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Apparently chromosomally located mercury resistance determinants in five methicillin-resistant Staphylo-
coccus aureus strains of different geographical origin were structurally homologous to plasmid-located mercury
resistance determinants in S. aureus. These were all located on a 6.3-kilobase (kb) BglII fragment, as evident
from Southern hybridization experiments with the 6.3-kb BglII fragment of plasmid p1258 as the probe. These
methicillin-resistant S. aureus strains exhibited similar phage susceptibility patterns and biochemical reactions.
They differed, however, in the DNA location of the mercury resistance determinants, as evidenced by
neighboring cleavage sites for restriction endonucleases EcoRI, HindIll, and PstI. In an environmental
(nonhospital) strain in which mercury resistance was also apparently chromosomally conferred, these
determinants were also homologous to pI258 DNA, but they were located on a 6.6-kb BgllI fragment. Cadmium
resistance determinants in the five methicillin-resistant S. aureus strains and the environmental S. aureus strain
were not similar to the known plasmid-located determinants cadA and cadB. Cd2' resistance was based on an
efflux mechanism for Cd2+. However, no parallel resistance to zinc was conferred. The 3.2-kb XbaI-Bglll
fragment obtained from plasmid p1258 and used as a cad4-specific probe did not hybridize to total DNA digests
of the strains with apparently chromosomally determined cadmium resistance.

Resistance to mercury has been found in a number of
Staphylococcus aureus strains, especially in those con-
nected with outbreaks of infections in hospitals (6, 30). In the
strains investigated until now, mercury resistance has been
plasmid encoded: on plasmid p1258 the merA gene codes for
the mercuric reductase enzyme, and the merB gene codes for
an organomercurial lyase enzyme (25). Both determinants
are located on a 6.3-kilobase (kb) fragment obtained after
digestion with restriction endonuclease BglII. This fragment
is present on other plasmids that confer mercury resistance
(15, 22). Resistance to cadmium is widespread, occurring in
a variety of different S. aureus strains (13, 15). It is conferred
by two separate genes, cadA and cadB (14, 17, 26). While
cadA codes for an energy-dependent efflux mechanism (23),
the cadB gene product may bind Cd21 (17). These determi-
nants are located on plasmids (14, 26). However, there also
has been preliminary evidence for chromosomal genes con-
ferring cadmium resistance in S. aureus (R. P. Novick,
personal communication; unpublished results), but no data
on the mechanism of resistance or a relation to cadA or cadB
have been reported.

Multiple-antibiotic-resistant S. aureus strains with resist-
ance to methicillin have been described in different countries
(3, 5, 18, 19). Methicillin-resistant S. aureus strains isolated
in the German Democratic Republic exhibit a rather unusual
phenotype with regard to their phage susceptibility patterns
and biochemical characteristics. In addition to chloramphen-
icol resistance (plasmid conferred, if present), resistance to
other antibiotics, as well as to mercury and to cadmium, is
apparently conferred by chromosomally located determi-
nants in these strains (W. Witte, Nguyen Van Dip, and D.
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The mechanisms of mercury and cadmium resistance in

these apparently plasmidless strains, as well as the DNA
homology relationship between the chromosomally located
and the known plasmid-located determinants for mercury
and cadmium resistance, are of interest from the evolution-
ary and epidemiological points of view. Our study of mer-
cury and cadmium resistance includes methicillin-resistant
S. aureus strains from the German Democratic Republic and
from Vietnam, Austria, and the Soviet Union, as well as a
mercury- and cadmium-resistant environmental strain. The
data presented in this paper show that the mechanism of
mercury resistance in methicillin-resistant S. aureus is vol-
atilization and that the genetic determinants are structurally
homologous to known plasmid-located ones. The mecha-
nism ofcadmium resistance in methicillin-resistant S. aureus
is efflux. However, the determinant is not homologous to
cadA.

