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Corynebacterium jeikeium is an opportunistic pathogen primarily of immunocompromised (neutropenic)
patients. Broad-spectrum resistance to antimicrobial agents is a common feature of C. jeikeium clinical isolates.
We studied the profiles of susceptibility of 20 clinical strains of C. jeikeium to a range of antimicrobial agents.
The strains were separated into two groups depending on the susceptibility to erythromycin (ERY), with one
group (17 strains) representing resistant organisms (MIC > 128 pg/ml) and the second group (3 strains)
representing susceptible organisms (MIC = 0.25 pg/ml). The ERY resistance crossed to other members of the
macrolide-lincosamide-streptogramin B (MLSb) group. Furthermore, this resistance was inducible with MLSb
agents but not non-MLSb agents. Expression of ERY resistance was linked to the presence of an allele of the
class X erm genes, erm(X)cj, with >93% identity to other erm genes of this class. Our evidence indicates that
erm(X)c¢j is integrated within the chromosome, which contrasts with previous reports for the plasmid-associ-
ated erm(X) genes found in C. diphtheriae and C. xerosis. In 40% of C. jeikeium strains, erm(X)cj is present
within the transposon, Tn5432. However, in the remaining strains, the components of Tn5432 (i.e., the erm and
transposase genes) have separated within the chromosome. The rearrangement of Tn5432 leads to the possi-
bility that the other drug resistance genes have become included in a new composite transposon bound by the

IS1249 elements.

Corynebacterium jeikeium is commonly found colonizing the
skin (particularly the inguinal, axillary, and rectal areas) of
hospital workers and hospitalized patients (for a review, see
reference 2). The highest incidence (up to 82%) of coloniza-
tion occurs in severely immunocompromised patients. This
colonization can lead to infection (sepsis), especially in neu-
tropenic patients and in patients with skin disruption (e.g., by
indwelling medical devices). Frequently, infected patients have
been on prolonged antibiotic regimens, which often results in
disease caused by organisms with broad-spectrum drug resis-
tance, including resistance to macrolides. In these cases,
therapeutic options are very limited, essentially relying on van-
comycin. C. jeikeium can also cause infections in immunocom-
petent patients. For example, in a recent study (24), C. jeikeium
(and other corynebacteria) was identified as a cause of infec-
tions in patients following joint replacement surgery and in
patients with open bone fractures.

Although C. jeikeium is a significant opportunistic pathogen
primarily of the immunocompromised host, the presence of C.
Jeikeium in the hospital environment is probably the most clin-
ically important aspect of the natural history of this organism.
This is because there is recent evidence that drug resistance
genes may have transferred from corynebacteria to a Propri-
onibacterium sp. clinical isolate (A. Eady, presented at the
100th Gen. Meet. Am. Soc. Microbiol., 2000). Thus, the high
incidence of multiply drug-resistant C. jeikeium suggests that
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this organism may be an important environmental reservoir of
drug resistance genes.

The molecular bases for multidrug resistance in C. jeikeium
are incompletely understood but may be a consequence of the
accumulation of individual and specific genetic events or may
involve nonspecific mechanisms, such as increased drug efflux
or changes in the permeability of the cell wall. Macrolide
resistance in C. jeikeium is of particular interest because it is
clearly an acquired phenotype and is common in clinical iso-
lates. Thus, in this report, we present a study of the basis of
macrolide resistance in C. jeikeium as a first step in under-
standing the molecular and genetic basis for multidrug resis-
tance in this clinically important species.

MATERIALS AND METHODS

Antimicrobial agents. The following agents were obtained as reference pow-
ders ampicillin (AMP) (Sigma, St. Louis, Mo.), azithromycin (AZM) (Pfizer Inc.,
Groton, Conn.), chloramphenicol (CHL) (Sigma), clarithromycin (CLR) (Ab-
bott Laboratories, Abbott Park, IIl.), clindamycin (CLI) (Upjohn Pharmaceuti-
cals, Kalamazoo, Mich.), erythromycin (ERY) (Sigma), kanamycin KAN (Sig-
ma), lincomycin (LIN) (Upjohn), rifampin (RIF) (Sigma), spiramycin (SPI)
(Sigma), streptogramin A (dalfopristin [D]), streptogramin B (quinupristin)
[Q]), Q-D (Rhone-Poulenc Rorer, Collegeville, Pa.), and tetracycline (TET)
(Sigma). Stock solutions were prepared following the suppliers’ recommenda-
tions. Susceptibility disks (Sanofi Diagnostics Pasteur, Marnes-la-Coquette,
France) were also used for susceptibility testing against CHL, CLI, ERY, LIN,
SPI, TET, and vancomycin.

Bacteria. Seventeen clinical strains of C. jeikeium were generously provided by
R. Leclercq, Hopital-Henri Mondor, Creteil, France. These strains were isolated
from patients attending the Hopital-Henri Mondor. Antibiograms that were
determined at the source laboratory indicated that all 17 strains were multidrug
resistant, including ERY resistant. Consequently, we expanded the collection
with three ERY-susceptible clinical strains, supplied by D. Bruckner, UCLA
Medical Center, Los Angeles, Calif. Species identification was confirmed by the
API CORYNE panel (bioMerieux, Inc., St. Louis, Mo.). Routine liquid culture
of C. jeikeium was in BHI-YT, i.e., brain heart infusion broth (Difco Laborato-
ries, Detroit, Mich.) supplemented with Tween 80 (0.2%) and yeast extract
(0.4%) (Difco). The agar medium used was Mueller-Hinton agar (Difco) sup-
plemented with 5% lysed sheep blood.
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TABLE 1. Primers used for PCR analysis

