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Escherichia coli BM2570 was resistant to high levels of erythromycin by two different mechanisms. The two
genes conferring resistance to erythromycin in BM2570 were carried by a 150-kilobase self-transferable
plasmid, pIP1527, and were cloned separately in E. coli. A single polypeptide with an Mr of 27,000 was encoded
by the gene erxA and conferred high-level resistance to macrolide, lincosamide, and streptogramin B-type
antibiotics by a mechanism other than drug inactivation. This resistance phenotype, not previously reported for
a clinical isolate of enterobacteria, was probably due to modification of the ribosomes. The gene ereB encoded
an enzyme with an Mr of 51,000 which inactivated erythromycin and oleandomycin. The two different
mechanisms specified by erxA and ereB contributed in more than an additive fashion to the high level of
resistance to erythromycin conferred by plasmid pIP1527 to E. coli BM2570.

Macrolide, lincosamide, and streptogramin (MLS) antibi-
otics are mainly active against gram-positive bacteria. Ac-
quired resistance to MLS antibiotics in these bacteria in-
volves generally the NM-dimethylation of a specific adenine
residue in 23S rRNA (34). By contrast, enterobacteria, like
most gram-negative microorganisms, are naturally resistant
to low levels ofMLS, which precludes the therapeutic use of
MLS in systemic infections. Cell impermeability is probably
responsible for this intrinsic resistance (29). The MICs of
erythromycin against most enterobacteria range between 2
and 256 jig/ml (4, 24). However, higher local antibiotic
concentrations (0.5 to 6.0 mg/g of feces) are obtained in the
lumen of the intestinal tract after oral administration of
usually recommended doses (4). The subsequent reduction
of the aerobic gram-negative flora of the intestinal tract (2, 4)
has recently found therapeutic applications (3, 4). The intes-
tinal carriage of enterobacteria highly resistant to erythro-
mycin (MICs -500 jig/ml) occurs frequently and is usually
associated with the previous intake of erythromycin (3).
We recently described Escherichia coli BM2195, which is

resistant to high levels of erythromycin (MIC >2,000 ,ug/ml)
(1). Resistance in this strain is due to the synthesis of an
erythromycin esterase which hydrolyzes the lactone ring of
the antibiotic (7). The nucleotide sequence of the plasmid
gene ereA which encodes the esterase was determined (22).
The study of the distribution of the gene ereA by colony
hybridization revealed three classes of clinically isolated
enterobacteria that were highly resistant to erythromycin
(5). In the first class, the gene ereA was detected in strains of
E. coli of several biotypes and in Klebsiella pneumoniae and
Enterobacter agglomerans, which were resistant to erythro-
mycin by inactivation. Bacteria of the second class were also
resistant to erythromycin by inactivation but did not hybrid-
ize with the specific probe for the gene ereA. Resistant
bacteria of the third class did not inactivate erythromycin.
The aim of this work was to study the newly detected class

of genes which specify resistance to erythromycin by inac-
tivation but lack homology with ereA. We studied E. coli
BM2570, which was highly resistant to erythromycin and
inactivated erythromycin and oleandomycin but did not
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share detectable homology with the gene ereA. We have
cloned two resistance determinants which were found to
contribute in more than an additive fashion to the erythro-
mycin resistance of BM2570 by two different mechanisms.

MATERIALS AND METHODS
Bacterial strains and plasmids. The sources and properties

of the strains are listed in Table 1. The plasmids used are
listed in Table 2 and diagrammed in Fig. 1. Strain BM2570
was previously designated no. 1 (5).
Media. Brain heart infusion broth (Difco Laboratories)

and Mueller-Hinton agar (Diagnostics Pasteur) were used.
All incubations were at 37°C.

Determination of MICs. The method of Steers et al. (28)
was used to determine the MICs of the antibiotics.

Inactivation of macrolides. Inactivation of macrolides was
screened by the Gots test (16), modified as described previ-
ously (1).

Induction of resistance to erythromycin and lincomycin.
Cells of E. coli DB1O harboring various plasmids were grown
in the presence of subinhibitory concentrations of erythro-
mycin or lincomycin (one-fourth the MIC in liquid medium
of the plasmid-free strain). After 1 h, erythromycin or
lincomycin was added to a high final concentrations, and
growth was monitored with a Klett spectrophotometer.

