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TABLE 5. Susceptibility of MBL-producing isolates to various antimicrobial agents
MIC {pg/ml) for organism
Antimicrobiul agent® Enterobacteriaceae {(n = 53) P. aeruginosa (n = 272) Acinetobacter spp. (n = 21)

Range MICs,  MIC, Runge MICg, MICy, Range MICy;  MIC,
Ceftazidime 16->128 >128 >128 64~>128 128 >128 128->128 >128 >128
Piperacillin B->128 16 >128 4.>128 16 >128 8>128 32 128
Piperacillin-tazobactam” =1->128 8 16 2->128 8 >128 =]-32 =1 4
Cefepime 2->128 64 128 32->128 64 >128 64->128 128 128
Cefoperazone-snibactam 32->128  >128 >128 64->128 64 >128 =1-16 2 4
Aztreonam =1-64 16 2 2->128 8 32 4-32 16 32
Cefmetazole >128->128 >128 >128 >128->128  >128 >128 64—>128 >128 >128
Latamoxef 64->128 >128 >128 >128->128  >128 >128 >128->128 >128 >128
Meropenem 1->32 >32 >32 16—>32 32 >32 8->32 32 >32
Imipenem 1->32 32 >32 1->32 16 32 8->32 16 32
Genlamicin =14 =1 2 2~>8 =8 >8 =1->§ 8 >B
Amikacin =432 16 32 =4-»32 i6 32 =4->32 8 16
Minocyeline =4->8 =4 >4 >8>8 >8 >8 =44 =4 =4
Levofiomcin =2->4 =2 4 <2->4 4 >4 =2-4 =2 =2
Sulfamethoxazole-trimethoprim =0.5->2 =05 >2 >2-22 >2 >2. ... =05->2 >2 >2 .
Chloramphenicol =8->16 16 >16 >16->16 >16 =16 =§->16 >16 >16

# Tazobactam was tested et a fixed concentration of 4 pg/ml.

first reported data on the prevalence of bacteria carrying the
genes for MBLs, inciuding IMP-1, IMP-2, and VIM-2 MBLs,
in the western portion of Japan. :

A total of 96 MBL-positive isolates were typed by RAPD
analysis to determine the stabilities of the strain genotypes.
The RAPD typing results are summarized in Table 4. The 16
isolates of P, aeruginosa from hospital B yielded seven different
RAPD patterns and originated from six different wards. Eight
A, baumannii isolates from hospital A had the same RAPD
pattern and were From the same ward, The five A. baumannii
isolates carrying the genes for IMP-2-group MBLs, isolated
from two wards of hospital J, appcared to be of the same clonal
lineage. This is the first report of nosocomial spread of A4.
baumannii isolates carrying genes for IMP-2-group MBLs in
Japan. Of the 41 §. marcescens isolates from hospital C, 13
isolates from the internal medicine coronary care unit had the
same RAPD pattern and were isolated within a 5-month pe-
riod, suggesting that there was probable nosocomial spread
within the same ward. Thus, the same or closely related isolates
were identified repeatedly by PCR fingerprinting by RAPD
analysis from five hospitals, suggesting the nosocomial spread
of these organisms in each hospital. Furthermore, long-term
cross-transmission of plasmids that carry MBL genes among
different bacterial strains and species could result in the our-
rent complicated features of MBL producers, especially in
hospital B.

The 2-MPA test, which is a simple test that was first de-
scribed by Arakawa et al. (2), is 2 useful method for the routine
laboratory detection of MBLs (45). Moreover, in the present
study, all isolates that tested positive in the 2-MPA test were
subsequently confirmed to be positive for the MBL gene by
PCR. However, the growth inhibition zones of bla,,,.o-posi-
tive E. cloacae isolates were weak and amibiguous, possibly due
to the excessive production of AmpC and/or a change in mem-
brane permeability. The production of some extended-spec-
trum B-lactamases as well as the excessive production of the
chromosomal AmpC cephalosporinase could be responsible
for the characteristics of these strains that were previously

reported for E. cloacae (2, 7). In such cases, imipenem and
meropenem disks would be better than ceftazidime disks for
the detection of MBL production because imipenem and
meropenem are essentially not hydrolyzed by extended-spec-
trum B-lactamases and class C cephalosporinases.