Primer Sequence (5'—3") Target Direction® Position(s)”
CGLIR-1 CCCCGATGACTTTGAGTTTTTGG cglIR — 1128
CGLIR-2 GTGTGAGGTTTTACCGCTTTGGAC cglIR — 2607
Cerml GACACGGCCGTCACGAGCAT erm(X) — 4862
Cerm2 GGCGGCGAGCGACTTCC erm(X) — 5251
erm3282 TGCCCGGCTCCCTTTCA erm(X) — 4813
erm4176 CTGGTGGATTTCGGTTTTGGTG erm(X) — 5728
EPRO6 GTCGATGGTGAGGTAGAGAGGAA erm(X) <« 5637
1S1249-1 CCGCTACACCACCACCAACC 1S71249 — 40006, 7145
1S1249-2 GATCGTCAGGCAGTTCCGTTTTTA 1S1249 <« 4460, 7599

¢ —, upstream primer; <, downstream primer.

b Position of 5" end of primer in either GenBank accession no. U13922 (CGLIR-1 and CGLIR-2) or no. U21300 (other primers).

We used the following reference strains for susceptibility testing: Escherichia
coli ATCC 25923, Staphylococcus aureus ATCC 29213, and a clinical strain of C.
diphtheriae (obtained from the Clinical Microbiology Laboratory at Childrens
Hospital Los Angeles).

The hosts for gene transfer were E. coli strain XL1-Blue MRF’ (Stratagene, La
Jolla, Calif.) and C. glutamicum strain KOS8. The latter organism was derived
from ATCC 13032, by introducing an unmarked mutation in the cg/IR gene, part
of the restriction system of C. glutamicum (17). Briefly, we isolated the cg/IR
gene by PCR with the primers CGLIR-1 and CGLIR-2 (Table 1) and cloned the
1,480-bp amplification product using the PCR-Script cloning system (Strat-
agene). Removing the Bs¢EII (Sigma) restriction fragment from the cloned PCR
product created a 102-bp deletion in the cg/IR gene. We subcloned the mutated
cglIR gene into the suicide vector pK19mobsacb (ATCC 87098) (18) and used
the construct to transform C. glutamicum strain ATCC 13032 by electroporation
(9). The vector, pK19mobsacb, contains the aminoglycoside-phosphotransferase
of the transposon Tn5 and the sacB gene of Bacillus subtilis, and these genes are
known to confer KAN resistance and sucrose toxicity to C. glutamicum (18).
Since pK19mobsacb cannot replicate in C. glutamicum, any derived transfor-
mants will represent organisms with the pK19mobsacb:cg/IR construct inserted
into the genome. We isolated the KAN-resistant transformants and grew them
overnight in the absence of selective agent. From these cultures, we selected
organisms that were able to grow in the presence of 10% sucrose and were
susceptible to kanamycin. This approach identified organisms with double re-
combination events. We confirmed that the endogenous cg/IR gene had been
replaced with the mutated gene by amplification of genomic DNA from the
isolated variants with primers CGLIR-1 and CGLIR-2. Electroporation of one
variant (strain KO8) with plasmid pECM2 (23) (supplied by A. Tauch, University
of Bielefeld, Bielefeld, Germany), showed that it was at least 3 orders of mag-
nitude more transformable than the parental strain, ATCC 13032. Transforma-
tion of the E. coli and C. glutamicum hosts was by electroporation using previ-
ously described protocols (9; Epicurian Coli electroporation-competent cells,
1999 [Stratagene, La Jolla, Calif.]).

PFGE. DNA plugs suitable for pulsed-field gel electrophoresis (PFGE) anal-
ysis were prepared from C. jeikeium isolates using a method described previously
(11) except that the organisms were pretreated with lysozyme (20 mg/ml) for 1 h
before embedding in agarose. Restriction enzyme digestion of the plugs was for
18 to 24 h with 36 U of either Dral, Sfil, or Asel restriction enzyme (New England
Biolabs Inc., Beverly, Mass.). For the analysis of intact chromosomal DNA, the
plugs were electrophoresed without prior treatment with a restriction enzyme. A
CHEF-DR II PFGE system (Bio-Rad, Hercules, Calif.) was used for the PFGE
analysis. The run conditions for the undigested, Dral-, and Sfil-digested plugs
were 6 V/cm for 20 h with a ramped switch time of 50 to 90s. The run conditions
for the Asel-digested, DNA was 6 V/cm for 6 h with a ramped switch time of 0.1
to 10s. The gels were stained with ethidium bromide (0.5 pg/ml) in 0.5X TBE
buffer as described elsewhere (16). Isolates were deemed to be distinct if the
PFGE patterns differed by more than two bands (10). The DNA was isolated
from the PGFE gel using the Qiaex II system (Qiagen, Valencia, Calif.).

Susceptibility testing. Susceptibility to antimicrobial agents was assessed by
either disk diffusion or agar dilution methods according to the guidelines of the
National Committee for Clinical Laboratory Standards (12).

To assess for induction of the ERY resistance phenotype, C. jeikeium strains
CJ12 and CJ21 were preincubated for 5 h in a range of macrolide-lincosamide-
streptogramin B (MLSb) and non-MLSb antimicrobial agents. The drug concen-
trations used for the preincubation step were 0.1 and 1 pug/ml, with the exception
of AMP and KAN, which were used at 1 and 10 wg/ml. Preliminary experiments

showed that the highest drug concentration used had a slight, but detectable
effect on the growth rates of the C. jeikeium strains. We determined the MIC of
ERY for the organisms in these cultures using a broth microdilution-based
susceptibility assay as described elsewhere (6).