MATERIALS AND METHODS

Bacterial strains and media. Wild-type S. aureus strains and
their characteristics are listed in Table 1. S. aureus 8325-4
(strain 8325 cured of a temperate phage; R. P. Novick,
personal communication) and 8325-4 with plasmids pI258,
p1524, and pII147 (14, 15, 25, 26) were provided by R. P.
Novick.
For growth in liquid medium, 2 xNY broth (25 g of casein

hydrolysate [Sigma Chemical Co.], 10 g of yeast extract
[Difco Laboratories], and 2.5 g of NaCl per liter of deionized
water), nutrient broth (Difco), and tryptone broth (16 g of
tryptone [Difco] and 10 g of NaCl per liter) were used. For
growth on solid medium, nutrient agar (Difco) was used.

Susceptibility tests. The agar diffusion test with disks
loaded with mercuric chloride and phenylmercury acetate
was described previously (25). Growth inhibition by Cd2+
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TABLE 1. Phenotypes of wild-type S. aureus

Straina
MIC (,ug/ml) of b:

Phage pattemn
Biochemical characteristics'

Pn Cm Tc Mn Em Lm Sm Gm Ox Cd Hg C(HP) C(BP) CV HT Fib

108 0.25e 64 128 64 16 1 128 16 128 128 16 A994, RTD + - C A +
1172 0.25e 64 128 64 32 2 128 8 64 128 16 A994, RTD + - C B +
1309 0.5e 0.5 128 64 32 1 128 0.25 128 128 16 A994, RTD + - C B +
1599 0.25e 64 128 64 64 1 128 16 64 128 16 A994, RTD + - C B +
1725 0.0025f 0.125 128 64 32 2 128 8 64 128 16 77, A994, RTD + - C B +
1791 0.0125f 0.25 0.025 0.025 0.025 0.5 0.5 0.25 0.5 128 16 NT + - C A +

a The first five strains were new hospital isolates of methicillin-resistant S. aureus from hospitals in the German Democratic Republic, the Soviet Union,
Austria, and Vietnam (Witte et al., in press). Strain 1791 is an environmental isolate from the nose of a worker exposed to mercury-containing dust.

b Abbreviations: Pn, benzylpenicillin; Cm, chloramphenicol; Tc, oxytetracycline; Mn, minocycline; Em, erythromycin; Lm, lincomycin; Sm, streptomycin;
Gm, gentamicin; Ox, oxacillin; Cd, cadmium nitrate; and Hg, mercury chloride.

c Determined as described previously (12,28,29). RTD, Routine test dilution; NT, not typable at 100 times the routine test dilution.
dThe conditions of these tests were as described by Meyer et al. (12). Abbreviations: C(HP), coagulase, human plasma; C(BP), coagulase, bovine plasma; CV,

crystal violet type; HT, hemolysin type; Fib, fibrinolysin formation. The crystal violet test involves the color of colonies on crystal-violet-containing agar. Type C
colonies stain violet with an orange tone. Type A, B, D, and E colonies stain yellow, yellow with a violet edge, blue, and white, respectively. The hemolysin types
refer to lysis patterns on agar containing sheep erthyrocytes (12).

' ,-Lactamase formation, as determined by the microiodometric test.
f Lack of ,-lactamase formation, as determined by the microiodometric test.

and Zn2+ was determined in nutrient broth cultures as
described previously (17). MICs were determined by the
agar dilution test as described previously (29).

Characterization of S. aureus strains. Phage typing and
biochemical typing were performed as described by Meyer
et al. (12) (see Table 1, footnotes c and d).
Mercury volatilization assays. Mercury volatilization as-

says were run with broth cultures and were performed as
described previously (20, 25).
Cadmium efflux. 10Cd2+ was used to determine cadmium

efflux. The procedure described by Tynecka et al. (23) was
followed.