With respect to antimicrobial susceptibilities, various B-lac-
tam antimicrobial agents such as ureidopenicillin, cephalospo-
1ins, cephamycins, and carbapencms had high MICs for most
MBL-positive isolates, whereas monobactam and piperacillin
typically had low MICs for MBL producers. Low MICs of
cefepime, meropenem, and imipenem were observed for sev-
eral isolates, even though MBLs can hydrolyze these agents.
The production of MBLs in these isolates could be cryptic or
suppressed in strains showing low-level carbapenem resistance
{14). It is also possible that IMP-3 and IMP-6 MBLs, which
have low-level hydrolytic activities against these agents (15,
47}, are produced in such isolates. The increased ability of
active efflux systems and decreased ounter membrane perme-
abilities have been reported to contribute to B-lactam resis-
tance in P. aeruginosa (23, 24). Therefore, the low-level MICs
of piperacillin, cafepime, and carbapenems for some isolates
may be due to higher permeability coefficients or less efficient
efflux pumps in the bacterial membranes in addition to the
molecular mechanisrus described above.

The MICs of monobactam and piperacillin for MBL pro-
ducers were relatively low compared to those of oximinocepha-
losporins, cephamycins, and carbapenems (35, 36); however,
this finding does not necessarily reflect their clinical efficacy
against MBL producers because most gram-negative rods have
the intrinsic zbility to produce chromosomat AmpC cephatos-
porinases, which can hydrolyze monobactam and piperacillin
(17). Although the administration of high doses of aztreonam
or tazobactam-piperacillin was reported to be useful for the
reduction of MBL-producing strains in rats suffering from ex.
perimental poeumonia (3}, it is possible that the induction of
intrinsic chromosomal AmpC production in MBL producers
may promote the emergence of multiple-B-lactam-resistant
gram-negative rods in clinical settings.
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In the present study, MICs of tazobactam-piperacillin and
cefoperazone-sulbactam were generally low for MBL-positive
Acinetobacter isolates. Strains producing IMP-1 or VIM-2 usu-
ally show high-level resistance to oximinocephalosporins and
cephamycins, but the MIC of piperacillin for these strains is
usually lower than those of oximinocephalosporins and cepha-
mycins (9, 30, 32). Because the activities of MBLs are not
reduced significantly by B-lactamase inhibitors, such as sulbac-
tam and tazobactam (5), the observations for Acinefobacter
isolates suggested that the phenotypes related to these combi-
nation drugs may depend mainly on the intrinsic production of
AmpC cephalosporinase (4, 10} as well as the low-level pro-
duction of MBLs and alierations in membrane permeability.
Thus, the low MIC levels of tazobactam-piperacillin and ce-
foperazone-sulbactam for MBL-producing Acinefobacter iso-
lates could be an intrinsic feature-of this bacterial genus.

In conclusion, plasmid-mediated MBL-producing gram-neg-
ative rods were first described approximately 13 years ago in
Japan, and in the present study, such isolates were found to
have disseminated to many hospitals in the Kinki region of
Japan. It is conceivable that several isolates have spread noso-
comially among a number of hospitals. The results of the
present study should be considered when health care facilities
develop policies and strategic practices to prevent and address
the emergence and spread of MBL-producing gram-negative
microorganisms in clinical environments.
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Abstract