Thin-layer chromatography. Resting cells prepared as de-
scribed previously (7) were incubated for 18 h at 37°C in 0.1
M phosphate buffer (pH 7.0) containing erythromycin (4
mg/ml) or oleandomycin (0.8 mg/ml). Samples corresponding
to 4 ,ug of modified antibiotic were deposited on precoated
Merck silica gel plates 60 F 254. The solvent systems used
are indicated in Table 4. To detect antibiotics or modified
antibiotics, plates were sprayed with H2SO4 in ethanol and
heated at 100°C for 15 min (7).

Preparation of plasmid DNA and agarose gel electrophore-
sis. High-molecular-weight (17) and low-molecular-weight
(14) plasmid DNAs were prepared as described previously.
The restriction DNA fragments were separated by electro-
phoresis in horizontal slab gels (20 by 20 by 0.7 cm)
containing 0.7 or 2.0% type II agarose (Sigma Chemical
Co.). The plasmid copy numbers were estimated by deter-
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TABLE 1. Properties of the E. coli strains used

Strain Relevant characteristics and plasmid contenta Source or reference

AR1062 thi leu lac gal xyl mal mtl hsdS Rambach and Hogness (23)
BM694 Prototroph, gyrA Labigne-Roussel et al. (17)
BM2507 Prototroph, gyrA Andremont et al. (1)

pIP1100 Tra+ IncX ereA Apr Gmr Smr
BM2570 pIP1527 Tra+ erxA ereB Cmr Tcr Arthur et al. (5)

pIP1530 Tra- ApT
BM2571 Prototroph, gyrA Conjugation, BM2570 x BM694

pIP1527 Tra+ erxA ereB Cm' Tcr
BM2572 thiA leu rna pnp gyrA rpsL Fas MLSS Conjugation, BM2571 x DB10

pIP1527 Tral erxA ereB Cmr TcT
BM2573 Prototroph, gyrA Transformation, pIP1527 x BM694

pIP1527-1, Tra- erxA ereB
BM2575 Prototroph, gyrA Transformation, pIP1527 x BM694

pIP1527-2 Tra- erxA
DB1O thiA leu rna pnp gyrA rpsL Fa' MLSS Datta et al. (13)

a Genetic symbols are those of Bachmann (6), and phenotypic characters of plasmids are those of Novick et al. (21).

mining the ratios of plasmid to chromosome DNA as de- erythromycin (400 jxg/ml), or tetracycline (10 ,ug/ml) resis-
scribed previously (11). DNA concentrations were estimated tance revealed cotransfer of these three resistance charac-
by microphotodensitometric analysis (17). ters (24 colonies tested on each selector). In two indepen-

Analysis of minicells. Plasmids were introduced by trans- dent 1-h matings, transfer frequencies of 5 x 10-6 to 2 x
formation into the minicell-producing strain AR1062, and 10' were obtained for these three selectable markers. One
minicells were purified as described previously (23). Label- transconjugant, strain BM2571, was further studied. Trans-
ing of polypeptides with L-[35S]methionine and sodium do- fer of erythromycin resistance from BM2571 to E. coli DB10,
decyl sulfate-polyacrylamide gel electrophoresis were by the a mutant highly susceptible to MLS antibiotics, was also
method of Laemmli (18). 135I-labeled proteins were used as obtained by conjugation. This confirmed the cotransfer of
Mr standards. resistance to not only chloramphenicol tetracycline, and
Enzymes and reagents. Restriction endonucleases BamHI, erythromycin but also to other MLS antibiotics (Table 3).

