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Macrolides-lincosamides-streptogramin B (MLS) resistance is commonly found in Staphylococcus aureus and
coagulase-negative staphylococci (22 and 45%, respectively, among isolates from three New Jersey hospitals).
We have examined representative subsets of 107 MLS-resistant isolates for the molecular nature of the
resistance determinant, the erm gene, by dot blot and Southern hybridization analysis. All of 35 S. aureus
isolates examined and 39 of 42 coagulase-negative isolates examined were found to harbor the ermA or ermC
evolutionary variant. Genes of the ermC class occurred exclusively on a small plasmid similar to or
indistinguishable from one (pNE131) previously described in S. epidermidis. Genes of the ermA class occurred
exclusively in the chromosome, and restriction patterns indicated that they were part of a transposon, Tn554,
characteristic of the classical S. aureus ermA strain. Unlike S. aureus ermA strains examined previously, which
harbor Tn554 at a single specific (primary) site, four of our S. aureus isolates had second inserts at different
chromosomal sites. The majority of our coagulase-negative isolates had two or more inserts, neither of which
occurred at the classical primary site and many of which differed from one another in location (as inferred from
restriction patterns). Coagulase-negative staphylococci constitute a large reservoir of the ermA and ermC class
of determinants, with clear potential for interspecies spread.

The MLS phenotype refers to cross-resistance to three
groups of antibiotics: the macrolides (exemplified by eryth-
romycin), the lincosamides (exemplified by clindamycin),
and the streptogramins B (exemplified by vernamycin Ba).
The classical phenotype was described for four Staphylococ-
cus aureus isolates, in which resistance to the macrolide
spiramycin was shown to be inducible by low levels of
erythromycin (2). The phenotype has since been shown to
occur in a variety of bacterial genera (5), but the S. aureus
system has been subjected to the most intensive scrutiny and
is understood in greatest detail (see references 26 and 36 for
summaries). Neither lincosamides, streptogramins, nor most
macrolides are effective inducers. The induction process
entails activation of an mRNA that encodes a 23S RNA
methylase, the erm methylase, which in turn renders newly
synthesized ribosomes resistant to the MLS agents by
methylating a specific adenosine residue (equivalent to Esch-
erichia coli 23S RNA A2058 [33]) of the rRNA component of
the peptidyl transferase center. The activation involves
alteration in the secondary structure of the mRNA, resulting
from a stall of an erythromycin-ribosome complex on the
leader region(s) encoding short polypeptides. Constitutive
variants readily arise via mutational changes in these leader
regions.

Three distinguishable classes of erm gene have been
described for S. aureus and are designated ermA, ermB, and
ermC. On the basis of direct sequencing for the prototypes of
ermA (20) and ermC (9), or, for ermB, close similarity to a
sequenced streptococcal erm gene, ermAM (8, 29, 38), it can
be concluded that ermA, ermB, and ermC are only about
60% homologous and do not cross-hybridize under moder-
ately stringent conditions (38). ermA was initially detected in
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an inducible strain, 1206, isolated in Wisconsin (37). It
occurs on a transposon, Tn554, that at least in laboratory
strains has a pronounced tendency to insert into a single
specific site in the S. awreus chromosome, the primary
insertion site (12, 23, 25, 26). ermB was discovered in Japan
(17); it typically occurs on a transposon, Tn551, as part of a
28-kilobase (kb) plasmid, pI258 (27). ermC was discovered in
Bucharest as part of a 3.7-kb plasmid, pE194 (9, 10). The
MLS phenotype has also been detected in S. epidermidis
(28), and at least some isolates harbor an erm gene (M) very
similar to ermC (15).

Despite the continuing high prevalence (20 to 45%) of
MLS strains among staphylococci isolated from hospitals (5;
W. D. Jenssen, S. Thakker-Varia, B. T. Dubin, and M. P.
Weinstein, Abstr. Annu. Meet. Am. Soc. Microbiol. 1986,
A8, p. 2), there is no information on the relative frequencies
of the three prototypic S. aureus erm gene classes, or on the
possible occurrence of yet other classes, in clinical isolates.
In this paper, we present data addressing this question,
obtained from a study of a series of 107 MLS clinical isolates
of S. aureus, S. epidermidis, and other coagulase-negative
staphylococci. We also present a molecular characterization
of the most common staphylococcal erm gene classes in our
region, ermA and ermC.

