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The Clostridium perfringens macrolide-lincosamide-streptogramin B resistance gene, ermBP, was sequenced
and shown to be identical to the ermB-ermAM gene from the promiscuous Enterococcus faecalis plasmid pAMb1
and to have at least 98% nucleotide sequence identity to other ermB-ermAM genes. Flanking the ermBP
structural gene were almost identical directly repeated 1,341-bp sequences (DR1 and DR2). These repeats
potentially encoded a 298 (or 284)-amino-acid protein that had sequence similarity to chromosomal and
plasmid partitioning proteins. The pAMb1 and Streptococcus agalactiae (pIP501) erm determinants appeared
to have DR2 but had similar internal 973- or 956-bp deletions in DR1, respectively. Some of the other
ermB-ermAM class determinants had small portions of DR1, but none had complete copies. It is postulated that
the C. perfringens ermBP determinant was derived from an enterococcal or streptococcal determinant that had
complete copies of both DR1 and DR2.

Resistance to macrolide-lincosamide-streptogramin B (MLS)
antibiotics such as erythromycin is common in several bacterial
genera. It is generally mediated by dimethylation of the ribo-
somal 23S rRNA target site, which reduces the affinity between
the antibiotic and the ribosome. The genes that encode these
23S rRNA methylases are designated as erythromycin resis-
tance transmethylase (erm) genes. At least 17 erm-type MLS
resistance genes, from many bacterial genera, have been iden-
tified (19). These genes have been divided into seven hybrid-
ization classes, although the derived amino acid sequences of
the rRNA methylases have considerable similarity (19).
Two distinct erm genes have been cloned from the gram-

positive anaerobic bacterium Clostridium perfringens. The re-
combinant plasmid pJIR122 carries the ermBP gene, which
belongs to the ermB-ermAM hybridization class (4). Genes
which hybridize to ermBP are also present in MLS-resistant
isolates of Clostridium difficile and Clostridium paraputrificum
(4). The second gene, ermQ, has been sequenced and shown to
be the most common erythromycin resistance determinant in
C. perfringens (3).
Genes belonging to the ermB-ermAM class have been found

in numerous bacterial genera, including Enterococcus, Strepto-
coccus, Lactobacillus, and Clostridium and Escherichia coli
(19). Their broad distribution indicates that they are readily
transferred between different genera. Determinants from En-
terococcus faecalis and Streptococcus agalactiae are located on
the conjugative plasmids pAMb1 (18) and pIP501 (16), respec-
tively. Both plasmids have a broad host range, and pAMb1 has
been shown to transfer into the genus Clostridium (25, 37).
Other ermB-ermAM class genes are located on transposable
elements such as Tn917 (32) and Tn1545 (10). Restriction and
hybridization analysis revealed that the ermBP gene was closely
related to the determinant from pAMb1. The similarity ex-
tended into the regions flanking the erm structural genes; how-
ever, its precise extent was not determined (4). To further

characterize the relationship between these determinants, the
sequence of the ermBP gene and its flanking regions was de-
termined and comparative sequence analysis was carried out.

MATERIALS AND METHODS

Bacterial strains and culture conditions. All E. coli strains were derivatives of
DH5a (Bethesda Research Laboratories). C. perfringens isolates were from
France (6), Wisconsin (27), Germany (33), and Belgium (G. Daubé, Université
de Liège). C. difficile isolates were from Australia (4), Europe (12, 36), and Japan
(23). Streptococcal isolates were from France (P. Courvalin, Institut Pasteur). E.
coli and clostridial strains were cultured as described before (4). Streptococcal
strains were grown in nutrient broth no. 2 (Oxoid) containing 0.3% yeast extract
(Oxoid). Erythromycin (20 mg/ml for clostridial and streptococcal strains; 100
mg/ml for E. coli) or ampicillin (100 mg/ml) was added to the medium as required.
DNA preparation and cloning. E. coli plasmid DNA was isolated as previously