Nucleic acid extraction and PCR. Total DNA from C. jeikeium was isolated by
the procedure described by Tauch et al. (22). We obtained plasmid DNA from
E. coli and C. jeikeium using the Qiagen Plasmid DNA Isolation System (Qia-
gen). For corynebacteria, we included an initial 2-h incubation at 37°C with
buffer P1 containing 20 mg of lysozyme per ml.

The primers used in the PCR analysis are summarized in Table 1. All primers
were designed using OLIGO software (version 5.0; National Biosciences, Inc.,
Plymouth, Minn.). The basic 50-pl PCR mixture consisted of 1X PCR buffer
(including 1.5 mM MgCl,), 10 pmol of each primer, a 0.2 mM concentration of
each deoxynucleoside triphosphate, 1.25 U of DNA polymerase, and 0.05 to 1 pg
of template DNA. For applications where amplification fidelity was not critical,
we used HotStarTag DNA polymerase (Qiagen) and its supplied buffer, whereas
for high fidelity amplification (i.e., for cloning) we used PfuTurbo DNA poly-
merase (Stratagene) and its supplied buffer. Each PCR was amplified for 35 to
40 cycles (low-fidelity amplifications) or 25 to 30 cycles (high-fidelity amplifica-
tions) of 1 min at 94°C, 1 min at 65°C, and 2 min at 72°C using a Perkin-Elmer
model 480 thermal cycler. Amplification products were characterized by
ethidium bromide fluorescence staining following electrophoresis in 1 to 2%
agarose using 0.5X TBE running buffer.

Cloning of the resistance determinant. Genomic DNA, isolated from C.
Jjeikeium strains CJ12 and CJ21, was digested with BamHI and size selected
between 2 and 8 kbp following electrophoresis in a 0.8% agarose gel. The DNA
was isolated from the agarose using the Qiaquick Gel Purification system (Qia-
gen) and then ligated to BamHI-digested, calf intestinal alkaline phosphatase-
treated pBluescript II SK(+) (Stratagene). These ligation reactions were used to
transform electrocompetent E. coli strain XL1-Blue MRF’ and the transfor-
mants were selected on Luria-Bertani (LB) agar containing ampicillin (50 pg/
ml). For each transformation reaction, we prepared a pool of the derived colo-
nies. We replated the plasmid pools onto LB agar containing ampicillin (50
pg/ml) and ERY (400 pg/ml). From each pool, we picked eight colonies that
grew on the ERY-containing plates and isolated their plasmids. Plasmid isolation
was accomplished using the Qiagen Plasmid Mini Kit. For the strain CJ12-
derived and CJ21-derived pools, these plasmids were termed pBCI2-1 to
pBC12-8 and pBC21-1 to pBC21-8, respectively.

In order to define functionally the gene that confers resistance, we cloned PCR
products generated from C. jeikeium strain CJ21 DNA using a range of primers
(Table 1) and the high-fidelity DNA polymerase, PfuTurbo (Stratagene). These
PCR products were cloned using the PCR-Script cloning system (Stratagene)
and subcloned into the Corynebacterium-E. coli shuttle vector, pECMT. This
vector was derived from pECM2 (23) by inserting a transcription terminator
(GTCAAAAGCCTCCGGTCGGAGGCTTTTGAC) at the Smal site. This in-
sertion prevented transcription from the aminoglycoside phosphotransferase
gene through the multiple-cloning site of the plasmid. We used the pECMT
constructs to transform E. coli and C. glutamicum hosts. ERY resistance was
detected in the transformants by plating the organisms on LB agar containing
ERY (400 pg/ml) and either 50 wg of AMP per ml (for pPCR-Script AMP
constructs) or 25 pg of KAN per ml (for pPECMT constructs).

Nucleotide sequencing. Nucleotide sequence analysis was performed with the
PRISM Ready Reaction Dye Deoxy-Terminator Cycle Sequencing Kit and an
ABI, (San Francisco, Calif.) 373A automated sequencer according to the man-
ufacturer’s recommended protocols. Open reading frames (ORF) were identi-
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TABLE 2. Susceptibilities of C. jeikeium strains to selected antimicrobial agents

Species (1) ERY phenotype

MIC (pg/ml) of:

ERY AZM CLI CLR LIN D Q’ Q-D AMP KAN
C. jeikeium (17) Resistant >128 >128 >128 >128 >128 1-8 >128 =05-8 >128 =128
C. jeikeium (3) Susceptible =0.5 =0.5 =0.5 =0.5 =0.5 1-8 =1 =1 >128 =128
C. diphtheriae (1) Susceptible =0.5 1 ND ND 2 1 =1 =1 0.125 2

¢ Streptogramin A.
b Streptogramin B.

fied using the computer program MacVector (version 6.5.3; Genetics Computer
Group, Madison, Wis.) and sequence homology was analyzed using NCBI
BLASTN and BLASTX protocols (www.ncbi.nlm.nih.gov/BLAST/) (1).

Southern blot. We digested C. jeikeium DNA (1 pg) with the restriction
enzymes BamHI, Bsp106], and NotI (Stratagene). The restricted DNA was an-
alyzed by Southern blotting using standard protocols (16), with UV Duralon
nylon membrane (Stratagene) as the transfer membrane. We derived an erm-
specific DNA probe from the 916-bp PCR product generated with primers
erm3282 and erm4176 (Table 1). In addition, we derived an IS1249-specific DNA
probe from the 455-bp PCR product generated with primers 1S1249-1 and
1S1249-2. The PCR products were fluorescein tagged using the Illuminator
Prime-It labeling system (Stratagene). After an overnight hybridization at 42°C
in UltraHyb solution (Ambion, Austin, Tex.), we removed excess probe with
three high-stringency washes, each for 15 min at 60°C in 0.1xX SSC (1X SSC is
0.15 M NaCl plus 0.015 M sodium citrate)-0.5% sodium dodecyl sulfate. We
visualized bound probe using the Illuminator Nonradioactive Detection System
(Stratagene) and Kodak Biomax Light film.