Preparation of cellular DNA from S. aureus. The cells were
grown overnight at 37°C in 5 ml of2xNY broth with shaking.
Fresh 2xNY broth (50 ml) was inoculated with 1 ml of the
overnight culture and shaken for 7 h at 37°C. The cells were
centrifuged and washed with 20 ml of TES buffer (0.05 M
Tris hydrochloride, 0.05 M disodium EDTA, 0.025 M NaCl,
pH 7.3). After being washed, the cells were resuspended in
3.6 ml of TES buffer, and 0.2 ml of lysostaphin solution (1
mg/ml in TES, pH 7.3) and 0.2 ml of lysozyme solution (10
mg/ml in TES) were added. After incubation at 37°C for 30
min, 8 ml of lysis buffer (1% Brij 58 in TES buffer) was
added. The resulting lysate was cooled on ice and cleared by
centrifugation at 4°C for 30 min at 40,000 x g. Immediately
after being cleared, the lysate was extracted two times with
an equal volume of phenol-chloroform (1:2, vol/vol). After
this treatment, the lysate was subjected to extraction twice
with the same volume of ethyl ether. To the aqueous phase,
sodium acetate was added to give a final concentration of 0.3
M. The DNA was precipitated by the addition of twice the
volume of absolute ethanol (-20°C). After at least 2 h at
-20°C, the precipitate was collected by centrifugation, dried
under vacuum, and suspended in 250 ,ul of DNA buffer (10
mM Tris hydrochloride, pH 7.9, 10 mM NaCl, 0.1 mM
EDTA).
DNA-DNA hybridization studies. For agarose gel electro-

phoresis and digestion with restriction endonucleases, we
used previously published procedures (2, 11). Methods for
transfer to nitrocellulose filters (Southern blotting), nick
translation, and hybridization with radioactive probes were
described previously (4, 8). Hybridization was done under
stringent conditions at 65°C for 16 to 20 h in a buffer
consisting of 0.5 M NaCl, 0.1 M Na2HPO4, 5 mM EDTA,

and 1% Sarkosyl (8), with an initial rinse at 25°C with 1 mM
Tris hydrochloride (pH 8)-1% Sarkosyl followed by four
5-min washes at 25°C with 1 mM Tris hydrochloride, pH 8.
Probe DNA. To obtain probe DNA fragments specifically

carrying the mercury resistance determinant and the cadA
gene, we cloned the 12.5-kb XbaI fragment of plasmid pI258
into plasmid pUC12 (24). The restriction site map of plasmid
pUC12 with the integrated 12.5-kb fragment of plasmid p1258
and the fragments used as probes is shown in Fig. 1. After
restriction endonuclease treatment and electrophoresis, the
fragments of interest were isolated from agarose by the glass
powder method (4).

RESULTS
Lack of plasmids in the investigated methicillin-resistant S.

aureus strains and in strain 1791. When the six test strains
were lysed by lysostaphin and screened for the occurrence
of plasmids, no plasmid-specific DNA band could be de-
tected in agarose gels (data not shown). However, the
method used (9) is rather mild and allowed the demonstra-
tion of rather large bacterial plasmids. The 28-kb plasmid
pI258 was readily visualized in control lysates. The possibil-
ity remains, of course, that the hospital isolates contain large
or difficult-to-isolate plasmids or both that we could not
detect with the procedures used.
Mercury resistance. The five methicillin-resistant S. au-

reus strains and strain 1791 were resistant to mercuric ions
and to phenylmercury acetate; control strain 8325-4 was
susceptible (data not shown). The presence of an inducible
mercuric reductase was shown by appropriate volatilization
experiments (Fig. 2).
Whether the mercury resistance determinants in the

methicillin-resistant S. aureus strains were homologous at
the DNA sequence level to those carried on plasmids in S.
aureus was tested by Southern blotting hybridization exper-
iments. In these experiments, the 6.3-kb BglII fragment of
plasmid p1258 served as a probe (Fig. 1). This fragment
carries the merA and merB determinants (14). After nick
translation, this probe was hybridized to BglII digests of
total cellular DNA isolated from the five methicillin-resistant
S. aureus strains and strain 1791. The probe was also
hybridized to BglII digests of whole cellular DNA isolated
from derivatives of strain 8325-4 carrying plasmids pI258,
pI524, and pII147 as representatives of different well-
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FIG. 1. Restriction endonuclease map of plasmid pUC12 with the integrated 12.5-kb XbaI fragment of plasmid p1258. The fragments used
as DNA probes for the mercury resistance determinant (mer-probe) and the cadA gene (cadA-probe) are indicated. The restriction
endonuclease sites above the line were determined by cleavage and agarose gel electrophoresis and confirmed by direct DNA sequencing
(Laddaga et al., in preparation); those below the line (for the mer-probe only) were determined from the DNA sequence. Note the expanded
scale near the EcoRI site.