described (4, 22). DNA was isolated from 100 ml of C. perfringens, C. difficile, and
streptococcal cultures by using either the Sarkosyl or sodium dodecyl sulfate lysis
procedures (4). All cloning experiments used the plasmid vector pUC18 and
standard methods (20). Restriction endonucleases and other enzymes were from
Boehringer-Mannheim, New England Biolabs, or Promega and were used in
accordance with the manufacturer’s instructions.
DNA sequencing and analysis. The ermBP sequence was obtained from sub-

clones and deletion derivatives of pJIR122 (4). The partial pAMb1-derived
sequence was obtained from pDL216, a derivative of pAMb1 (18). Oligonucle-
otide primers were synthesized by using an Applied Biosystems DNA synthesizer
(model 381A). Sequencing reactions were performed on plasmid DNA templates
by using a T7 Sequencing kit (Pharmacia) with labelled 35S-dATP (Amersham)
according to the manufacturer’s instructions. When necessary, deaza-dGTP was
used in place of dGTP. Individual template sequence data were compiled into
contiguous sequences by using the ESEE program (9) and were analyzed with
ANGIS software operated by the University of Sydney.
PCR analysis. PCR analysis was carried out with a GeneAmp PCR kit (Perkin-

Elmer Cetus) in a Hybaid Intelligent Heating Block (model IHB 2024). The
reaction mixtures contained approximately 100 ng of template DNA and 1 mM
each primer. The PCR consisted of 35 cycles, each of 1 min at 948C, 1 min at
458C, and 2 min at 728C.
Nucleotide sequence accession number. The GenBank accession number of

the DNA sequence of the 4,129-nucleotide ermBP gene region is U18931. The
sequences of the following ermB-ermAM class gene regions were from sources
indicated: pAMb1 (7, 21, 24), pIP501 (5, 17, 26), Tn917 (28), pAM77 (15), and
E. coli ermBC (8).

RESULTS AND DISCUSSION

Sequence analysis of the ermBP gene region. The complete
nucleotide sequence of the 4,129-bp ermBP gene region from
the recombinant plasmid pJIR122 (4) was determined un-
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equivocally for both DNA strands (Fig. 1). Comparison of the
738-bp ermBP sequence showed that it was identical to the erm
gene from pAMb1 and differed from the ermBC gene in only
two positions. The other ermB-ermAM genes examined (from
pIP501, pAM77, and Tn917) all had greater than 98% nucle-
otide sequence identity to ermBP. Located 4 bp downstream of
ermBP was a 138-bp open reading frame (ORF) that was al-
most identical to sequences located immediately downstream
of the Tn917, pAM77, and pIP501 erm genes and was desig-
nated ORF3 (5, 14, 28).
Comparative analysis of the ermBP gene region. Located

immediately upstream of the erm genes from pAM77, pIP501,
and Tn917 are leader sequences that are responsible for the
inducible expression of these erm genes by a translation atten-
uation mechanism (14, 19). A similar but inactive leader se-

FIG. 1. Nucleotide sequence of the ermBP gene region. The region se-
quenced consisted of 4,129 bp located between, but not including, the SacI and
HindIII restriction sites in pJIR122 (4). Selected restriction sites are indicated.
The direct repeats located upstream (DR1) and downstream (DR2) of the
ermBP structural gene are marked by arrows above the sequence. The ermBP
structural gene and the ORF3 sequence are indicated by lines above the text. The
predicted translation products of ermBP, ORF3, and the DR1- and DR2-derived
ORF298 sequences are shown below the nucleotide sequence. The start of the
ORF284 amino acid sequence is indicated by the boldface M. Putative ribosome-
binding site (RBS) sequences upstream of the ermBP gene (RBS1) and the
ORF3 sequence (RBS2) are indicated by underlining. The palindromic regions,
palA and palB, that flank the ORF298 sequences are indicated by the inwardly
facing arrows above the text. The 6-bp repeats that are associated with the palA
and palB sequences are also indicated by arrows above the sequence. The
asterisk identifies the single base change within one of these repeats. The in-
verted repeats located at the end of the ermBP gene are indicated by double
underlining. The IR38 sequence (28) is indicated by the sequence in boldface
and italics. The divergence points between the ermBP sequence and the other
erm determinants, as shown diagrammatically in Fig. 2, are indicated above the
sequence as follows: pAMb1¡, pIP501¡, pAM77¡, ermBC¡, and Tn917¡.
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quence is also located upstream of the ermBC gene (8, 19). The
erm gene from pAMb1 is not preceded by a leader peptide
sequence, and, as a consequence, this gene is constitutively
expressed (7, 21), as is the ermBP gene (data not shown).
Analysis of the sequences immediately upstream of the erm
gene showed that the ermBP and pAMb1 sequences were
identical and that both determinants were missing the leader
sequences found upstream of the inducible genes.
Comparison of the sequences upstream and downstream of