ClaI, EcoRI, HindIII, PstI, and Sau3A and T4 DNA ligase We detected inactivation of erythromycin and oleandomycin
(Boehringer Mannheim Biochemicals) were used according in the transconjugants and in BM2570 by a microbiological
to the manufacturer's recommendations. Lysozyme was test (1, 16). These strains did not inactivate other MLS
obtained from Sigma. The antibiotics were provided by the antibiotics. Resistance to certain MLS antibiotics could not
following laboratories: clindamycin and lincomycin, The be detected in BM694 since the MICs for this strain are
Upjohn Co.; spiramycin and pristinamycins I and II, Rhone- similar to the solubility limits of the drugs.
Poulenc; oleandomycin, Pfizer Inc.; erythromycin, Roussel- Plasmid DNA was isolated from strains BM2570 and
Uclaf; josamycin, Spret-Mauchant; midecamycin, Clin- BM2571 and analyzed by agarose gel electrophoresis. Strain
Midy. BM2571 carried a single plasmid, pIP1527, of approximately

150 kilobases (kb). Strain BM2570 contained two plasmids,
RESULTS pIP1527 and pIP1530 (data not shown). Plasmid pIP1530,

approximately 6 kb, was not transferable by conjugation but
Plasmid-mediated characters expressed by E. coli BM2570. could be introduced by transformation in BM694, where it

E. coli BM2570 is resistant to ampicillin, chloramphenicol, conferred resistance to ampicillin only. Plasmid DNA puri-
streptomycin, sulfonamide, tetracycline, trimethoprim, and fied from the wild-type strain BM2570 was used to transform
high levels of erythromycin. The genes conferring resistance BM694, and clones were selected on plates containing eryth-
to chloramphenicol, erythromycin, and tetracycline were romycin or tetracycline. Analysis of transformants selected
transferred from BM2570 to E. coli BM694 by conjugation. on tetracycline revealed 100% cotransfer of resistance to
Selection for transfer of either chloramphenicol (20 ,uglml), chloramphenicol, erythromycin, and tetracycline. Of 30

TABLE 2. Plasmids and their origins
Plasmid Relevant charactersa Origin Source or reference

pIP1100 Tral IncX ereA Ap' Gmr Smr Natural plasmid Andremont et al. (1)
pIP1527 Tra' erxA ereB Cmr Tcr Natural plasmid This paper
pIP1527-1 erxA ereB In vivo deletion in pIP1527 This paper
pIP1527-2 erxA In vivo deletion in pIP1527 This paper
pBR322 Tra- Mob- Apr Tcr In vitro construction Bolivar et al. (8)
pBR329 Tra- Mob- Apr Tcr CmT In vitro construction Covarrubias et al. (12)
pUC8 Tra- Mob- Apr In vitro construction Vieira and Messing (33)
pAT63 Tra- Mob- Apr ereA pBR322Ql(pIP1100 partial Sau3A [ereA], 1.66 kb) Ounissi and Courvalin (22)
pAT69 Tra- Mob- Apr erxA pUC8Q(pIP1527 HindIII-PstI [erxA], 1.8 kb) This paper
pAT72 Tra- Mob- Apr ereB pUC8fl(pIP1527 partial Sau3A [ereB], 1.9 kb) This paper
pAT75 Tra- Mob- Apr erxA pBR322fQ(pIP1527 HindIII [erxA], 3.0 kb) This paper

a Nomenclature of phenotypic characters of plasmids is that of Novick et al. (21).
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FIG. 1. Relationship of various plasmids employed in this study.
Restriction sites: B, BamHI; E, EcoRI; H, HindIII; P, PstI; S,
Sau3A. Symbols: ( ) pIP1527, ( ) pBR329, (=,--sau) erxA
region, (_- ) ereB region, (=O-J) fragment of pIP1527-1 or

pIP1527-2 resulting from a deletion in pIP1527. Ap, ampicillin
resistance; Cm, chloramphenicol resistance; Tc, tetracycline resis-
tance. Not drawn to scale. Only relevant restriction sites are shown.

clones selected on erythromycin, 28 were resistant to the
three antibiotics. Two clones, BM2573 and BM2575, that
were resistant to erythromycin and susceptible to chloram-
phenicol and tetracycline were studied further. Both resist-
ance to MLS antibiotics and inactivation of erythromycin in
BM2573 were specified by a 18.7-kb plasmid designated
pIP1527-1. Resistance to MLS antibiotics, which was en-

coded by a 13.3-kb plasmid, pIP1527-2, in BM2575 was not
accompanied by inactivation of erythromycin.
To investigate the origin of plasmids pIP1527-I and

pIP1527-2, we compared them by electrophoresis in an
agarose gel which was overloaded with plasmid DNA iso-
lated from strain BM2570. No DNA band comigrated with
those corresponding to pIP1527-1 and pIP1527-2, indicating
that these two structures were not resident plasmids of strain
BM2570. However, comparative analysis of cleavage pat-
terns of plasmids pIP1527, pIP1527-1, and pIP1527-2 with