MATERIALS AND METHODS

Aside from two MLS-resistant strains described previ-
ously (33), the strains examined in the present work were
from a series of 332 consecutive staphylococcal isolates
collected at the clinical microbiology laboratories of three
central New Jersey hospitals in 1984 and 1985. Initial iden-
tification as S. aureus or coagulase-negative staphylococci
was based on colony and microscopic morphology and
coagulase testing. Coagulase-negative isolates were identi-
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TABLE 1. Standard strains

Strain Plasmid Description and use Source or reference
E. coli HB101 pKHS80 Chimeric plasmid used as source of pE194 probe and target K. Hardy (6)
S. aureus RN4932 pEM715 Tn554 inserted into primary target in plasmid pT181; similar E. Murphy
to pEM9717 (21); used as source of ermA probe and as
standard target
S. aureus RN2466 pRN3173 Deletion of pI258; used as source of ermB probe and as E. Murphy (27)
standard target
S. aureus RN11 pI258 Used as standard target E. Murphy
S. aureus RN2442 pE194 Used as standard target E. Murphy
S. aureus RN2863 Chromosomal Tn554; used as standard for single Tn554 E. Murphy
inserted into primary target site
S. aureus 1206 Original ermA isolate used as source of standard target B. Weisblum (37)
S. epidermidis pNE131 Used as source of probe and target J. Parisi (28)
Streptococcus faecalis JH2-2 pAMB1 Used as standard target in dot blots

fied to the species level by using API Staph-Ident strips
(Analytab Products, Plainview, N.Y.) and by novobiocin
susceptibility testing. All isolates were characterized as to
the MLS phenotype by agar diffusion (37) with disks con-
taining erythromycin (15 pg), clindamycin (2 pg), or
vernamycin Ba (25 ng). Strains showing cross-resistance to
these agents, either constitutive or inducible, were scored as
MLS resistant and saved for further study. Spectinomycin
susceptibility was tested by plating the isolates onto medium
containing 300 pg of drug per ml. Clinical isolates, as well as
standard strains obtained from other laboratories (Table 1),
were repurified from single colonies, and the MLS pheno-
types of cultures grown from these colonies were rechecked
just prior to dot-blot analysis or DNA preparation. Strains
were stored in CY broth (24) plus 30% glycerol at —70°C.

Erythromycin was purchased from Sigma Chemical Co.,
St. Louis, Mo., clindamycin and spectinomycin were gifts
from The Upjohn Co., Kalamazoo, Mich., and vernamycin
Ba was a gift from the Squibb Institute for Medical Re-
search.

For dot-blot analysis, cells were pelleted from a 1-ml
overnight culture in CY broth, washed with 10 mM EDTA
(pH 7), suspended in 50 pl of 10 mM Tris hydrochloride (pH
8.0) containing 1 mg each of lysostaphin and lysozyme per
ml, and incubated at 37°C for 1 h. An equal volume of 0.5 M
NaOH containing 0.2% Triton X-100 was added, and the
incubation was continued for 20 min at room temperature.
The solution was neutralized with 200 ul of 3 M sodium
acetate (pH 6.0). The samples were frozen and thawed, and
10-pl aliquots, made up to 100 pl with 12x SSC (1x SSC is
0.15 M NaCl plus 0.015 M sodium citrate) were applied to a
nitrocellulose membrane by using a Minifold apparatus
(Schleicher & Schuell, Inc., Keene, N.H.) under gentle
suction. The filters were baked and hybridized as described
below for Southern transfers. They were then washed three
times with 6xX SSC and three times with 1x SSC for 30 min
each at room temperature and exposed to Kodak XAR-5 film
(Eastman Kodak Co., Rochester, N.Y.) for preliminary
screening. For more stringent conditions, the filters were
washed again three times with 0.1x SSC at 55°C. Quantita-
tion of these and other autoradiograms was obtained by
densitometric scanning with a Kontes 800 fiber optic scan-
ner.

Total cellular DNA was prepared by the method of
Mekalanos (16). Cells from a 6-ml culture, grown and
washed as above, were suspended in 2 ml of 10 mM EDTA,
and lysozyme and lysostaphin were added to concentrations
of 50 pg/ml each. After incubation for 1 h at 37°C, sodium
dodecyl sulfate and pronase were added to 0.5% and 100

D. Clewell (3)

ng/ml, respectively, and the preparation was held at 37°C for
a further 2 h. The viscous lysate was then extracted with
phenol followed by chloroform-isoamyl alcohol (24:1,
vol/vol). The DNA was precipitated with 2.5 volumes of
ethanol in the presence of 0.3 M sodium acetate. The DNA
was then held at 65°C for 3 h in TE (10 mM Tris hydrochlo-
ride [pH 8.0], 1 mM EDTA) to bring the bulk of it into
solution.

Plasmid DNA was prepared from staphylococci by a
modification of the procedure of Novick et al. (27) and from
E. coli by the procedure of Holmes and Quigley (7).

DNA for use as probes was purified, after restriction of
plasmid preparations (see Fig. 1), by electrophoresis through
0.7% agarose gels. Appropriate fragments were extracted by
a version of the freeze-squeeze method (34), adsorbed to an
Elutip column (Schleicher & Schuell), and eluted with 1.0 M
NaCl containing 20 mM Tris hydrochloride (pH 7.5) and 1
mM EDTA.