the ermBP gene confirmed the previous suggestion that there
were directly repeated sequences flanking the ermBP structural
gene (4). The repeats were 1,341-bp (DR1) and 1,340-bp
(DR2) in size and had 98.9% nucleotide sequence identity.
Both had almost identical ORFs which, when translated, would
lead to a 298- or a 284-amino-acid polypeptide, depending on
the methionine start codon (Fig. 1). Located 5 bp upstream of
the ORF298 start codons in both DR1 and DR2 were 47-bp
palindromic sequences, which were designated palA sequences
(Fig. 1). These sequences consisted of three direct repeats (D)
and three inverted repeats (I) of the sequence AATCAC and
one TATCAC sequence (D*), in the order 59-D*ADAAIDAD
TTITI-39. Two additional directly repeated copies of the AAT-
CAC repeat were also present immediately upstream of the
palA sequences (Fig. 1). Located after both ORF298 stop
codons were 48-bp sequences, which were designated palB
sequences (Fig. 1); these were almost identical to the upstream
palA sequences but were not preceded by the two direct re-
peats.
Analysis of the ORF298 amino acid sequences. The DR1-

and DR2-derived ORF298 amino acid sequences had similar-
ity to proteins such as ParA from bacteriophage P1 (35), pTAR
from Agrobacterium tumefaciens (11), RepB from the entero-
coccal plasmid pAD1 (34), SopA from the F plasmid (13), and
IncC from plasmid RK2 (31). These proteins belong to a su-
perfamily of ATPases and have been proposed or demon-
strated to be associated with plasmid or chromosomal parti-
tioning. Since the ermBP determinant is located on the
nonconjugative, low-copy-number C. perfringens plasmid,
pIP402 (6), it is possible that the putative ORF298 (or
ORF284) protein may be associated with the partitioning of
this plasmid in C. perfringens.
Comparative analysis of the ermBP determinant. The re-

gions flanking the ermBP gene were almost identical to the
equivalent sequences from pAMb1 and pIP501 and had signif-
icant similarity to the regions flanking the other ermB-ermAM
class genes. The pAMb1 and pIP501 sequences located 59 to
the respective erm genes diverged from the ermBP sequence at
the left end of DR1. However, for the following 220 bp, the
pAMb1 and pIP501 sequences upstream of DR1 were almost
identical to the sequences located upstream of DR2 (Fig. 2).
Both sequences diverged at position 2418, which was located at
the end of an inverted-repeat sequence (Fig. 1). In addition,
both the pAMb1 and the pIP501 DR1 regions had internal
deletions (973 and 956 bp, respectively) that resulted in the loss
of the entire ORF298 sequence (Fig. 2). The deletion end-
points in both plasmids were located within the palA and palB
sequences; however, they appeared to have arisen from sepa-
rate deletion events, since the endpoints were different (Fig. 1).