Computer-generated images. Digital images of gels and Southern analyses
were acquired using a UMAX 1200S scanner connected to a Macintosh Power-
Book G3 computer. Image formatting was performed with Abode Photoshop
(version 4.0.1), and figures were assembled with Adobe Illustrator (version 9.0).

RESULTS

Strain typing of C. jeikeium isolates. PFGE analysis indi-
cated that the 20 C. jeikeium isolates represented 13 distinct
strain types (data not shown), with the three ERY-susceptible
strains being distinct from the ERY-resistant strain types. Fur-
thermore, the C. jeikeium strains CJ12, CJ13, CJ20, and CJ21
(see Fig. 2 to 4) were different strains.

Antimicrobial susceptibilities of C. jeikeium. A summary of
the susceptibilities of the ERY-resistant and ERY-susceptible
C. jeikeium strains to selected antimicrobial agents is shown in
Table 2. Thus, the ERY-resistant organisms expressed high-
level resistance (>128 pg/ml) to other MLSb agents, whereas
the ERY-susceptible organisms were susceptible to the other
MLSD agents. The results for susceptibility to ampicillin, kana-
mycin, and streptogramin A were largely the same for the
ERY-resistant and ERY-susceptible strains.

The range of Q-D MICs was wider for the ERY-resistant
strains than for the ERY-susceptible strains. The MICs of Q-D
at which 50 and 90% of the ERY-resistant strains tested were
inhibited were 2 and 4 pg/ml, respectively. In addition, the
MICs of Q-D for two ERY-resistant strains were <0.5 wg/ml.
Overall, there was no clear association between the suscepti-
bility to Q or D and the susceptibility to Q-D. For example, the
Q, D, and Q-D MICs for two ERY-susceptible strains were
=1, §, and <0.5 pg/ml, respectively. Similarly, the MICs of Q,
D, and Q-D for one of the ERY-resistant were 128, 4, and
<0.5 pg/ml. Thus, the apparent differences in the susceptibility
to Q-D between the ERY-resistant and ERY-susceptible
strains may reflect the differences in the sample size of the two
groups rather than being associated with MLSDb resistance.

There was considerable strain-to-strain variability in suscep-
tibility to CHL and TET (assessed by disk diffusion), with zone
diameters ranging from 6 to 14 mm. There was no correlation
between the MIC of ERY and zone diameter for either CHL
or TET. All strains were susceptible to vancomycin (zone di-
ameters, >7 mm).

Thus, ERY resistance in C. jeikeium represents an MLSb-
resistant phenotype. Furthermore, the large difference in ERY
MIC between the resistant and susceptible organisms supports
the belief that this phenotype is acquired rather than being just
a reflection of strain-to-strain variability in inherent resistance.

A common approach to studying induction of MLSb resis-
tance is by characterizing the zones of inhibition surrounding
antimicrobial disks. Unfortunately, there were no zones of
inhibition for the ERY-resistant strains when standard suscep-
tibility disks for several MLSb agents (ERY, CLIN, LIN, and
SPI) were used. Consequently, we investigated induction of
MLSD resistance in C. jeikeium by assessing changes in MIC
using a microdilution susceptibility assay. However, this ap-
proach is limited by the possibility that induction of resistance
can occur within the susceptibility assay, leading to an increase
in the apparent ERY MIC for noninduced cells. Despite this,
we found that ERY resistance was inducible with MLSb
agents, including 14-, 15-, and 16-membered macrolides, lin-
cosamides, and streptogramin B (Q). A summary for two C.
Jeikeium strains is shown in Table 3. Non-MLSb agents did not

TABLE 3. ERY MICs for C. jeikeium strains preincubated for 5 h
in a range of MLSb and non-MLSb agents

ERY MIC (ug/ml) for:

Preincubation®
CJ12 CJ21

None 512 512
MLSb agents

AZM >2,048 >2,048

ERY >2,048 >2,048

CLI >2,048 >2,048

LIN >2,048 >2,048

SPI >2,048 >2,048

Q >2,048 >2,048
Non-MLSb agents

AMP 512 512

KAN 512 512

CHL 512 512

TET 512 512

RIF 512 512

D 512 512

“ Preincubation concentration of AMP and KAN was 10 pg/ml; the concen-
tration of all other agents was 1 pg/ml.
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induce an increase in the level of ERY resistance. The non-
MLSD agents included CHL, KAN, TET, and D, which target
the ribosome. Thus, induction of high-level ERY resistance
was not simply the consequence of protein synthesis inhibition,
nor was it a nonspecific stress response.

It is possible that the results of these experiments were a
consequence of the selection of organisms with constitutive
resistance rather than phenotypic induction. In order to ad-
dress this, we removed samples from wells containing 2,048 g
of ERY per ml and cultured the organisms for 48 h with and
without 1 pg of ERY per ml. The ERY MIC for the organisms
grown without agent reverted to 512 pg/ml, whereas, the ERY
MIC for organisms maintained in ERY was >2,048 wg/ml.
These results support the presumption that MLSD resistance is
inducible in C. jeikeium.