characterized S. aureus plasmids that confer mercury resist-
ance (22) and pP1408, a plasmid from a recent wild-type
isolate (27) (Fig. 3). The 6.3-kb probe hybridized to the
corresponding fragments from the S. aureus plasmids and
also to the corresponding fragments of total cellular DNA
from the five methicillin-resistant S. aureus strains. The
BglII fragment from the chromosomal DNA of strain 1791 to
which the 6.3-kb probe hybridized was slightly larger (6.6
kb). The 6.3-kb probe DNA did not hybridize to chromo-
somal BglII digests of strain 8325-4 (Fig. 3, lane A) or to
BgIII and EcoRI digests of cellular DNA from a spontane-
ously occurring mercury-susceptible variant of strain 1172
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FIG. 2. Volatilization of 203Hg froM 203Hg2. S. aureus 1791,
1599, 1172, 8325-4, and 8325-4(pI258) were grown in nutrient broth.
Mercury volatilization activity was induced by the addition of 5 ,.M
Hg2+ and growth for 1 h. The cells were harvested by centrifugation,
and the rate of volatilization of mercury from 5 ,u.M 203Hg2+ was
determined as previously described (25).

(Fig. 4, lanes G and H). On the basis of the results of phage
typing, the methicillin-resistant S. aureus strains included in
these experiments seem to be very similar (Table 1). The
question arose as to whether these strains are representa-
tives of a single "clone" with a uniform location of the
mercury resistance determinant apparently on the chromo-
some. We checked the location of the mercury-resistance-
specific BglII fragment in relation to the neighboring restric-
tion endonuclease cleavage sites by using the 6.3-kb BglII
fragment (Fig. 1) as a probe for hybridization to fragments of
total cellular DNA obtained after separate digestions with
EcoRI, HindIII, and PstI. The 6.3-kb BglII fragment of
p1258 has one internal site for EcoRI (14) (now known from
DNA sequencing analysis to occur 1,516 base pairs from the
left end of the BglII fragment, as shown in Fig. 1; R. A.
Laddaga et al., manuscript in preparation). Assuming com-
plete homology of this sequence to the sequence of the
chromosomal mercury resistance determinants, then hybrid-
ization of the probe to chromosomal EcoRI digests should
give two bands. If there are two copies of this sequence in
the cell at different locations, four different bands should
appear. Figure 4 shows the results of this hybridization

FIG. 3. Hybridization of the 32P-labeled mercury resistance
probe (6.3-kb BgllI fragment of plasmid pI258) to BgII digests of
whole cellular DNA. Lanes: A, strain 8325-4, control; B, 6.3-kb
BglII probe DNA, 1 ,ug; C, probe DNA, 0.1 ,ug; D, 8325-4(pI258); E,
8325-4(pI524); F, 8325-4(pII147); G, 8325-4(pl408); H through M,
strains 108, 1309, 1172, 1599, 1725, and 1791, respectively.

VOL. 29, 1986



ANTIMICROB. AGENTS CHEMOTHER.

FIG. 4. Hybridization of the 32P-labeled mercury resistance
probe (6.3-kb BglII fragment of plasmid p1258) to EcoRI digests of
whole cellular DNA. Lanes: A through F, strains 108, 1309, 1172,
1599, 1725, and 1791, respectively; G and H, BglI and EcoRI
digests, respectively, of whole cellular DNA from the mercury-
susceptible variant of strain 1172.

experiment. The mercury resistance determinants were uni-
formly located in strains 1172, 1599, and 1725. The location
was different between the above-mentioned strains and
strains 108, 1309, and 1791. The four bands of hybridization
with DNA from strains 108, 1172, 1599, and 1725 could be
interpreted as indicating two different locations. However,
incomplete digestion of the cellular DNA or the occurrence
of common DNA sequences in the mercury resistance probe
and in other genes might also account for these patterns.
When the five hospital S. aureus strains and strain 1791