Drug resistance and the transferability of resistance were examined in 218 Enterococeus faecium clinical isolates obtained from in-
patients of a Japanese university hospital between 1990 and 1999. One hundred and sixty one isolates (73.9%) were drag-resistant
and 127 (58.2%) isolates were resistant to two or more drugs. Vancomycin resistant E. faecium (VRE) was not isolated. The trans-
ferability of drug-resistance to an E. faecium strain was examined by broth or filter mating. Six (12.5%) of the 48 gentamicin resis-
tance traits, and fifty (50%) of the 101 erythromycin Tesistance traits were transferred by filter mating. The gentamicin resistance
traits of five isolates and the ervthromycin resistance traits of four isolates were transferred to the recipient strains by both broth
mating and filter mating at a frequency of about 10~¢ and 10~* per donor cell, respectively. The five gentamicin resistant strains
were shown to harbor pMG1-like plasmids on the basis of their Southern hybridization with pMG1 (65.1 kbp, Gm"), which trans-
fers efficiently between enterococci by broth mating. Each of the four erythromycin resistant transconjugants obtained by broth mat-
ing harbored a large conjugative plasmid (more than 100 kbp). The plasmids showed no homology with well-characterized
enterococcal conjugative plasmids such as pAD1, pPD31, pAMBI, pIP501 and pMG1 by Southem hybridization. Of the erythromy-
cin resistance traits that transferred only by filter mating, it was found that the erythromycin resistance trait was conferred by a
47-kbp transposable element that transferred from the chromosome of the donor strain to different sites within the pheromons
responsive plasmid pAD1 (60 kbp) of the recipient strain, suggesting that the erythromycin resistance trait was encoded on a con-
jugative transposon, which was named Tn950.
© 2004 Federation of European Microbiological Societies, Published by Elsevier B.V. All rights reserved.

Keywords: Enterococcus faecium; Drug resistance; Conjugative plasmid; Conjugative transposon

1. Introduction

Enterococcus strains have become a significant cause

* Corresponding author. Tel.: +81 27 220 7990; fax: +81 27 220 of noso_comial 1nfect10§s ar,ld_ are‘the third most com-
7996, monly isolated genus in clinical isolates [1-5]. Of the
E-mail address: tomitaha@med. gunma-u.ac.jp (H. Tomita). strains belonging to the enterococcus genus, Enterococcus
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Jaecalis and Enterococcus faecium are common isolates
from human. The enterococcus strains isolated from
clinical infection have multiple-drug resistance traits.
The multiple-drug resistance traits of the enterococci pro-
vide these organisms with a selective advantage in the
hospital environment. In particular, vancomyein (glyco-
peptide)-resistant enterococci (VRE or GRE) can cause
serions problems for hospitalized patients due to the
limited options for treatment of VRE infection [5-7].

Selective pressure by drugs or a genetic transfer sys-
tem is essential for the increase or spread of drug resis-
tant organisms. E. faecium clinical isolates are usually
multiple-resistant and VanA type vancomycin resistant
enterococci (VRE) are predominately isolated from E.
Jaecium [6,7]. Transferable plasmids or mobile genetic
elements encoding drug resistance traits have been re-
ported in E. faecium. The VanA-type resistance determi-
nant is encoded on transposon Tnl546, which is borne
by non-conjugative or conjugative plasmids that trans-
fer among enterococci by mating on a solid surface (fil-
ter mating) [8-10}. The VanB determinant of E. faecium
is encoded on a large mobile genetic element on a conju-
gative transposon [11-13].

Little is known about the systems of efficient plasmid
transfer in E. faecium. Previously, we reported the first
isolation of a new type of conjugative plasmid, named
pMG1 [14-16], which transfers efficiently among entero-
coccus strains during broth mating, carries gentamicin
resistance trait, and was isolated from an E. faecium
clinical isolate in Japan. Conjugative gentamicin resis-
tance pMGl-like plasmids are widely disseminated in
vancomycin resistant E. fuecium clinical isolates in the
US [15), and are thought to contribute to the spread
of other resistance traits, including vancomycin resis-
tance in enterococci [15,16]. In this report, we describe
the drug resistance of E. faecium clinical isolates from
a Japanese hospital, and the transferabilities of the drug
resistance traits.