The high ERY MIC determined for the noninduced organ-
isms suggests that induction causes only a minor change in
phenotype. However, this is misleading since the level of
growth in the susceptibility assay for the organisms induced
with ERY at 512 pg/ml was only marginally less than the
growth in medium alone. Obviously, there was no growth of
the noninduced organisms with ERY at 512 pg/ml. Further-
more, overnight incubation in high ERY concentrations (test-
ed up to 100 pg/ml) was able to induce an increase in ERY
resistance in C. jeikeium strains CJ12 and CJ21 (data not
shown). Thus, the high ERY MIC determined for noninduced
organisms may reflect the expected phenotype induction within
the susceptibility assay. However, the lack of a zone of inhibi-
tion for MLSb agents, as seen in a disk diffusion assay, suggests
that ERY-resistant C. jeikeium may express a high level of
MLSb resistance constitutively.

Identification of the gene that confers MLSb resistance. As
a first step in elucidating the molecular basis of macrolide
resistance, we analyzed C. jeikeium DNA by erm(X)-specific
PCR (primers Cerml and Cerm?2). Abundant amplification
products of slightly less than 400 bp were generated from DNA
isolated from the 17 MLSb-resistant strains, wherecas no am-
plification products were generated with the DNA isolated
from the three susceptible strains (data not shown). The PCR
products were consistent with the predicted size of 390 bp.
Furthermore, the DNA sequences of the amplification prod-
ucts showed >95% identity to the erm(X) gene isolated from
a C. xerosis strain, erm(X)cx or ermCX (GenBank accession no.
U21300). Thus, MLSDb resistance in C. jeikeium is associated
with the presence of an allele, erm(X)cj, of the class X erm
genes, according to the nomenclature proposed by Roberts et
al. (15).

In order to isolate the complete gene that confers MLSb
resistance, we prepared plasmid libraries of BamHI-digested
DNA isolated from C. jeikeium strains CJ12 and CJ21. Within
each library, we isolated eight clones that conferred increased
resistance to E. coli strain XL1-Blue MRF'. The ERY MIC for
the transgenic E. coli was >2,048 pg/ml, compared to 32 pg/ml
for the parental organism. We analyzed the plasmids that con-
ferred ERY resistance by BamHI restriction mapping and
found that all plasmids containing DNA isolated from C.
jeikeium strain CJ12 had an insert of ~6 kbp, whereas all those
plasmids containing DNA from strain CJ21 contained an insert
of ~8 kbp (data not shown). We amplified the insert DNA
using an erm(X)-specific PCR (primers Cerml and Cerm2)
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and confirmed the presence of the putative erm gene in all 16
plasmids (data not shown). Consequently, we limited subse-
quent analysis to the two plasmids, pBCJ12-5 and pBCJ21-3,
derived from strains CJ12 and CJ21, respectively.

We sequenced the cloned fragments of plasmids pBC12-1
and pBC21-3 in the region of the putative erm gene, and
located ORF homologous to the erm(X)cx gene. The first 215
amino acids of the predicted polypeptides for strains CJ12 and
CJ21 are 93.5 and 98.6% identical to Erm(X)cx (Fig. 1), the
Erm protein from C. xerosis (translated from GenBank acces-
sion no. U21300). The major difference between the two Er-
m(X)cj polypeptides and the Erm(X)cx polypeptide is a frame
shift within codon 216. This results in the Erm(X)cj polypep-
tides being 31 amino acids longer than Erm(X)cx.

To confirm that the apparent frame shift in the predicted
peptide chain of Erm(X)cj was not the result of sequencing
errors, we cloned two fragments of the erm gene from C.
jeikeium strain CJ21. These fragments were generated by high-
fidelity PCR using the 5’ primer erm3282 and either erm4176
or EPROG as the 3’ primer (Table 1). Primer erm4176 anneals
3" to our predicted termination codon, whereas, primer
EPROG6 anneals 5’ to our termination codon and 3’ to the
predicted termination codon of the erm(X)cx. We cloned these
fragments into the vector pPCR-Script AMP under transcrip-
tional control of the lacZ promoter and used the constructs to
transform E. coli strain XL1-Blue MRF’. Transformants con-
taining the erm3282-erm4176 fragment were resistant to ERY
concentrations of 400 wg/ml, whereas transformants containing
the erm3282-EPRO6 fragment were unable to grow in the
presence of ERY concentrations of 400 wg/ml. This result
supports the location of the predicted termination codon of the
erm(X)cj gene.

We confirmed these results in corynebacteria by transform-
ing C. glutamicum strain KO8 with two constructs cloned into
the plasmid pECMT. One construct contained the PCR prod-
uct generated from C. jeikeium strain CJ21 DNA using primers
1S1249-1 and erm4176, and the other construct contained the
PCR product generated using primers 1S1249-1 and EPROG6.
Using IS1249-1 as the upstream primer ensured that the
erm(X) promoter was included in the PCR products. The
C. glutamicum transformant containing the 1S1249-1-erm4176
product was able to grow in the presence of ERY at 400 pg/ml,
whereas the transformant containing the 1S1249-1-EPRO6
product could not.

We have identified probable promoter elements and a cod-
ing region for a conserved theoretical leader peptide within the
leader regions of erm(X)cj for strains CJ12 and CJ21 (Fig. 1B
and C). We could not identify any clear secondary structures
within the leader region that were consistent with the attenu-
ation of transcription or attenuation of translation models of
regulation that have been described for other erm genes (4, 8).
However, this does not rule out the role of posttranscriptional
attenuation in the regulation of erm(X)cj expression.