For restriction analysis, DNA (generally 3 to 6 pg) was
digested for 3 h with 20 to 60 U of enzyme in a reaction
volume of 30 pl under the conditions specified by the
supplier (Boehringer Mannheim Biochemicals, Indianapolis,
Ind.), except that the Haelll reactions were conducted at
45°C. Aliquots of digests (containing ca. 1 ug of DNA) were
fractionated by electrophoresis in 0.7% agarose gels in
Tris-borate buffer (pH 8.0) at 100 V/14 cm. Fragments were
transferred to nitrocellulose sheets (type BA-85; Schleicher
& Schuell) by the method of Southern (32). The sheets were
baked at 78°C for 1 h and prehybridized in 50% formamide
containing 5X SSC, 0.04% bovine serum albumin, 0.04%
polyvinylpyrrolidone, 0.04% Ficoll (Pharmacia Fine Chem-
icals, Piscataway, N.J.), and heat-denatured salmon sperm
DNA (100 pg/ml) for 1 h at 37°C. Approximately 10° cpm of
denatured, nick-translated probe DNA (specific activity, 107
to 10® cpm/ug [31]) was then added, and the incubation was
continued for 17 h at 37°C. The filters were washed once in
6% SSC, twice in 2X SSC, and four times in 1X SSC, each
for 30 min at room temperature, air dried, and autoradio-
graphed on Kodak XAR-5 film. Sizes of fragments were
estimated by comparison with unlabeled markers from
HindIII digests of bacteriophage lambda and Haelll digests
of the replicative form of bacteriophage $X174, as detected
by ethidium-induced fluorescence prior to the Southern
transfer.

RESULTS

Dot blots. Dot-blot hybridizations were performed on 35
MLS S. aureus isolates and 42 MLS coagulase-negative
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FIG. 1. Diagrams of erm regions. (A) Tn554 in its primary
chromosomal location, with pertinent restriction sites as given by
Krolewski et al. (12), and updated by subsequent studies (21;
Murphy, personal communication). (B) Tn551 in plasmid pRN3173
with approximate locations of ermB and of Xbal sites (26, 27). (C)
ermC gene in plasmid pE194, and its close homolog, the ermM gene
in plasmid pNE131. Both plasmids are arbitrarily linearized at Tagl
sites upstream of the erm genes. For pE194, the Xbal sites shown
correspond either to the single site of the intact circular molecule or
to the two Xbal sites bounding the plasmid as inserted into E. coli
plasmid pKH80 (6), the source of our probe. Symbols: [,
transposons; @ZZA, erm genes. Restriction sites: Ha, Haelll; H,
HindIll; Fnu, Fnud4HI; P, Pstl; Xbal; T or Taq, Tagl. The extents
of the various probes used for hybridization are shown below each
diagram.

staphylococcal isolates (Jenssen et al., Abstr. Annu. Meet.
Am. Soc. Microbiol. 1986). Replicate samples of total-cell
extract were processed as described in Materials and Meth-
ods and hybridized with 32P-labeled probes containing ermA,
ermB, or ermC (Fig. 1). Representative results are illustrated
in Fig. 2 and scored in Table 2. Interpretation was somewhat
complicated by the fact that some strains (14 S. aureus and
3 coagulase-negative staphylococci) hybridized about
equally well with ermA and ermC probes. Eight of these
strains were subjected to Southern hybridization of purified
DNA as described below. All yielded typical strong ermC
patterns, and none yielded prominent discrete bands hybrid-
izing with ermA or ermB probes. We infer that our ermA
probe cross-hybridizes with various (non-erm) staphylococ-
cal sequences, as indeed can be seen by the degree to which
the probe hybridized to the ermB and ermC standard strains
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FIG. 2. Dot-blot hybridizations. Extracts were processed as
described in Materials and Methods to generate triplicate target
filters according to the key in Table 2. Each filter was hybridized
with an erm probe corresponding to the heading of each panel. The
ermA probe was the Fnu4HI A segment of Tn554; the ermB probe
was the Xbal fragment of pRN3173; and the ermC probe was an
Xbal fragment corresponding to linearized pE194, all as shown in
Fig. 1. We show the results obtained after the second, more
stringent, wash.

(Fig. 2; target spots 12 and I3) and an MLS-susceptible S.
aureus strain (target spot 1I8). This cross-hybridization was
only marginally diminished when the stringency of the wash
was increased (as described in Materials and Methods).

On the other hand, of the strains subsequently found to
yield ermA patterns on Southern analysis (see below), all
registered positive ermA blots and negative ermB and ermC
blots. We infer that our ermB and ermC probes were quite
specific for the respective erm gene classes, despite the
relatively large complement of non-erm sequence in these
probes. Again, the results for standard S. aureus strains
(Fig. 2B and C) supported this inference. The lower speci-
ficity of our ermA probe relative to those of the ermB and
ermC probes is unexplained. Nevertheless, it seems safe to
score, as we did, isolates yielding positive ermC, or ermC
and ermA, blots as ermC-class strains, and isolates yielding
only ermA blots as ermA-class strains. (None of our isolates
yielded positive ermB blots.)