H H HH p
+ H H + + P P

P PP P P

FIG. 2. Analysis of plasmid DNA by agarose gel electrophoresis.
Two to three micrograms of plasmid DNA were digested with the
restriction endonucleases indicated at the bottom (H, HindIII; P,
PstI). Fragments obtained by digestion of bacteriophage cI857
DNA with HindlIl plus PstI served as internal standards (25). The
sizes of certain A DNA fragments are indicated in base pairs at the
left.

four restriction endonucleases, BamHI, HindIII, EcoRI, and
ClaI, indicated that pIP1527-1 and pIP1527-2 were derived
from pIP1527. In every restriction system, all but one DNA
fragment of either pIP1527-1 or pIP1527-2 comigrated with
pIP1527 fragments. Therefore, these two plasmids result
from a deletion in pIP1527, most probably associated with
transformation. Comparison of the cleavage patterns (Fig. 2)
and restriction maps (Fig. 3) of pIP1527-1 and pIP1527-2
confirmed that these two plasmids contained common se-

quences. The relationship between these plasmids is de-
scribed in Fig. 1.

TABLE 3. MICs of various MLS antibiotics against E. coli DB1O derivatives harboring various plasmidsa

MIC (pg/ml)
Plasmid Relevant genotype Copy no.

Ery Ole Spi Jos Mid Lin Clin PriI PriII Pri

None 4 16 8 8 8 8 0.5 128 4 2
pIP1527, pIP1527-1 erxA ereB Low 1,024 256 16 16 32 4,096 128 128 4 2
pIP1527-2, pAT68 erxA Low 16 32 16 16 32 4,096 128 128 4 2
pAT67, pAT69 erxA High 64 512 64 64 128 4,096 512 256 4 2
pAT71 ereB Low 128 256 8 8 8 8 0.5 128 4 2
pAT70, pAT72 ereB High 128 256 8 8 8 8 0.5 128 4 2
pIP1100 ereA Low 128 2,048 8 8 8 8 0.5 128 4 2
pAT63 ereA High 128 2,048 8 8 8 8 0.5 128 4 2

a Abbreviations: Ery, erythromycin; Ole, oleandomycin; Spi, spiramycin; Jos, josamycin; Mid, midecamycin; Lin, lincomycin; Clin, clindamycin; PriI,
pristinamycin factor I; Prill, pristinamycin factor II; Pri, pristinamycin.
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FIG. 3. Partial restriction maps of pIP1527 and of the inserts in
hybrid plasmids. Restriction sites: B, BamHI; C, ClaI; E, EcoRI; H,
HindIII; P, PstI; S, Sau3A. Double arrows indicate the shortest
DNA restriction fragments necessary for expression of resistance to
erythromycin. The heavy line in plasmids pIP1527-1 and pIP1527-2
indicates the DNA restriction fragments generated by the deletions
in pIP1527. Only relevant restriction sites are shown.

Cloning of the erythromycin resistance determinants of
pIP1527. DNAs of plasmids pIP1527 and pBR329 were

mixed, cleaved with BamHI, ligated, and transformed into
BM694. Transformants were selected on plates containing
erythromycin (400 ,xg/ml). The plasmids carried by clones
resistant to erythromycin were purified and transformed into
DB1O with selection by erythromycin (20 jig/ml) or

lincomycin (100 jig/ml). This procedure allowed the detec-
tion and the separation by cloning of two genes, erxA and
ereB, specifying resistance to MLS antibiotics and erythro-
mycin, respectively, in the original strain BM2570 (Fig. 1).