Is erm(X)cj associated with a mobile element? The sequence
analysis of the DNA upstream from the erm(X)cj gene was
very different in C. jeikeium strains CJ12 and CJ21 (Fig. 1B). In
strain CJ21, we identified the IS7249 insertion element, con-
sistent with erm(X)cj being within the transposon, Tn5432.
However, ~700 bp upstream from the erm(X)cj gene in strain
CJ12 was an ORF 72% identical to the theoretical gene,
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Em(X)jl2 1 MSTYG|]Y/GRHEHGQNFLTIDHKI INSIVDLVKQTSGPIIEIGPGSGALTHPI
Em(X)j2l 1 MSAYGHGRHEHGQNF[FITNHKIIK|]SIIDLVKQTSGPIIEIGPGSGALTHPM
Erm(X)cx 1 MSAYGHGRHEHGQNFLTNHKIINSIIDLVKQTSGPIIEIGPGSGALTHPM
Em(X)cjl2 51 [SHLGRAITAVEVDAKLAAKILTK|K[TASASVEVVHDDFLNFP[LPATPCVIVG
EmX)j2l 51 | AHLGRAITAVEVDAKLAAKITQETSSAAVEVVHDDFLNFRLPATPCVIVG
EmX)x 51 |AHLGRAITAVEVDAKLAAKITQETSSAAVEVVHDDFLNFRLPATPCVIVG
EmX)jl2 101 [ NI PFHLTTAILRKLLHAPAWTDAVLLMQWEVARRRAGVGASTMMTAQWS?P
EmX)cj2l 100 NI PFHLTTAILRKLLHAPAWTDAVLLMQWEVARRRAGVGASTMMTAQWSP
EmX)x 101 NI PFHLTTAILRKLLHAPAWTDAVLLMQWEVARRRAGVGASTMMTAQWSEP
EmX)jl2 151  WFTFHLGSRXPRSAFRPQPNVDGGILVIRRVGDPKIPIEQRKAFQAMVHT
EmX)cj21 151 WFTFHLGSRVPRSAFRPQPNVDGGILVIRRVGDPKIPIEQRKAFQAMVHT
EmX)x 151 WFTFHLGSRVPRPIAFRPQPNVDGGILVIRRVGDPKIPIEQRKAFQAMVHT
Em(X)cjl12 201 | VFTARGRGIGEILRRAGLFSSRSETQSWLRSRGIDPATLPPRLHT|SDWID
EmX)cj21 200 VFTARGRGIGEILRRAGLFSSRSETQSWLRSRGIDPATLPPRLHT|NDWID
EmX)ex 201 VFTARGRGIGEILRRIQGICIFIHHVQKHNHGCAREEST|P[RPYL|P[- - - - - - - - |D|
Em(X)¢jl12 251 L FQVTGS S|[P[PRHRPI S|Q[SGSSQRPPQRKNR|GRRR
Em(X)j2l 251 L FQVTGS SILIPHHRPI SIPISGSSQRPPQRKNR|SIRRR
Em(X)ex 243 CT P T|T G S[I S S|R
B
cnrt o1 TTCAAAAGGCCAAATCT ACA CCGAG|CI[CAGACACA[C|A[T] 50
Cc12 1 |T|C[C A|G|A|GIAGG|T|ICITTGCACT CGG GTCTT|ICITTTCTCAC|C|G|T| 50
Ip

c121 51 GACCCTTAACCCTTTAA TGGATATAATTA AlC C TGTTGATTTC A| 100
cJ2 51 GACCCTGCGAAATTAA TGGATACGAT A G|G|C C TGTTGATTTCA| 9

Ip
C121 101 G[G T|A[C]A[G|C[TTTC|T[TGCGG|T T[GC|GICACCAJA[CCGCTAAGGCG T] C T|A cc 150
CJ12 100 T|G T|T|C|C|G|T|T T TCIAITGCGG|CC|GC|T|ICACCA|GICCGCTAAGGCG TTT CT cc 149
C121 151 - -[CCG|T[AGGT AAAAACCGC CCGGTCCTTTAGCCGGG T[ATTTG|T[C] 198
CJ12 150 TC|CCG|CIAGGT GJAAACCGCTCCGGTCCTTTAGCCGGG ATTTG clc| 199
cn1 199lATGCCCGGCTCCCTTTCAA|ATCCAAGGAGCACACCTGATGTCT’GCATACZ47
CJ12 200 ATGCCCGGCTCC|GITTTCAA|CITCCA|C/GGAGCACACCTGATGTCT|A|[CATAC|248
C
C121 MLISl A[FL R|L R[T|N
Cl2 1 (ML IS|C VFMRPLTS

FIG. 1. (A) The predicted Erm(X)cj polypeptide sequences of C. jeikeium strains CJ12 and CJ21 aligned with Erm(X)cx translated from the
erm(X)cx gene (22) (GenBank accession no. U21300). Amino acid identities are boxed, with shading indicating amino acid similarities. (B)
Alignment of the leader regions (DNA) of the erm(X)cj genes of strains CJ12 and CJ21. Probable promoter elements (—35 and —10 regions), a
conserved region coding for a leader peptide (Ip), and the first four codons of the erm(X)cj gene are indicated by a lines above the sequences. (C)
Alignment of the theoretical leader peptides from strains CJ12 and CJ21. The amino acid and DNA sequences for strains CJ12 and CJ21 are
available in the GenBank database (accession no. AF338705 and AF338706).

Rv1112 (a probable GTP-binding protein), within the chromo-
some of Mycobacterium tuberculosis (GenBank accession no.
AL021897). Thus, erm(X)cj was not adjacent to an upstream
IS1249 element in strain CJ12. To assess if the insertion ele-

ment was local (i.e., within 4 or 5 kbp) to erm(X) in strain
CJ12, we digested plasmid pBC12-5 with restriction enzymes
BamHI and Bsp1061 and isolated the 5.5-kbp fragment. Since
the erm(X)cj gene has an internal Bsp106l1 site, the BamHI-
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FIG. 2. (A) Arrangement of Tn5432 and the regions spanned by the PCR targets used to investigate this transposon in ERY-resistant C.
Jjeikeium strains. The primers used in the PCR assays were 1S1249-1 (@), 1S1249-2 (O), Cerm1 (m), and Cerm?2 ([J). The ruler is in base pairs. (B)
Representative results for four C. jeikeium strains (CJ12, CJ13, CJ20, and CJ21) in the four PCR assays outlined in panel A. Lane N, negative

control.