2. Materials and methods
2.1. Bacteria, plasmid and media

A total of 218 E, faecium clinical isolates were nsed in
this study. These isolates were obtained from different
patients who had been admitted to Gunma University
Hospital, Maebashi, Japan, between January 1990 and
December 1999. A total of 41 E faecium isolates from
the feces of different healthy students were used as con-
trol strains. The laboratory strains and plasmids used in
- this study were E. jfuecalis FA2-2 (Rif*, Fus") [17],
JH2SS (Str’, Spc) [18], E. faecium BM4105RF (Rif,
Fus") [15], BM4105SS (Str", Spch) [15], plasmid pMGI
(gentamicin resistances) (65.1 kbp) [14], pAD1 [19-25],
pPD1 [26-28], pAMS373 [29], pAMP1 [30], pIP501

[31,32]-and pAMI120 [33]. The media used in this study
were Todd-Hewitt broth (THB) and agar plates (Difco
Laboratories, Detroit, Mich.). The MIC of the antimi-
crobial drugs was determined according to the criteria
of the National Committee for Clinical Laboratory
Standards (NCCLS) using Mueller-Hinton agar. The
antibiotic concentrations used in the selective plates
were as follows (in micrograms per milliliter); ampicillin,
235; fosfomycei, 25; erythromycin, 25; streptomycin, 500;
spectinomycin, 500; kanamycin, 500; gentamicin, 500;
chloramphenicol, 25; tetracycline, 3; vancomycin, 3;
rifampin, 25; and fusidic acid, 25.

2.2. Mating procedures

Broth mating and filter mating were performed as
previously described [34-36] with a donor/recipient ratio
of 1:10.

2.3. Isolation and manipulation of plasmid DNA

Plasmid DNA was isolated by the alkaline lysis
method [37,38].

2.4. Pulsed-field gel electrophoresis of chromosomal DN A

Pulsed-field gel electrophoresis (PFGE) of chromo-
somal DNA isolated from the E. faecium strain was per-
formed as previously described [3]. The gels were
electrophoresed with a clamped homogeneous electric
field {CHEF-DR II; Bio-Rad Laboratories, Richmond,
CA).

2.5. Southern hybridization

Southern hybridization was performed with the
digoxigenin-based non-radioisotope system of Boehrin-
ger GmbH (Mannheim, Germany), and all procedures
were based on the manufacturer’s manual and standard
protocols [15,37).

3. Results and discussion

3.1 Drug resistance and the conjugative transfer of
high-leve! erythromycin and gentamicin resistance

As shown in Table 1, 161 (73.9%) isolates were drug
resistant and the remaining 57 (26.1%) isolates were
drug susceptible. Tetracycline, erythromycin, and ampi-
cillin resistant strains were isolated at relatively high fre-
quencies of about 50-40% when compared to other drug
resistances, and 48 (22.0%) of the isolates had a high le-
vel of resistance to gentamicin (more than 500 pg/ml
MIC). No vancomycin resistant isolates were obtained.
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Table 1
Isolation of drug resistance of E. fuecium

Drug resistance

Number of drug resistant strain (%)

Clinical isolates

Isolates from feces of healthy students

Ampicillin (Ap) 97 (44.5%)

Chioramphenicol (Cmy) 8 (3.7%)

Erythromycin (Em) 101 (46.3%) 1 (2.4%)
Gentamicin (Gm) 48 (22.0%) 1(2.4%)
Kanamycin (Kmy) 82 (37.6%) 3 (7.3%)
Streptomycin (Sm) 41 (18.8%) 1 (2.4%)
Tetracyclin (Tc) 120 (55.0%) 5(12.2%)
Vancomycin (Vm) 0 (0%0)

Drug susceptible 57 (26.1%) 33 (80.5%)
Total number of strains tested 218 (100%) 41 (100%)

The drug resistance levels (MICs) of ampicillin, chioramphenicol, erythromycin, gentamicin, kanamycin, streptomycin, tetracyclin, and vancomycin
were equal to or greater than 16, 16, 16, 64, 1024, 512, 8 and 64 pg/ml, respectively.

Drug resistance among the isolates showed many
different patterns and there was no predominant drug
resistant pattern. Approximately 30% of the
isolates were resistant to more than four drugs (data
not shown).

To examine the transferability of the high-level eryth-
romycin (more than 100 pg/ml MIC) and gentamicin
resistances, broth mating or filter mating experiments
were performed between each drug resistant isolate
and the recipient strain E. faecium BM4105RFE. Of the
48 gentamicin resistant isolates, five were transferred
by broth mating and filter mating, and one was trans-
ferred by filter mating only. Of the 101 erythromycin
resistant isolates, four were transferred by broth mating
and filter mating, and 46 were transferred only by filter
mating.