A total of 31% of S. aureus and 19% of coagulase-negative
staphylococcal MLS isolates were ermA strains and virtually

TABLE 2. Scoring of dot blots shown in Fig. 24

Column
Row no.
I I III
1 RN4932; ermA standard S. saprophyticus; erm zero S. hominis;, erm zero
2 RN2442; ermC standard ermC ermC
3 RN2446; ermB standard S. saprophyticus; erm zero S. epidermidis; ermC
4 1206; ermA standard Enterococcus; erm zero S. epidermidis; ermC
5 ermC S. epidermidis; ermC ermA
6 S. faecalis JH2-2 (ermB-like) S. epidermidis; ermC ermC
7 B. subtilis; MLS susceptible S. epidermidis; ermA ermC
8 B. subtilis; MLS susceptible S. aureus; MLS susceptible ermC

2 Unless otherwise noted, strains are MLS S. aureus.
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TABLE 3. Genotypes of MLS staphylococcal isolates

No. of strains with:

Strains
ermA ermC erm zero®

S. aureus

MLS inducible 7 (5% 8 0

MLS constitutive 4 (2% 16 0
CNS©

MLS inducible 339 11 1

MLS constitutive 56 19 2

@ Strains yielding no positive dot blot reactions with ermA, ermB, or ermC
probe. .

5 Number of strains resistant to spectinomycin (only one ermC strain was
spectinomycin resistant).

¢ CNS, Coagulase-negative staphylococci.

all of the remainder were ermC strains (Table 3). (The
overall incidence of MLS resistance was found to be 22% in
S. aureus and 45% in coagulase-negative staphylococci
[Jenssen et al., Abstr. Annu. Meet. Am. Soc. Microbiol.
1986].) Of the coagulase-negative isolates scored as ermC
strains by dot blot, 17 were S. epidermidis, 10 were S.
haemolyticus, and 3 were S. hominis. The coagulase-
negative ermA-class isolates were distributed among four
species (see the legend to Fig. 6). Of three MLS staphylo-
coccal isolates yielding no positive blots with our probes
(erm zero in Table 3), two were S. saprophyticus and one
was S. hominis.

Southern blot characterization of ermC strains. We ex-
pected the ermC-class of determinants to reside on a small
plasmid resembling the classical plasmid pE194. Accord-
ingly, an initial series of Southern hybridizations was per-
formed on a subset of the ermC strains listed in Table 3, with
a linearized form of pE194 as probe (Fig. 1). Plasmid and or
total cellular DNA preparations from the clinical isolates
were fractionated by agarose gel electrophoresis, with or
without prior digestion by restriction endonucleases; the two
types of DNA preparations yielded concordant results. In all
cases, unrestricted samples yielded two major, discrete

FIG. 3. Southern hybridization of ermC strains with pE194
probe. Aliquots of DNA from plasmid pE194 (lanes 1), of total DNA
from an ermC clinical isolate (inducible S. aureus; lanes 2), or of
DNA from plasmid pNE131 were subjected to agarose gel electro-
phoresis for 2 h, either unrestricted (lane U) or following restriction
with Tagl (lane T), HindIIl (lane Hin), or Haelll (lane Hae). After
Southern transfer, hybridization was performed with 32P-labeled
linearized pE194. The origin (O) and position of pertinent size
markers run in parallel are indicated.
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hybridizing bands that appeared to correspond to super-
coiled and nicked circular forms of a small plasmid. (Such a
pattern from total-DNA preparations demonstrates that the
hybridizing determinant is on a plasmid.) The size of the
plasmid, as estimated from migration of a minor band
considered to be the linearized form, was about 2.4 kb. This
is significantly smaller than pE194 (3.7 kb), but resembles
the size obtained for an erm-containing plasmid originally
recovered from S. epidermidis, plasmid pNE131, that also
hybridized with pE194 (28). Accordingly, in subsequent
studies, we used pNE131 as probe or (Fig. 3) as target.
Lanes designated U in Fig. 3 illustrate the findings cited
above for unrestricted samples. Figure 3 also compares
DNA from a typical clinical isolate (an inducible S. aureus
strain) with DNA from pE194 and pNE131 with regard to
patterns generated by three restriction endonucleases, still
with pE194 as probe. Tagl yielded two hybridizing bands of
ca. 1.4 and 0.9 kb for pE194 and single bands of 1.5 to 1.6 kb
for pNE131 and the clinical isolate. HindIII did not attack
pE194 but yielded single major bands of ca. 2.1 kb for both
pNE131 and the clinical isolate; and Haelll linearized pE194
but did not attack the clinical isolate or pNE131. The resuits
for pE194 and pNE131 are as expected from their restriction
maps (the 1.4-kb Tagl band from pE194 representing two
unresolved fragments of 1.35 and 1.44 kb) (Fig. 1), if one
assumes no significant homology between pE194 and the
Tagql B fragment of pNE131. Parisi et al. (28) did report slight
hybridization between this latter fragment and pE194. How-
ever, recent sequence analysis (15) has shown that the
homology is limited to a stretch of 18 bases, which is
presumably too short to register under our conditions. The
results for our clinical S. aureus isolate support the view that
its plasmid is closely related to pNE131.