Bsp1061 fragment should contain most of the erm(X)cj gene
and ~4.7 kbp of upstream DNA. We analyzed this fragment by
PCR using the erm(X)-specific primers, Cerml and Cerm2,
and the IS1249-specific primers, IS1249-1 and 1S1249-2 (Table
1). An amplification product was detected with the erm-specific
PCR of the expected size (390 bp); however, no product was
detected with the IS71249-specific PCR (data not shown). As
controls, we included amplification reactions containing either
total DNA isolated from strain CJ12 or the plasmid pBCJ21-5.
The latter contains the erm(X)cj and 1S7249 elements isolated
from strain CJ21. These control reactions generated amplifi-
cation products of the expected size with both the erm(X)-
specific (390-bp) and IS1249-specific (455-bp) primer pairs. To
support these results and rule out a partial IS7249 element
within the cloned DNA, we sequenced 700 bp of the 5.5-kbp
BamHI and Bsp106I DNA fragment at the end distal to er-
m(X)cj. In this region (GenBank accession no. AF343961), we
found no evidence for a partial IS1249 element in this cloned
fragment. Thus, the erm(X)cj gene of strain CJ12 appears to be
>4.7 kbp from an upstream [S7249 element.

To explore the association between erm(X)cj, 1S1249 and
Tn5432 further, we used a series of PCR assays that spanned
the individual elements of this transposon (Fig. 2A). We chose
10 MLSb-resistant strains at random for PCR mapping of
Tn5432. Representative results for four strains are presented
in Fig. 2B. In four strains (including strains CJ20 and CJ21),
erm(X)cj was associated with upstream and downstream
1S1249 elements consistent with Tn5432. The sizes of the PCR
products were consistent with the sizes predicted by the arche-
typal Tn5432 sequence (GenBank accession no. U21300). In
the remaining strains (including strains CJ12 and CJ13) the
amplification reactions that span from the upstream and from
the downstream 1S7249 elements to erm(X) failed to generate
products (PCR 1 and 2). Despite this, the 1S7249-specific
(PCR 3) and erm(X)-specific (PCR 4) PCR assays amplified
products from all 10 strains. These results are important for
several reasons. Firstly, the generation of PCR products with
PCR assays 3 and 4 rules out the possibility that the failures of
PCR assays 1 and 2 were a result of primer mismatches. Sec-
ondly, the presence of IS7249 elements in the strains in which

erm(X)cj is not associated with Tn5432 suggests that rear-
rangement of this transposon has occurred. However, erm(X)cj
may be still associated with IS7249 elements in a much larger
composite transposon than Tn5432.

To assess whether erm(X)cj is associated with extrachromo-
somal DNA, we attempted to transform C. glutamicum strain
KOS with plasmids isolated from several ERY-resistant C.
jeikeium strains (including CJ12 and CJ21). No ERY-resistant
C. glutamicum transformants were generated with any plasmid
preparations. However, large plasmids (>50 kbp) tend to be
underrepresented in standard plasmid preparations; therefore,
we also attempted to transform C. glutamicum with high-mo-
lecular-weight (average size, >100 kbp) total cellular DNA,
which also failed.

Although the transformation results suggested that erm(X)cj
is not associated with a plasmid, we sought to confirm this by
an alternative approach, i.e., PFGE analysis of intact chromo-
somal DNA. Figure 3 presents a pulsed-field gel of the DNA
from three C. jeikeium strains (CJ12, CJ13, and CJ21) and
shows the chromosomal DNA (at the top of the gel, adjacent
to the wells). There was no evidence for high-molecular-weight
(>50-kbp) extrachromosomal DNA. Southern analysis, with
an erm(X)-specific probe, of PFGE-separated C. jeikeium DNA
proved to be difficult to reproduce; however, the only hybrid-
ization bands seen corresponded with the chromosomal DNA
(data not shown). In order to provide further support for this
observation, we gel purified the chromosomal DNA from a
pulsed-field gel and used the material in an erm(X)-specific
PCR assay (Fig. 3). Amplification products were generated
with the C. jeikeium DNA (Fig. 3, lanes 1 to 3) but not the
DNA isolated from the lambda concatemer lane (Fig. 3, lane
L). This confirms that erm(X)cj is integrated within the C.
jeikeium chromosome.

Since erm(X)cj is within the C. jeikeium chromosome, we
wanted to determine how many copies of this gene were
present per genome. To assess this we analyzed restricted
high-molecular-weight DNA (isolated from strains CJ12 and
CJ21) by Southern blot and hybridization with an erm(X)-
specific probe and an IS1249-specific probe (Fig. 4). The three
restriction enzymes used all cut C. jeikeium DNA relatively
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FIG. 3. PFGE analysis of high-molecular-weight DNA isolated
from three ERY-resistant strains of C. jeikeium: lane 1, CJ12; lane 2,
CJ13; and lane 3, CJ21. The DNA molecular weight marker (lane L)
is a lambda ladder. DNA was isolated from the gel within 1 cm of each
well (including lane L) and analyzed by PCR using the erm(X)-specific
primers, Cerm1 and Cerm2. Lane M contains a DNA marker, showing
(from top to bottom) bands of 500, 400, 300, and 200 bp.

infrequently; the mean fragment sizes for BamHI, Bsp106] (an
isoschizomer of Clal), and NotI were approximately 4 to 8 kbp,
10 to 20 kbp, and >20 kbp, respectively. Furthermore, there is
a BamHI site within Tn5432 (between the erm gene and the
downstream IS7249 element), and there is a Bspl06l site
within the erm(X) gene.