were compared, hybridization of the 6.3-kb BgII probe to
HindIII and PstI digests of total cellular DNA (Fig. 5) was
similar to that described for the EcoRI digests. The radioac-
tive bands detected after Hindlll digestion and hybridization
of the 6.3-kb BglII probe summed up to a lower molecular
mass than that of the probe DNA (Fig. 5, lanes D to J).
Digestion of the probe DNA with HindIII produced a
fragment of approximately 3.3 kb (Fig. 5, lanes B and C) and
smaller fragments that were not detected on the filter. On the
basis of the DNA sequence of the BglII fragment (Laddaga
et al., in preparation; Fig. 1), there should be one fragment of
2.9 kb and five fragments each smaller than 1 kb. Whether
the other HindIII fragments to which the 6.3-kb BglII probe
hybridized represent internal fragments of the mercury re-
sistance determinant sequence or whether they overlap with
neighboring areas of the cellular DNA cannot be answered
from these results. Results comparable to those with EcoRI
and Hindlll were obtained by hybridizing the 6.3-kb BglII
probe to the PstI digest of chromosomal DNA (Fig. 5, lanes
K to 0).
Cadmium resistance. The inhibition by Cd2" of the growth

of the five hospital S. aureus strains and of strain 1791 is
shown in Fig. 6A. The strains with apparently chromosom-
ally conferred cadmium resistance exhibited an intermediate
level of cadmium resistance, in between susceptible strain
8325-4 and plasmid-conferred (cadA) resistance levels. This
behavior is similar to that of plasmid-conferred cadB resist-
ance (17). However, both cadA and cadB confer parallel
resistance to Zn2+, which was not found in the five hospital

methicillin-resistant S. aureus strains or in strain 1791 (Fig.
6B). These wild-type strains were as susceptible to Zn2+ as
the susceptible reference strain 8325-4. This result suggests
that the cadmium resistance determinant in these strains is
neither cadA nor cadB. Because of these findings, we
checked whether the mechanism of cadmium resistance in
these strains was an efflux process, as described by Tynecka
et al. (23). Cells were loaded with '"Cd2+, and the efflux of
09Cd2+ was determined (Fig. 7). No efflux was observed in
strain 8325-4, in contrast to strain 8325-4(pI258) and hospital
strain S. aureus 108. Data obtained for strains 1309, 1172,
1599, 1725, and 1791 were similar to those obtained for strain
108 and are therefore not shown. This efflux could be nearly
completely inhibited by incubation of the cells at 4°C and
was slightly inhibited by the presence of carbonyl cyanide
m-chlorophenylhydrazone (an uncoupler of respiratory elec-
tron transport), suggesting an energy-dependent efflux mech-
anism, as reported earlier (23). Since the mechanism of
cadmium resistance in the methicillin-resistant S. aureus
strains and in strain 1791 was efflux, as is the case with cadA
but not with cadB, and since parallel resistance to Zn2+ was
lacking, it was important to check whether there was DNA
sequence homology between the cadA gene and the appar-
ently chromosomally located cadmium resistance determi-
nants in these strains. A cadA-specific DNA probe was
hybridized to restriction endonuclease digests of total cellu-
lar DNA. The cadA-specific probe was the 3.2-kb fragment
obtained after XbaI-BglII double digestion of the 12.5-kb
XbaI fragment of plasmid p1258 cloned into plasmid pUC12
(Fig. 1). The XbaI-BglII cadA probe hybridized to XbaI-
BglII double digests and to EcoRI digests of the reference
plasmids p1258 and pII147 exactly as predicted from the
published maps of plasmids p1258 and pII147 (14) (Fig. 8).
The probe hybridized to a 3.2-kb XbaI-BglII fragment of
p1258 and to a 2.8-kb XbaI-BglII fragment of pII147. The

FIG. 5. Hybridization of the 32P-labeled mercury resistance
probe (6.3-kb BgII fragment of plasmid p1258) to Hindlll and PstI
digests of whole cellular DNA. Lanes: A, 6.3-kb BglII probe
fragment; B, 6.3-kb BglII probe fragment digested with Hindlll, 0.1
p.g; C, plasmid p1258 digested with HindlIl, 1 ,ug; D through J,
HindIll-digested total DNA from strains 108, 1309, 1172, 1599, 1725,
and 1791, respectively; K through 0, PstI-digested total DNA from
strains 108, 1309, 1172, 1599, 1725, and 1791, respectively.
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weaker hybridization to a 6.3-kb fragment of the XbaI-Bgill
digest of pII147 was unexpected and cannot be currently
explained.
The cadA-specific probe DNA did not hybridize to XbaI-

BglII digests of the cellular DNA from the five hospital S.
aureus strains and strain 1791 (Fig. 8), indicating an absence
of a significant structural relationship under these high
stringency conditions between the cadmium resistance de-
terminants in these strains and the cadA gene.