(i) Cloning of the gene erxA. Plasmid pAT68 consisted of a

single 16.0-kb BamHI fragment of pIP1527 and conferred
resistance to MLS antibiotics. Since no pBR329 DNA was

present in this plasmid, this BamtlI fragment must contain
an origin of replication. Plasmid pAT67 conferred resistance
to ampicillin, chloramphenicol, and MLS antibiotics. Com-
parison of the digestion patterns of pAT67, pAT68, and
pBR329 showed that pAT67 was a recombinant formed
between pBR329 and pAT68.
To subclone the gene erxA, DNA of plasmids pAT68 and

pBR322 was digested with HindIII and ligated. One
transformant that was resistant to MLS and ampicillin con-

tained plasmid pAT75, which consisted of a 3.0-kb fragment
of pAT68 cloned into pBR322. The gene erxA was further
subcloned on a 1.8-kb PstI-HindIII fragment into pUC8.
This plasmid, pAT69, was constructed by ligating pUC8
DNA, digested by HindIII plus PstI, with the purified insert
of pAT75, digested by PstI (Fig. 2).

(ii) Cloning of the gene ereB. Plasmid pAT70 conferred
resistance to ampicillin, chloramphenicol, and erythromycin
by inactivation. This plasmid consisted of a 3.8-kb BamHI
fragment of pIP1527 inserted into pBR329. Plasmid pAT71
specified resistance only to erythromycin by inactivation and
did not contain pBR329 DNA. It consisted of 3.8- and
21.0-kb BamHI fragments of pIP1527. The 3.8-kb fragment
was indistinguishable from the insert in pAT70. The origin of
replication of pAT71 was probably located in the 21.0-kb
DNA fragment, since we were consistently unable to obtain
transformants resistant to erythromycin and harboring the
3.8-kb pIP1527 fragment alone. At least two DNA fragments
of pAT71 obtained by digestion with either EcoRI, HindIII,

or ClaI did not comigrate with the fragments of pIP1527
DNA digested with the same endonucleases. Therefore, the
two BamHI fragments of pAT71 were not ligated in the same
relative order as that in pIP1527.
To subclone the gene ereB, plasmid pAT70 DNA was

digested partially with Sau3A, and the resulting fragments
were ligated to pUC8 DNA digested with BamHI. Plasmid
DNA of transformants resistant to erythromycin and
ampicillin was purified and analyzed by agarose gel electro-
phoresis. The smallest plasmid, designated pAT72, was
further characterized. Plasmid pAT72 consists of a 1.9-kb
fragment of pAT70 inserted in pUC8.
Comparison of the different plasmids allowed the con-

struction of a restriction map of the region of pIP1527
containing the genes erxA and ereB (Fig. 3).

Resistance phenotypes conferred by the genes erxA and
ereB. The MLS resistance phenotypes conferred by genes
erxA and ereB were determined for E. coli DB10 harboring
plasmid pIP1527 or various derivatives (Table 3). The copy
number of the plasmids was estitnated by microphotodensi-
tometry analysis (11, 17). Plasmids having the origin of
replication of ColEl factor were present at more than 20
copies per chromosome, whereas plasmids pAT68, pAT71,
pIP1100, pIP1527, and its deletion derivatives were present
at less than 5 copies per chromosome. The multicopy hybrid
plasmids pAT67 and pAT69 bearing the gene erxA conferred
high-level resistance to MLS B-type antibiotics. However,
when present on plasmids pIP1527-2 and pAT68, the gene
erxA conferred resistance to high levels of lincosamides
only. Resistance to macrolides and streptogramin B-type
antibiotics was low or not detectable. This difference in
resistance levels correlates with the linkage of erxA to high-
or low-copy-number replicons.

This gene dosage effect was not observed for ereB and
erythromycin. Levels of resistance to erythromycin con-
ferred by genes ereB and ereA, the gene encoding the
erythromycin esterase (22), are similar and independent of
the copy number of the plasmid. However, ereB conferred
lower levels of resistance to oleandomycin, and complete
inactivation of this antibiotic by resting cells of strain
BM694(pAT72) was difficult to achieve (see below).
The separation of genes erxA and ereB on low-copy-num-

ber plasmids enabled the study of the contribution of these
two genes to the high-level erythromycin resistance encoded
by pIP1527. The MIC of erythromycin for strain DB1O
harboring gene erxA and ereB was 16 or 128 ,ug/ml, respec-
tively. However, the MIC increased to 1,024 ,ug/ml when the
two genes were present together. Thus both genes contrib-
uted in more than an additive fashion to the high degree of
resistance to erythromycin encoded by pIP1527.