More definitive evidence on the ermC replicons of our
isolates was obtained in experiments with Taql fragments of
pNE131 as probes. As shown for a representative strain in

TAQ HIND TAQ HIND
123 4 886 7 38

FIG. 4. Southern hybridization of ermC strains with pNE131
probes. Duplicate blots were prepared from agarose gels for hybrid-
ization to the Tagl A fragment of pNE131 (lanes 1 to 4) or the Tagql
B fragment (lanes 5 to 8). In each gel were run Taql (TAQ) and
HindIIl (HIND) digests of DNA from each of five inducible ermC
isolates (three S. aureus, two S. epidermidis) and from the standard
pE194-containing strain, RN2442. The patterns from our clinical
isolates were all the same; lanes from an S. epidermidis preparation
(lanes 1, 3, S, and 7) together with neighboring RN2442 lanes (lanes
2, 4, 6, and 8) are shown. Approximate sizes (in kilobases) of
pertinent bands, as compared with DNA markers run in parallel, are
indicated: 3.7 for linear pE194; 2.1 for the large HindIII fragment of
the clinical strains; 1.6 and 0.9 for the two Tagql fragments of these
strains; and 1.4 for the erm gene-containing Taql fragment of pE194.
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TABLE 4. Restriction analysis of ermA staphylococcal isolates®

S. aureus fragments (kb) Coagulase-negative staphylococcal fragments (kb)

Restriction

Standard Extra insert . ) o .
enzymes X . S. simulans® S. haemolyticus S. epidermidis, S. hominis®
primary Insert WI8, WI45, WI137 DR3
Hind-Pst vector? 3.5 3.5 34 3.5 3.5 3.5 35 3.5
Hind-Pst gene“ 2.8 3.5 3.2 5.4 33 4.2 10.0 2.8
Hind-Hind 6.5 7.0 6.7 9.0 12.0 7.5 14.0 6.5
Hae-Pst vector? 7.0 10.0 43 5.5 7.0 4.6 5.5 5.6
Hae-Pst gene 2.9 3.1 8.5 2.9 2.9 4.1 3.1 5.5
Hae-Hae 10.0 13.0 12.0 9.0 12.0 9.0 11.0 11.0

@ Sizes of fragments, in kilobases, were estimated by comparison with DNA markers (Fig. 3).
b Two S. simulans strains had inserts corresponding to column 4; one yielded, in addition, fragments corresponding to column 6.
¢ Three S. epidermidis and the S. hominis strain examined shared the fragments in columns 6 and 7. The S. hominis had a third insert, corresponding to

column 8.

4 Vector and gene moieties indicate preferential hybridization with the Fru4HI B or A fragment, respectively (Fig. 1).

Fig. 4, all ermC-class isolates subjected to Southern transfer
examination (eight S. aureus, eight S. epidermidis, and two
S. haemolyticus) yielded Tagql fragments of 1.5 to 1.6 and 0.9
kb that hybridized with pNE131 Tagql fragments A and B,
respectively. The larger Taql fragment, as well as the
HindlIll fragment and the undigested plasmid, of inducible
strains ran marginally more slowly than corresponding prep-
arations from pNE131 and from most constitutive isolates
(compare Fig. 3, lanes 8 and 9). This is in accord with the
finding (14) that the constitutive pNE131 lacks a short
stretch of gene leader sequence present in the inducible
ermC prototype.

In the study illustrated in Fig. 4, we also ran a TaglI digest
of pE194, and the results confirm the extensive homology
between the erm genes of pE194 and pNE131 and the
absence of detectable homology between pE194 and the
non-erm gene-containing Taql fragment (B) of pNE131 (Fig.
4, lanes 6 and 8).

One form of restriction site heterogeneity emerged from
our studies on ermC-class strains. Plasmids from two induc-
ible S. aureus isolates were linearized by restriction with
Haelll (data not shown), as is the case with pE194 but not
pNE131 (Fig. 1). We believe that this reflects retention of the
pE194 Haelll site that occurs within the ermC gene at
residue 2738 (9). In the sequence of the corresponding region
of the pNE131 erm gene, the GGCC of the Haelll site is
altered to GGGC, which does not change the encoded amino
acid (the in-frame GGC or GGG of the tetranucleotide,
encoding glycine in both cases) (14).

Southern blot characterization of ermA S. aureus strains.
The S. aureus ermA-class isolates (Table 3) were character-
ized by Southern blot analysis of total cellular DNA, since
we expected the relevant determinants to be chromosomal.
Initial screening was performed by using the Fnud4HI A
segment (Fig. 1) as probe and undigested, HindIII-digested,
or Haelll-digested, samples as target. In no case did unre-
stricted DNA vyield a discrete hybridizing band, indicating
that the ermA gene was indeed chromosomal. Isolates with
the classical primary insert are expected to yield single
bands of ca. 6.5 or 10 kb with this probe for HindIIl and
Haelll digests, respectively; since Tn554 lacks a Haelll site,
the Haelll bands would be expected to contain the intact
transposon (Fig. 1). Within the ‘limits of precision of the
measurements involved, seven isolates did yield HindIII and
Haelll bands as expected; these strains yielded patterns
indistinguishable from each other and from a prototype
laboratory strain RN2863 (Table 1) with a single insert in the
primary target site. This pattern is referred to in Table 4 as

that of the standard primary insert. However, the remaining
four S. aureus strains yielded two major bands with both
enzymes, one similar to the expected band and one running
slightly behind it.