DISCUSSION
The results described show that the apparently chro-

mosomally located mercury resistance determinants in
methicillin-resistant S. aureus have DNA sequences homol-
ogous to those on the penicillinase plasmids of S. aureus.
This result suggests that they may have originated from
corresponding plasmids. In S. aureus, the integration of the
entire plasmid pI258 into the chromosome (21) and the
integration of clearly translocatable resistance determinants
(TnSSI for resistance to erythromycin and other macrolide
antibiotics [16]; Tn4001 for aminoglycoside resistance [10])
have been described in connection with laboratory experi-

2
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Zn2+[pM]
FIG. 6. Growth inhibition by cadmium and by zinc of methicillin-

resistant S. aureus 108, 1172, 1309, and 1599, environmental strain
1791, and controls without and with cadA-mediated resistance.
Overnight cultures in nutrient broth were diluted 1:200 either into
nutrient broth containing various concentrations of CdCl2 (A) or into
nutrient broth containing 50 mM potassium phosphate (pH 6.8) and
various concentrations of ZnSO4 (B). Culture turbidities were
measured after 7 h of growth at 37°C.
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E
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FIG. 7. Effiux of 109Cd2+ from S. aureus without cadmium re-

sistance (strain 8325-4) (A), with cadmium resistance conferred by
cadA [strain 8325-4(pI258)] (B), and with cadmium resistance appar-
ently conferred by chromosomal genes (strain 108) (C). Cells were
grown in tryptone broth for 20 min in the presence of 20 ,u M '19Cd2+
(strain 8325-4) or 100 ,uM '09Cd2+ [strains 8325-4(pI258) and 108].
Dilution-induced effiux was assayed at 37°C (0), at 37°C in the
presence of 100 ,uM carbonyl cyanide m-chlorophenylhydrazone
(0), and at 4°C (A\) as described previously (23, 26).

ments. Also, naturally occurring strains possess such trans-
locatable elements integrated into their chromosomes (Ii-
lactamase in strain PS80 [1]; macrolide, lincosamide, and
streptogramin B resistance in discrete multiple-antibiotic-
resistant hospital strains [27]; aminoglycoside resistance in
different multiple-antibiotic-resistant strains [28]). From pre-
vious studies of different penicillinase plasmids of S. aureus
(22), it was concluded that the mercury resistance determi-
nants on the 6.3-kb BglII fragment might be a part of a
translocatable element which became integrated into dif-
ferent plasmids. The question of whether methicillin-

*-$i*SENiA *
,k ,,0 , .;H¢ii.KX1 K L N
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. 2p,0- 40 0.w-..2040it0 20 ...40v.
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FIG. 8. Hybrdization of the cadA-specific probe (3.2-kb XbaI-
BglII fragment of plasmid pI258) to digests of whole cellular DNA.
Lanes: A, 3.2-kb DNA probe, 1.0 ,ug, control; B, DNA probe, 0.1
,ug; C, 8325-4 cellular DNA, XbaI-BgIII double digest; D,
8325-a4(pI258) cellular DNA, XbaI-BgIII double digest; E,
8325-4(pI258), EcoRI digest; F, 8325-4(pII147) cellular DNA, XbaI-
BglII double digest; G, 8325-4(pII147), EcoRI digest; H through M,
XbaI-BglII digests of total cellular DNA from strains 108, 1309,
1172, 1599, 1725, and 1791, respectively.
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resistant S. aareus strains originally had an entire plasmid
incorporated into the chromosome or whether a mercury-
resistance-conferring translocatable element was incorpo-
rated into the chromosome remains open. As evident from
the mercury-susceptible spontaneous variant of strain 1172,
the 6.3-kb BglII fragment can be lost from the chromosome,
as was previously described in cases of the instability of
mercury resistance carried on plasmids (22).