Inactivation of macrolides. Inactivation of erythromycin
and oleandomycin by cellular or subcellular fractions of
BM694 harboring pAT63 (ereA), pAT72 (ereB), or pAT69
(erxA) was studied. Growing cells, resting cells, the super-
natant of a bacterial sonic extract (S100), and the corre-
sponding pellet were incubated with antibiotics in solution.
Inactivation of erythromycin and oleandomycin was moni-
tored by a microbiological technique (10), and the products
of inactivation were separated by thin-layer chromatogra-
phy. Cellular and subcellular fractions of strain BM694
harboring plasmids pAT63 (ereA) and pAT72 (ereB) inacti-
vated both antibiotics. After 24 h of incubation with eryth-
romycin (4,000 ,ug/ml), no residual antibiotic activity (<40
,ug/ml) was detected by the microbiological technique. Incu-
bation of oleandomycin (800 pug/ml) with preparations of
BM694(pAT63) (ereA) also resulted in complete inactiva-
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tion of the antibiotic (<80 ,ug/ml) after 24 h. However, in
most experiments inactivation of oleandomycin by
BM694(pAT72) (ereB), although exceeding 60%, was incom-
plete. The detoxification products of erythromycin or
oleandomycin by both strains were indistinguishable by
thin-layer chromatography (Table 4). Under the same con-
ditions, we were consistently unable to detect modification
of the antibiotics by preparations of strain BM694 harboring
the gene erxA.

Induction of resistance. Induction of resistance to erythro-
mycin and to lincomycin by these two antibiotics was
studied for DB1O derivatives harboring plasmids pIP1527
(erxA ereB), pAT69 (erxA), and pAT72 (ereB). The levels of
resistance of DB1O strains was unaffected by preexposure to
subinhibitory concentrations of erythromycin or lincomycin.

Analysis of the polypeptides encoded by genes erxA and ereB
in mniicells. Plasmids pUC8, pAT69 (erxA), and pAT72
(ereB) were introduced into E. coli AR1062 (23), which
produces minicells. After purification of the minicells and
labeling of the polypeptides, proteins were analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(Fig. 4). One band, which must correspond to the erythro-
mycin-modifying enzyme, with an estimated Mr of approxi-
mately 51,000 was present with pAT72 (ereB) but not with
pUC8. The insert in pAT69 (erxA) encodes a single polypep-
tide with an Mr of approximately 27,000. A band correspond-
ing to a polypeptide of Mr 22,500 was also present in the
pAT72 lahe. Since this band was also observed with pAT69
and pUC8 after exposure for longer periods of time, it is
unlikely that this polypeptide was encoded by the insert in
pAT72.

DISCUSSION

E. coli BM2570 was isolated from a clinical specimen. Its
salient feature is high-level resistance to erythromycin (MIC
>2,000 ,ug/ml) by two different mechanisms. The genes
conferring resistance to chloramphenicol, tetracycline, MLS
antibiotics, and erythromycin by inactivation were carried
by pIP1527, a 150-kb plasmid. This plasmid was self-
transferable to other E. coli strains and had at least two
origins of replication. Two genes of pIP1527 encoding eryth-
romycin resistance were separately cloned and character-
ized.
The gene erxA was cloned on a 1.8-kb DNA fragment (Fig

2) which encoded a single polypeptide with an Mr of 27,000
(Fig. 4). Based on negative results obtained with microbio-
logical techniques, resistance to macrolides, lincosamides,
and streptogramin B-type antibiotics encoded by erxA is
probably not due to detoxification of the drugs. In addition,
we did not detect any erythromycin- or oleandomycin-
modifying activity in whole cells or subcellular fractions of

TABLE 4. Rfs of the modified antibiotics by
thin-layer chromatography'

Plismid Relevant Rf in solvent 1 Rf in solvent 2 Rf in solvent 3
genotype Ery Ole Ery Ole Ery Ole

pAT63 ereA 0.18 0.14 0.05 0.10 0.37 0.36
pIP1527 erxA ereB 0.18 0.14 0.05 0.10 0.37 0.36
pAT72 ereB 0.18 0.14 0.05 0.10 0.37 0.36
pAT69 erxA 0.52 0.48 0.07 0.08 0.28 0.22