To characterize our isolates further, we performed exper-
iments in which samples were digested with HindIII plus
Pst1 or Haelll plus PstI (the latter corresponding to a site
overlapping an Fnu4HI site within Tn554), as well as with
HindIII or Haelll alone; and blots were probed with Fnu4HI
fragment A, to detect the erm gene-containing portion of the
transposon, or Fnud4HI fragment B, to detect only the
non-erm gene-containing (vector) portion (Fig. 1). Hybrid-
ization was done in parallel on duplicate filters or serially on
a single filter; the results were concordant. Findings for
serially hybridized samples from a typical single-insert strain
(WJ139) and a double-insert strain (WJ137), both constitu-
tive MLS isolates from the same hospital, are shown in Fig.
5A and B. The Haelll pattern for WJ137 (lanes 1) shows the
extra major band running more slowly than the standard
Haelll band (lanes 2); in Fig. 5B, lane 5, the extra HindIII
band can be clearly seen. The extra Haelll band is due to a
vector Haelll-Pst] fragment ca. 3 kb longer than the stan-
dard one (Fig. 5B, lanes 3 and 4). The extra HindIII band is
due to an erm-gene HindIII-Pst] fragment ca. 0.7 kb longer
than its corresponding standard fragment, which causes it to
run with the vector HindIII-PstI fragments common to all
Tn554 inserts (Fig. 5, lanes 7 and 8). Patterns indistinguish-
able from those of WJ137 were obtained for two of the other
S. aureus isolates with double inserts (summarized in Table
4). We obtained a somewhat different pattern for the fourth
such S. aureus strain, DR3 (which was isolated earlier than
the others and was the subject of our initial rRNA studies
[33]). The Haelll-PstlI results were especially striking and
are shown in Fig. SC, together with patterns from two
single-insert strains, including the classical strain 1206, pro-
cessed in parallel. The second insert of DR3 yielded two
clearly resolved extra Haelll-PstI bands, the larger hybrid-
izing preferentially with the erm gene and the smaller hy-
bridizing preferentially with the vector probe. These results,
and those from restriction with other enzymes, are included
in Table 4.

Although the numbers involved are small, there was a
suggestion of a correlation between single inserts on the one
hand, and inducibility and spectinomycin susceptibility on
the other (Tn554 normally contains a spectinomycin resis-
tance [Sp‘] determinant). Five of the seven single-insert
strains were inducible, compared with two of four double-
insert strains; and four of the seven single-insert strains, but
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FIG. 5. Southern hybridization of S. aureus ermA strains. (A) Patterns after hybridization with the Fnud4HI A segment; (B) patterns after
rehybridization with the B segment. Lanes 1, 3, 5, and 7 were generated by the double-insert isolate, WJ137, and lanes 2, 4, 6, and 8 were
generated by a typical single-insert isolate, WJ139. Restriction digestion was as follows: lanes 1 and 2, Haelll; lanes 3 and 4, Haelll plus Pst1;
lanes 5 and 6, HindIII; lanes 7 and 8, HindIII plus PstI. Lanes 5 to 8 in panel B represent an exposure without intensifying screens to enhance
resolution; other exposures were with screens. (C) Patterns from the final exposure of a similar study on S. aureus DR3 (lanes 1 and 4); S.
aureus 1206 (lanes 2 and 5); and another typical single-insert clinical isolate, S. aureus WJ6 (lanes 3 and 6). Lanes 1 to 3 represent Haelll-PstI
digests, and lanes 4 to 6 represent Haelll digests. Total cellular DNA was processed as for Fig. 3, except that the electrophoresis time was
3.5 h. In panels B and C, bands that hybridized preferentially with gene (@) or vector (x) probes are indicated (note that the darker band of
panel B, lane 7, hybridized with both probes). Sizes of bands (see Table 4) were estimated by markers as for Fig. 3 (not shown); the origins

correspond to the top of the photograph.

none of the double-insert strains, were spectinomycin sus-
ceptible.

Southern blot characterization of ermA coagulase-negative
staphylococci. The coagulase-negative ermA strains (Table 3)
were screened by Southern hybridization, as for the S.
aureus isolates. Again, results for unrestricted total cellular
DNA indicated that ermA was invariably integrated into the
chromosome. Results for HindIII and Haelll digests probed
with the FnudHI A fragment (data not shown; summarized in
Table 4) were generally also similar to the S. aureus results.
Three of the isolates yielded single bands after HindIII or
Haelll digestion, and five yielded two major bands after
digestion with at least one of the enzymes; in addition, the
bands were in the same range as those for S. aureus, 6 to 14
kb. However, close comparison revealed five distinct pat-
terns, differing from each other and from any of the S.
aureus patterns. A striking illustration of the multiplicity of

patterns was provided by Southern analysis of double di-
gests with vector and gene Tn554 probes (Fig. 6), as had
been applied to S. aureus. In Table 4, columns 4 to 8, we
summarize these results, giving approximate sizes for the
various TnS54-related restriction fragments released. We
have sorted the fragments into five sets, corresponding to
five classes of putative Tn554 inserts, in a manner that is
somewhat arbitrary for strains with apparent extra inserts.
Our approach assumes (i) that Tn554 in coagulase-negative
staphylococci resembles its S. aureus counterpart in lacking
a Haelll site and hence that the Haelll-Haelll fragments
include the entire transposon; and (ii) that the extra frag-
ments in the S. hominis patterns (compared with the S.
epidermidis pattern) and in one S. simulans pattern (com-
pared with the other S. simulans patterns) correspond to sets
derived from discrete extra inserts. We have also sorted with
a view to optimizing agreement between sums of subfrag-