Clearly, the 6.3-kb BglII fragment can occupy different
locations on the cellular DNA of methicillin-resistant S.
aureus, as shown by the hybridization to total DNA digests
obtained with different restriction endonucleases. The pos-
sibility of restriction endonuclease site polymorphism (the
existence of different restriction endonuclease site patterns
within the mercury resistance regions [7]) as an alternative
explanation is rather unlikely, since the similarities (strains
1172, 1599, and 1725) or differences (strains 108 and 1309)
between the strains were shown when digests obtained with
different restriction endonucleases were used. The methicil-
lin-resistant S. aureus strains showed common characteris-
tics when tested by conventional phage typing and biotyping
methods (Table 1). However, differentiation between the
strains was possible with the location of the mercury resist-
ance determinants by use of a specific probe and Southern
DNA-DNA hybridization analysis. The use of this molecu-
larly based method for differentiation between strains or
clones is a very valuable addition to more conventional
methods for describing clones in bacterial epidemiology (27).
Detailed analysis in a similar sense has been described for
the location of insertion element IS5 on the chromosome of
natural Escherichia coli isolates (4).
The mercury resistance determinant of environmental

strain 1791 was homologous to that from plasmid p1258.
However, it was located on a slightly larger BglII fragment
(6.6 kb; Fig. 1). This result points to a change between the
part of the DNA carrying the mercury resistance determi-
nant in this strain and the corresponding DNA region in the
hospital methicillin-resistant S. aureus strains, although the
loss of a single BglII site due to a single nucleotide change
could account for this (see the relative positions of the BglII
sites in Fig. 1).
The appatently chromosomally located cadmiumn resist-

ance determinant in the methicillin-resistant S. aureus
strains and in strain 1791 are obviously not the same as the
known plasmid-located cadA and cadB genes. The Cd2+
efflux mechanism mediated by the chromosomal determi-
nants apparently does not recognize Zn2+ ions. It may
represent another cadmium-transporting gene product. This
seems likely from the absence of DNA sequence homology
between these new cadmium resistance determinants and
the cadA gene.
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ADDENDUM IN PROOF

The probe DNA carrying the mercury resistance determi-
nant used in our studies had recently been sequenced (R. A.
Laddaga et al., manuscript in preparation). This BglII frag-

mentt, which was referred to as 6.3 kb from its mobility on
agarose gel electrophoresis, was shown to be 6,404 base
pairs in length.

LITERATURE CITED

1. Asheshov, E. H. 1969. The genetics of penicillinase production
in Staphylococcus aureus strain PS80. J. Gen. Microbiol.
59:289-301.

2. Barnes, W. M., M. Bevan, and P. H. Son. 1983. Kilo-
sequencing: creation of an ordered nest of asymmetric deletions
across a large target sequence carried on phage M13. Methods
Enzymol. 101:98-102.

3. Dubova, V. G. 1965. Resistance development in staphylococcal
strains to cloxacillin (5-methyl-3-ortho-chlorphenyl-4-
isoxazolylpenicillin) and their characteristics. Antibiotiki (Mos-
cow) 10:969-973.

4. Green, L., R. D. Miller, D. E. Dykhuizen, and D. L. Hartl. 1984.
Distribution of DNA insertion element IS5 in natural isolates of
Escherichia coli. Proc. Natl. Acad. Sci. USA 81:4500-4504.

5. Haley, R. W., A. W. Hightower, R. F. Khabbaz, C. Thornsberry,
W. J. Martone, J. R. Allen, and J. M. Hughes. 1982. The
emergence of methicillin-resistant Staphylococcus aureus infec-
tions in United States hospitals. Possible role of the house
staff-patient transfer circuit. Ann. Intern. Med. 97:297-308.

6. Hall, B. M. 1970. Mercury resistance of Staphylococcus aureus.
J. Hyg. 68:121-129.

7. Harshman, L., and M. Riley. 1980. Conservation and variation
of nucleotide sequences in Escherichia coli strains isolated from
nature. J. Bacteriol. 144:560-568.

8. Hartl, D. L., D. E. Dykhuizen, R. D. Miller, L. Green, and J. De
Framond. 1983. Transposable element IS50 improves growth
rate of E. coli cells without transposition. Cell 35:503-510.

9. Kado, C. I., and S. T. Liu. 1981. Rapid procedure for detection
and isolation of large and small plasmids. J. Bacteriol.
145:1365-1373.