The Southern analysis with the erm-specific probe (Fig. 4)
shows only a single band in each of the BamHI and Norl
digests. However, it is difficult to rule out the presence of
multiple bands in the NofI digest because of the poor resolu-
tion of agarose gel electrophoresis of such large DNA frag-
ments (>48.5 kbp). The second band in the Bsp106I digests is

erm(X) probe 1S1249 probe
ci2 o cni cJ2z  cnt
NCBNCRB NCBNCB
kbp kbp
48.5- -.ﬁ 4.5l
120- e Q-
88: . §0: 9
40- 4.0 -
2.0- 2.0-
1.0- 1.0- —
0.5- - 0.5-

FIG. 4. Southern analysis of DNA isolated from C. jeikeium strains
CJ12 and CJ21 restricted with BamHI (lanes B), Bsp106I (lanes C),
and Notl (lanes N) using an erm(X)-specific probe and an 1S7249-
specific probe.
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the result of the site for this enzyme within the erm(X)cj gene.
Thus, the Southern analysis indicates that in both C. jeikeium
strains, erm(X)cj is present only as a single copy.

The Southern analysis with the IS7249-specific probe (Fig. 4)
indicates that the IS7249 element is present in more than the
two copies predicted by the structure of Tn5432. This suggests
that the IS7249 element may be associated with composite
mobile elements other than Tn5432.

DISCUSSION

In this report, we describe the genetic elements responsible
for the acquisition of macrolide resistance in C. jeikeium, as
part of the phenomenon of multidrug resistance observed in
this species. Macrolide resistance was found to cross to the
other members of the MLSb group, and the acquisition of
macrolide resistance was separate from resistance to other
non-MLSb agents. These observations suggest that broad-
spectrum resistance in C. jeikeium is the result of the accumu-
lation of several independent genetic changes. MLSD resistance in
C. jeikeium is conferred by alleles of the erm gene class X.

Recently, Roberts et al. (15) proposed a logical nomencla-
ture for erm genes, and grouped the corynebacterial genes in
erm class X. Thus, MLSD resistance in C. jeikeium is conferred
by alleles of the erm gene class X. However, despite the high
degree of homology between the erm(X) alleles isolated from
different corynebacteria (i.e., C. diphtheriae, C. jeikeium, and C.
xerosis), the alleles were found in different genetic contexts.
The C. diphtheriae erm(X) gene (originally termed ermCd) was
located within a 14.5-kbp plasmid pNG2 (7), whereas the C.
xerosis erm(X) gene (originally termed ermCX) was located
within transposon Tn5432, which itself was carried by the 50-
kbp R plasmid, pTP10 (22). In contrast, our evidence indicates
that erm(X)cj is integrated within the C. jeikeium chromosome.
This is consistent with a previous report by Pitcher et al. (13),
which suggests that macrolide resistance in C. jeikeium is not
plasmid associated. Evidence for chromosomal association of
macrolide resistance determinants has also been reported for
C. striatum (14).

Despite the differences in the carriage of the erm(X) genes
of C. jeikeium and C. xerosis, in 40% of MLSb-resistant C.
jeikeium strains erm(X) is associated with the transposon
Tn5432. In the remaining 60% of MLSb-resistant C. jeikeium
strains erm(X) is not associated with Tn5432, although these
strains do possess all the component parts of the transposon.
Since Tn5432 is highly conserved between C. jeikeium and C.
xerosis, we believe that all MLSb-resistant C. jeikeium strains
originally acquired erm(X)cj within Tn5432 but subsequently
the transposon became rearranged within the chromosome.
This phenomenon may indicate the presence of an integron
(5). This leads to the possibility that the IS7249 elements have
formed new composite transposons containing other drug re-
sistance genes. This point is particularly troubling since the
transposase of 1S7/249 is known to be able to insert Tn5432
(and presumably other IS/249-containing transposons) into
the genomes of unrelated bacteria (22).

The source organisms from which the corynebacterial erm
genes were characterized were isolated from geographically
distinct locations. The original pNG2-containing C. diphtheriae
and the C. striatum were isolated from patients from the north-
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western United States (3, 14), whereas the pTP10-containing
C. xerosis was isolated in Japan (22). The C. jeikeium organisms
used in this study were isolated from patients in France. This
distribution of erm(X) suggests that the corynebacteria acquire
the erm gene from a common source, possibly an organism that
can be found colonizing skin or mucosa. The fact that the
mode of carriage of the erm genes is different suggests that the
reservoir is not readily transferred from organism to organism,
i.e., the erm gene either is on a plasmid with a narrow host
range or is chromosome associated. It is interesting that the
ermCd-containing plasmid (pNG2) is similar to plasmids iso-
lated from a range of skin-colonizing corynebacteria (20) and
appears to have a broad host range, including E. coli (19, 21).
Thus, pNG?2 is unlikely to be the environmental reservoir ele-
ment for all the corynebacterial erm genes. The transposon,
Tn5432, is a more likely candidate as it is common to two
Corynebacterium species, is integrated within the chromosome
of one species, and is known to be mobile (22).

Clearly, more studies are needed to characterize the clinical
importance of multidrug-resistant corynebacteria, such as C.
jeikeium, as reservoirs of resistance genes within the hospital
environment.
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