FIG. 6. Southern hybridization of coagulase-negative staphylococcal ermA strains: HindIII-PstI and Haelll-Ps:1 digests. Total cellular

DNA was processed as for Fig. S, but only the patterns obtained after the second hybridization are shown; preferential hybridization with
vector or gene probes, as inferred from comparison with patterns from the initial hybridization, is indicated as for Fig. 5. (A) HindIII-Pst1
digests; (B) Haelll-Ps:1 digests. The lanes represent DNA from S. simulans isolates (lanes 1 to 3); an S. haemolyticus isolate (lane 4); S.
epidermidis isolates (lanes 5 to 7), and an S. hominis isolate (lane 8). The arrow designates the 3.5-kb HindIII-PstI vector bands common to
all staphylococcal ermA isolates. The apparent doublet in panel B, lane 8, running about as the neighboring 5.5 kb vector bands yielded signals
with both probes and probably contains a mixture of three fragments (Table 4).
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ments and their putative singly digested parent fragments (as
applied especially to the HindIII-PstI results in columns 6
and 7). This agreement proved fairly close in most cases, the
most flagrant exception being the HindIII-PstI analysis of
the S. haemolyticus insert; there apparently are additional
Ps1l sites within, or near, this insert.

DISCUSSION

Perhaps our most important conclusion is that the vast
majority of MLS staphylococcal isolates from local hospi-
tals, both coagulase-positive and coagulase-negative spe-
cies, are accounted for by erm genes that are, or are very
closely related to, classical ermA and ermC genes. However,
there is considerable variation from the classical prototypes
in the nature of the associated replicon for the ermC class
and in the characteristics of chromosomal insertions for the
ermA class.

erm( isolates. The original S. aureus plasmid harboring
ermC, pE194, was conspicuously absent from our isolates.
Rather, our ermC-class genes occurred in plasmids resem-
bling, or the same as, the constitutive MLS plasmid,
pNE131, initially recovered from S. epidermidis (28). The
ermM gene of pNE131 is 99% homologous to ermC over its
coding region; its leader region has a 107-base deletion
relative to ermC, which could account for its constitutivity
(14). Lampson and Parisi (Abstr. Annu. Meet. Am. Soc.
Microbiol. 1984, H164, p. 118) have also reported slightly
larger inducible variants of pNE131, and, as noted, our
results are compatible with the presence of an extra 0.1 kb in
the gene portions of our inducible ermC strains. For the
purpose of the present discussion, we combine inducible and
constitutive variants of pNE131 and consider ermM to be
equivalent to ermC.

Earlier work characterizing known or presumed ermC
plasmids from series of clinical isolates is sparse. Lacey (13)
reported 36 inducible MLS S. aureus strains that were
collected from London hospitals and whose resistance phe-
notype was associated with the presence of small plasmids.
Of these, 33 were estimated to be 1.8 x 10° daltons in size
(about 2.9 kb) and may have been similar to those of our
clinical isolates. Dunny et al. (4) recovered eight MLS
staphylococcal strains form animals in this country and
found that the isolates contained plasmids resembling
pE194; however, three strains that were isolated from hu-
mans and examined concurrently yielded plasmids in the
size range of pNE131. Individual S. aureus strains isolated
from humans in Brazil (1) and Moscow (18) similarly yielded
plasmids in this latter size range. Lampson and Parisi (14)
estimated that 75% of a series of constitutive MLS S.
epidermidis isolates from a Missouri hospital harbored
pNE131.

The present work is the only systematic molecular-
epidemiological analysis of ermC replicons in S. aureus and
coagulase-negative staphylococci and clearly shows the pre-
dominance of pNE131 in both categories of staphylococci.
pNE131 is also homologous, over erm gene and putative
vector moieties, to a recently sequenced Bacillus subtilis
plasmid (18). The reason for the apparent evolutionary
fitness of the pNE131 class as vector for the directionality of
the extensive interspecific spread that has apparently oc-
curred remain to be determined. It is clear, however, that
coagulase-negative staphylococci constitute a large clinical
reservoir of pNE131 for potential spread to the more virulent
S. aureus.