10. Lyon, B. R., J. W. May, and R. A. Skurray. 1984. Tn4001: a
gentamicin and kanamycin resistance transposon in Staphylo-
coccus aureus. Mol. Gen. Genet. 193:554-556.

11. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

12. Meyer, W., D. Ziomek, and H. Rische. 1973. Staphylococcus
aureus, p. 467-545. In H. Rische (ed.), Lysotypie und andere
spezielle epidemiologische Laboratoriumsmethoden. Gustav
Fischer Verlag, VEB, Jena, German Democratic Republic.

13. Nakahara, H., T. Ishikawa, Y. Sarai, and I. Kondo. 1977.
Distribution of resistances to metals and antibiotics of staphy-
lococcal strains in Japan. Zentralbl. Bakteriol. Mikrobiol. Hyg.
1 Abt. Orig. A 237:470-476.

14. Novick, R. P., E. Murphy, T. J. Gryczan, E. Baron, and I.
Edelman. 1979. Penicillinase plasmids of Staphylococcus au-
reus: restriction-deletion maps. Plasmid 2:109-129.

15. Novick, R. P., and C. Roth. 1968. Plasmid-linked resistance to
inorganic salts in Staphylococcus aureus. J. Bacteriol. 95:
1335-1342.

16. Pattee, P. A., N. E. Thompson, D. Haubrich, and R. P. Novick.
1977. Chromosomal map locations of integrated plasmids and
related elements in Staphylococcus aureus. Plasmid 1:38-51.

17. Perry, R. D., and S. Silver. 1982. Cadmium and manganese
transport in Staphylococcus aureus membrane vesicles. J. Bac-
teriol. 150:973-976.

18. Rountree, P. M., and A. M. Vickery. 1973. Further observations
on methicillin-resistant staphylococci. Med. J. Aust. 1:1030-
1034.

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

20. Schottel, J. L. 1978. The mercuric and organomercurial detox-
ifying enzymes from a plasmid-bearing strain of Escherichia
coli. J. Biol. Chem. 253:4341-4349.

668 WITTE ET AL.



S. AUREUS METAL RESISTANCE

21. Schwesinger, M. D., and R. P. Novick. 1975. Prophage-
dependent plasmid integration in Staphylococcus aureus. J.
Bacteriof. 123:724-738.

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

23. Tynecka, Z., Z. Gos, and J. Zajac. 1981. Energy-dependent
efflux of cadmium coded by a plasmid resistance determinant in
Staphylococcus aureus. J. Bacteriol. 147:313-319.

24. Vieira, J., and J. Messing. 1982. The pUC plasmids, an
M13mp7-derived system for insertion mutagenesis and sequenc-
ing with synthetic universal primers. Gene 19:259-268.

25. Weiss, A. A., S. D. Murphy, and S. Silver. 1977. Mercury and
organomercurial resistances determined by plasmids in Staph-
ylococcus aureus. J. Bacteriol. 132:197-208.

26. Weiss, A. A., S. Silver, and T. G. Kinscherf. 1978. Cation
transport alteration associated with plasmid-determined resist-

ance to cadmium in Staphylococcus aureus. Antimicrob.
Agents Chemother. 14:856-865.

27. Witte, W., and K. Dtinnhaupt. 1984. Resistance determinants in
multiple drug-resistant Staphylococcus aureus from nosocomial
infections, p. 213-217. In S. Mitsuhashi and V. Krcmery (ed.),
Plasmids and antibiotic resistance. Avicenum, Prague.

28. Witte, W., and K. Duanihaupt. 1984. Occurrence of a non-
plasmid-located determinant for gentamicin resistance in strains
of Staphylococcus aureus. J. Hyg. 93:1-8.

29. Witte, W., and R. Reissbrodt. 1983. Standardisierte Bestimmung
minimaler Hemmkonzentrationen antibakteriell wirksamer
Chemotherapeutika fur schnell wachsende Keime im
Plattenverdunnungstest. Z. Gesamte Hyg. Grenzgeb. 29:
178-180.

30. Witte, W., Nguyen Van Dip, and R. Hummel. 1980. Resistance
against mercury and cadmium in Staphylococcus aureus of
different ecological origin. Z. Allg. Mikrobiol. 20:517-521.

VOL. 29, 1986 669


