substitution in gacB at codon 184 (GTG [Val] in
pSK156—GCG [Ala] in pSK23). As can be seen in Fig. 1, the
sequences of the regions flanking gacB on pSK23 and pSK156
are identical to each other and to the sequences flanking gacA
on pSK1, with the exceptions detailed below.

pSKI1 contains an insertion of the aminoglycoside resistance
transposon Tn4001 located 113 bp distal to gacA. Both pSK156
and pSK23 lack this transposon and possess only a single copy
of the 8-bp direct repeats flanking Tn400! on pSK1 (1).
pSK156 contains a copy of the staphylococcal insertion se-
quence IS257, located 488 bp distal to gacB, which is not
present in the corresponding region of pSK23 or pSKI. This
IS257 element is not flanked by sequence duplications, and
comparison with other sequenced IS257 elements indicated
that it had four base pair changes relative to the most similar
element, IS257L from Tn4003 on pSK1 (14). IS257 character-
istically contains an internal Bg/II site; hence, the other five
Bgl1I sites on pSK156 potentially represent additional copies of
this element. The sequence of pSK156 further 3" of the IS257
element did not exhibit similarity to the sequence of the con-
tiguous region on pSK1 (2) (Fig. 1). This region on pSK1
contained an open reading frame, orfI86, coding for a 186-
amino-acid product of unknown function (2). The copy of
orfl186 on pSK156 is truncated at codon 97, and the remainder
of this open reading frame is not located further 3’ of the IS257
element. Preliminary DNA sequence data suggest that orfI186
is also present at an equivalent position on pSK23.

IS257 elements are often associated with various resistance
determinants, implicating them in the evolution of multiresis-
tant S. aureus strains (11). In particular, IS257 is often found in
association with the chromosomal methicillin resistance (mec)
locus in S. aureus (16). The earliest-reported S. aureus isolates
carrying mec date from 1960 (6), and it has not been previously
determined whether the carriage of IS257 in S. aureus predates
the acquisition of the mec region by this organism. The pres-
ence of IS257 on the plasmid pSK156, which dates from 1951,
represents the earliest reported instance of IS257 in S. aureus.
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FIG. 1. Physical and genetic map of the multidrug resistance plasmid pSK156. The locations of genes involved in the following functions are represented: penicillin
resistance (blaZ), multidrug resistance (gacR and gacB), and site-specific recombination (sin). Restriction sites are abbreviated as follows: B (Bg/II), E (EcoRI), Ps
(Pst), P (Pvull), and S (Sall); only selected EcoRI sites are displayed. Beneath the pSK156 map is a diagrammatic comparison of the sequenced regions of pSK156
and pSK23 with the homologous regions of pSK1; a kilobase scale is indicated. Using a series of synthetic oligonucleotides, the nucleotide sequences of pSK23 and
pSK156 were determined on both strands. The nucleotide sequence of pSK1 was determined previously (3, 15, 17). The shaded regions represent areas with high
degrees of sequence similarity (>85% identity). gacA, qacB, qacR, sin, orf186, and AorfI86 (a truncated copy of orf186) are represented by arrows, with the orientation
of the arrow indicating the direction of transcription. The insertion sequences 1S256 and IS257 are represented by solid and hatched boxes, respectively. Additional
restriction sites shown are abbreviated as follows: C (Clal), H (HindIII), and P1 (Pvul).

As for the region left of the gacR gene, pSK1 and pSK156
are identical within the area sequenced (Fig. 1). The sequence
of pSK23 diverged from those of pSK1 and pSK156 61 bp
downstream of gacR. This region on pSK23 contains a palin-
dromic repeat, of which only one-half is present in pSK1, which
instead includes an additional 700-bp region encoding orf112,
whose function is unknown. pSK1 contains the putative site-
specific recombinase gene sin (12), and partial sequencing of
pSK23 indicated that this plasmid also encodes sin (Fig. 1).
The sin genes from these two plasmids are distinct, exhibiting
86% identity at the nucleotide level within the regions se-
quenced. Restriction mapping and PCR analysis using primers
internal to and flanking the sin gene indicated that pSK156 also
contains a copy of sin in a position equivalent to its location in
pSK1.

Despite the apparent lack of similarity among the restriction
maps of multidrug resistance plasmids pSK1, pSK23, and
pSK156, sequencing of the regions flanking gacA or gqacB on
these plasmids revealed a high level of sequence similarity,
ranging from 85 to 100% identity. There are two possible
explanations for this: either the entire plasmids are related and
have diverged from a common ancestor, or the region carrying
qacA or gacB has acted as a mobile cartridge which has been
horizontally transferred between different plasmids, presum-
ably via homologous recombination between regions adjacent
to gacA or gacB.

The similarity between the qacA and gacB antiseptic resis-
tance genes, their respective dates of isolation, and the wider
substrate specificity of the QacA protein compared with QacB
support the conjecture that gacA has evolved from gacB. This
is consistent with the proposal that the emergence of the gacA

determinant among S. aureus clinical isolates during the 1980s
resulted from the extensive use in hospital environments of
divalent cations, such as chlorhexidine and pentamidine, to
which gacA confers resistance.

Nucleotide sequence accession numbers. The nucleotide se-
quences of pSK156 and pSK23 were submitted to GenBank
and assigned accession no. AF053771 and AF053772, respec-
tively.
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