The restriction site polymorphism we noted in ermC, the
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presence or absence of a Haelll site, corresponds to one of
only seven nucleotide differences between the ermM and
ermC coding regions. The 2 strains containing plasmids with
a Haelll site were in a group of 4 inducible S. aureus ermC
strains examined for the site, whereas plasmids from all
other ermC strains characterized in this regard (4 constitu-
tive S. aureus and 10 coagulase-negative isolates) lacked the
site. This implies some linkage, albeit weak, between the
Haelll site and the classical S. aureus inducibility features
described for ermC in pE194 (9). More strains and further
sequence analysis are required to lend substance to this idea.

ermA isolates of S. aureus. ermA strains constitute a major
fraction of our MLS isolates, especially for S. aureus. The
transposon that characteristically harbors ermA, Tn554, has
unusual properties, one of which is the aforementioned
avidity for a unique chromosomal primary target site. Thus,
the apparent presence of a copy of Tn554 in this site in all of
our ermA S. aureus isolates is not unexpected. However, the
occurrence of extra chromosomal inserts in 4 of 11 S. aureus
(and, as discussed below, 5 of 8 coagulase-negative staphy-
lococcal) ermA isolates is most surprising. Rare insertions of
Tn554 into a secondary site, different in sequence from the
primary target site, have been achieved in the laboratory
only when the secondary site is on a plasmid and the primary
chromosomal site is occupied (22, 23) or when the primary
target site has been deleted (E. Murphy, personal commu-
nication).

The spectinomycin data may help explain the occurrence
of extra inserts in some of our §. aureus isolates. The Spc
gene of Tn554 apparently has undergone mutational drift
toward inactivation in the past, as evidenced by the
spectinomycin susceptibility of most of our single-insert S.
aureus strains. Perhaps the increased use of spectinomycin
associated with the appearance of penicillin-resistant Neis-
seria gonorrhoeae has created increased evolutionary pres-
sure for spectinomycin resistance in S. aureus, and the
response of the organism has been to acquire a second
chromosomal copy of Tn554, with an active Spc gene. Why
this might occur in nature, but not in the laboratory, is not
known.

Transduction is likely to be involved in the spread of
Tn554 among staphylococcal strains, in view of the general
importance of this mechanism in the evolution of the staph-
ylococcus (25). Whatever the mechanism of cell-to-cell
transfer, insertion into the recipient chromosome of an extra
copy of the transposon could then arise by either of two
distinct molecular mechanisms. (i) Transposition into a
duplicated chromosomal primary target site might occur;
this would lead to new bands on Southern hybridization if
the hypothetical duplication did not extend to the flanking
restriction sites examined or if mutation leading to restric-
tion site polymorphism postdates the duplication. (ii) The
transposon may insert into secondary targets, as can be
forced to occur with plasmid recipients (22, 23). Experi-
ments to distinguish between these two mechanisms are in
progress.

Extra insertions would presumably have to circumvent the
trans inhibition of transposition exerted by established
Tn554 (19, 30). At least for a multicopy plasmid with Tn554
in a secondary site, the inhibition can be explained by
titration of required factors (such as transposase[s]) by a
short (<90-base-pair) locus, Tnpl, at an end of the trans-
poson (19). Whether in nature trans inhibition is overcome
by a specific property of extra transposons (such as en-
hanced affinity for transposase or high template activity for
transposase mRNA) or simply represents selection over long
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periods for very low frequency events remains to be deter-
mined.

ermA coagulase-negative isolates. This is the first descrip-
tion, to our knowledge, of ermA determinants in coagulase-
negative staphylococci. Although the coagulase-negative
ermA-containing MLS isolates constituted a smaller fraction
of total MLS isolates than found for S. aureus, ermA was
about equally prevalent in coagulase-negative isolates, in
view of the higher overall incidence of MLS resistance
among these isolates in our study (45 versus 22% for S.
aureus). The variation of the restriction patterns found for
the ermA coagulase-negative staphylococcal species, both
relative to S. aureus and among each other, is perhaps to be
expected in view of the substantial DNA sequence differ-
ences among the species involved (11). Nevertheless, that
the ermA gene occurs in Tn554 or a closely related element
in all cases is indicated by the conservation of the 3.5-kb
vector fragment released by HindIII-PstI digestion (arrow in
Fig. 6) and the absence of any other vector fragment in such
digests (Fig. 6; Table 4). A second feature characteristic of
Tn554, spectinomycin resistance, is also present. However,
the apparent correlation between spectinomycin susceptibil-
ity and single inserts, as seen in S. aureus, does not hold for
the coagulase-negative strains examined; thus the high fre-
quency of extra inserts in these strains cannot be plausibly
attributed to selection by spectinomycin usage. Speculation
as to mechanisms of extra insertions are as for S. aureus; we
presume that all the species have the same primary target
sequence, despite the apparent variation in flanking se-
quences, but this must of course be verified experimentally.

The variety and complexity of restriction patterns gener-
ated by mixed digestion (Fig. 6) suggest that such patterns
might be useful for epidemiologic studies of ermA coagulase-
negative staphylococci, as recently described for random
chromosomal probes in Salmonella spp. (35). Many more
ermA isolates are required for this idea to be evaluated. In
any event, our results suggest that, as for ermC, coagulase-
negative staphylococci can serve as a major reservoir of
ermA determinants for interspecies spread.
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