FIG. 2. Comparison of the genetic organization of the ermB-ermAM gene regions. The approximate extent and organization of the ermBP, pAMb1, pIP501, Tn917,
pAM77, and ermBC gene regions are shown schematically and not necessarily to scale. The data used to construct this figure were from sequences described in the text
and from other sources (29, 30). The functions of genes not specifically referred to in the text are as follows: cat, chloramphenicol acetyltransferase; top, topoisomerase;
res, resolvase; and copR and ORF F plasmid copy number. No function has yet been assigned to the ORF G sequence. Regions of nucleotide sequence similarity are
indicated by the same shading. The approximate extents of the deletions in the pAMb1 and pIP501 DR1-like sequences (DDR1) are indicated. The filled arrows indicate
the individual ORFs and their respective directions of transcription. The approximate locations of the palindromic sequences (palA, palB, palI, and palIII9) but not their
extents are indicated by the boldface lines below the filled boxes. The palIII9 sequence adjacent to the copR gene has been designated as such on the basis of its similarity
to the analogous pAMb1 sequence. The palA9 and palB9 sequences in pAMb1 and the palI sequences in pIP501 represent the portions of the ermBP-derived palA and
palB homologs that are present at the ends of the deletion in these DR1-like sequences. Functional and nonfunctional leader peptide sequences are indicated by filled
and open inverted triangles, respectively. Regions for which no sequence data was available are indicated by the broken lines.
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Recent studies have suggested that similar pal-like sequences
may act as hot spots for plasmid cointegrate formation and
resolution (17). It is likely that recombination between the
palA and palB homologs in progenitor erm determinants re-
sulted in the loss of the region between the repeats and created
the DDR1-like sequences found in pAMb1 and pIP501.
The sequence similarity between ermBP and the other ermB-

ermAM determinants also continued upstream of the erm
genes. The ermBC sequence diverged before the start of DR1.
In contrast, the pAM77 and Tn917 sequences diverged at an
identical position 28 bp into DR1 (Fig. 1 and 2).
Analysis of the sequences downstream of these erm genes

showed that the ermBC, Tn917, and pAM77 sequences di-
verged 111, 139, and 207 nucleotides past the erm stop codon,
respectively (Fig. 1). Therefore, none of these determinants
contained DR2. In contrast, the downstream similarity be-
tween ermBP and pAMb1 continued through to the end of the
published pAMb1 sequence. Therefore, in an attempt to as-
certain the downstream divergence point between these se-
quences, we obtained additional partial pAMb1 sequence that
extended for approximately 1,200 bp beyond the published
sequence (data not shown). Analysis indicated that the pAMb1
sequence was almost identical to the equivalent sequence from
the ermBP region, to the extent that the sequence similarity
extended through and beyond the right end of DR2. That is,
sequence analysis did not reveal the divergence point between
the two sequences.
PCR analysis carried out with DR1- or DR2-specific primers

confirmed the presence of both the DDR1-like element and
the intact DR2-like sequences in pAMb1 (data not shown).
However, similar examination of other ermB-ermAM isolates
from C. perfringens, C. difficile, and Streptococcus spp. failed to
detect similar DR elements in these isolates, although they
were all shown to contain the ermBP-ORF3 region.
The downstream similarity between ermBP and the pIP501-

derived deletion derivative pGB3631 (5) extended to within
the DR2 palA sequence, where it diverged (Fig. 1). It is not
known whether this point represents the deletion point in-
volved in the formation of pGB3631 (1, 2). However, database
searches revealed that a sequence with 95.1% nucleotide se-
quence identity to DR2 was present in pIP501. This similarity
was in the mobilization (mob) region located downstream of
the erm gene (17). The region of similarity between the mob
and ermBP sequences included almost all of the DR2 sequence
(Fig. 2). It is not known whether the mob-encoded DR2 ho-
molog has the N-terminal-encoding region of ORF298, since
the sequence of this region of pIP501 is not available.
The extent of the sequence similarity between the different

ermB-ermAM determinants suggested that they were probably
derived from a common progenitor, although they have sub-
sequently diverged. Sequences homologous to DR1 and DR2
were detected in several of the ermB-ermAM gene regions, and
it is likely that these sequences were also present in the pro-
genitor ermB-ermAM determinant. Since the C. perfringens
ermBP region was the only determinant found to have com-
plete DR1 and DR2 sequences, we postulate that it is more
closely related to the putative progenitor determinant than any
of the other sequences examined.
It was previously proposed that the ermBP determinant orig-

inated in the enterococci or streptococci and was introduced
into C. perfringens by conjugation with a bacterium carrying
pAMb1 or a related plasmid (4). The results presented in the
present paper support this conclusion; however, since neither
pAMb1 nor pIP501 had complete DR1 sequences, they sug-
gest that these plasmids were not directly responsible for the
transfer of ermBP to C. perfringens. Instead, the data support

the postulate that transfer to C. perfringens was from a progen-
itor conjugative plasmid that carried two copies of the entire
DR sequence.
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