0.52 0.48 0.07 0.08 0.28 0.22

a Ery, Erythromycin; Ole, oleandomycin. Solvent 1, Ammonium hydrox-
ide-isopropanol (1:10, vol/vol); solvent 2, butanol-acetic acid-water (1:3:1,
vol/vol/vol); solvent 3, methanol-water (4:1, vol/vol).
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FIG. 4. Autoradiogram of L-[35S]methionine-labeled polypep-
tides from a minicell experiment after separation by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. The two bands present
with the three plasmids are the beta-lactamase and prebeta-
lactamase, Mr 28,00 and 31,000, respectively. A, Polypeptide en-
coded by the gene erxA, Mr 27,000; B, polypeptide encoded by the
gene ereB, Mr 51,000.

bacteria harboring erxA by thin-layer chromatography (Ta-
ble 4). To our knowledge, this is the first report of an MLS
resistance phenotype in a naturally occurring gram-negative
strain.
MLS antibiotics differ greatly with regard to their chemi-

cal structure (15) but are closely related in their mode of
action. A modification of the 50S subunit of the ribosome,
which is the common target of MLS, appears therefore to be
the most probable resistance mechanism specified by the
gene erxA. It is indeed unlikely that a single enzyme can
detoxify or specifically modify the transport of antibiotics as
chemically distinct as the MLS antibiotics. Conversely, two
modifications in the 23S rRNA are known to confer an MLS
resistance phenotype to E. coli. By in vitro mutagenesis a
transversion from A-T to T-A was obtained in a gene
encoding 23S rRNA (27). Resistance to MLS antibiotics can
also be obtained after cloning in E. coli of the gene encoding
the methylase from gram-positive cocci (9, 20). Both modi-
fications involve the same position, 2058, in the 23S rRNA
sequence (27, 30). The resistance phenotypes toward MLS
antibiotics conferred in E. coli by the gene erxA or by the
23S rRNA methylase gene are indistinguishable. We are
currently testing the possibility that gene erxA encodes an
RNA methylase and originates in gram-positive cocci.
Transfer of a resistance gene between gram-positive and
gram-negative bacteria under natural conditions has recently
been reported (19, 31).
The gene ereB encoded high-level resistance to erythro-

mycin and oleandomycin. This resistance was due to the
synthesis of an enzyme which inactivated both antibiotics
but none of the other commercially available macrolides.
The previously characterized erythromycin esterase (7) en-
coded by the gene ereA (22) has the same specificity toward
14-membered macrolides. Moreover the products obtained
after the detoxification of erythromycin and oleandomycin
by the two enzymes are indistinguishable by thin-layer
chromatography (Table 4). It is therefore likely that genes
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ereA and ereB encode two erythromycin esterases. Despite
these similarities, the genes ereA and ereB appear to be very
different. They share no detectable homology by colony
hybridization (5), and the estimated molecular weight
(51,000) of the enzyme encoded by ereB (Fig. 4) is signifi-
cantly higher than that (37,765) deduced from the nucleotide
sequence of the gene ereA (22).
The comparison of the resistance levels conferred by

either erxA or ereB when borne by different replicons was a
prerequisite to study the contribution of both genes to the
high-level resistance to erythromycin encoded by pIP1527
(Table 3). In the case of the gene erxA, resistance levels to
erythromycin and MLS antibiotics as well dramatically
increased when the gene was linked to high-copy-number
vectors. We believe that this difference is due to a gene
dosage effect, as already reported for other resistance genes
(26, 32). This effect was observed neither for the gene ereB
nor for the gene ereA, which encodes the erythromycin
esterase. Taken together, our results indicate that the genes
erxA and ereB contribute in more than an additive fashion to
the high-level resistance to erythromycin mediated by plas-
mid pIP1527 in DB10 (Table 3) and also in BM694 (data not
shown). This is possibly due to the fact that, in the presence
of high concentrations of erythromycin, synthesis of the
inactivating enzyme by the putatively modified ribosotnes
occurs even at antibiotic concentrations which are
bacteriostatic for strains resistant only by the presence of the
gene erxA. Subsequent inactivation allows bacterial growth.
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