3.2. Gentamicin resistance conjugative plasmid

Each of the five gentamicin resistant strains, which
were obtained by broth mating, were designated as
GF112, GF113, EFG13, EFG16, and EFFG17 and their
drug resistance patterns were Em Gm Km Sm Tc, Ap
Gm Sm Tc, Ap Em Gm Km Sm Te¢, Ap Gm Km Sm
Te, and Ap Em Gm Km Sm Tc, respectively. Each gen-
tamicin resistance trait was transferred to an E. faecium
or E. faecalis strain at a frequency of 1075-1077 per do-
nor cell by broth mating or more than 10° per donor cell
by filter mating. The transfer frequency more than 10°
per donor cell resulted from that plasmid of all donor
cells could transfer to recipient cell and plasmid of the
transconjugant could re-transfer to recipient cell. The
resistance of ten transconjugants of each strain was
examined in detail. All of the transconjugants were resis-
tant only to gentamicin. The gentamicin resistance con-
jugative plasmid pMGI1 (65.1 kbp) was originally
isolated from E. faecium GF113 [14]. The plasmids iso-
lated from GF112, EFG13, EFG16, and EFGI17 exhib-
ited EcoRI restriction profiles almost identical to pMG1
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Fig. 1. Agarose gel electrophoresis of restriction endonuclease-
digested plasmid DNAs of E. faecium isolates harboring a pMGl-
like plasmid, and Southern hybridization with pMG1. (a) Agarose gel
electrophoresis of EcoRT-digested plasmid DNA isolated from genta-
micin-resistant E. fuecium clinical isolates, the gentamicin-resistant E.
Jaecium BM4105RF transconjugants and E. faecalis FA2-2 transcon-
jugants. (b) The gel was Southern biotted and hybridized to pMGI.
Lanes 1, 4, 7, 10, 13: EcoRI-digested plasmid DNA isolated from the
cHnical isolates GF112, GF113, EFG13, EFG186, and EFG17, respec-
tively; lanes 2, 5, 8, 11, 14: EcoRI-digested plasmid DNA isolated from
BM4105RF transconjugants of strains GF112, GFI113, EFG13,
EFG16, and EFG17, respectively; lanes 3, 6,9, 12, 15: EcoRI-digested
plasmid DNA isolated from FA2-2 transconjugants of strains GF112,
GF113, EFG13, EFG16, and EFG17, respectively; lane 16: EcoRI-
digested pMGI; lane 17: HindIIl-digested lambda DNA.
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and hybridized to pMG1 DNA (Fig. 1). These data im-
plied that these isolates harbored pMGl-like plasmids.

Analysis by pulsed field gel electrophoresis of Smal-
digested chromosomal DNA from GF112, GFIi3,
EFG13, EFGl6 and EFG17 showed four different pat-
terns (data not shown). Although thé isolation fre-
quency of gentamicin resistant strains harboring
pMG1-like plasmids was still low, the pMGl-like plas-
mid could also disseminated to different strains in Japa-
nese clinical isolates. EFG13 and EFG17 had identical
restriction endonuclease digestion patterns. EFG13
and EFG17 were isolated from patients in the same
ward who had overlapping periods of hospitalization,
which implied that nosocomial transmission of the
strain had occurred (data not shown).

3.3. Highly efficient transfer of high-level erythromycin
resistance and the conjugative plasmid

There was a possibility that each of the four strains
designated as EFGI114, EFGI115, EFG132 and
EFG160 that transferred the high-level erythromycin
resistance by broth mating were harboring the erythro-
mrycin resistance transferable plasmid. Each erythromy-
cin resistance trait was transferred at a frequency of
around 107*-10~% per donor cell in broth, or around
10722107 per donor cell in filter mating between E. fae-
cium BM4105 strains.

The plasmid DNA was prepared from each erythro-
mycin resistant (Em") transconjugant of BM4105RF
and analyzed by agarose gel electrophoresis. Agarose
gel electrophoresis produced many faint bands of EcoRI
restriction fragments of each plasmid, which implied
that the molecular sizes of the plasmid DNAs were rel-
atively large and these were estimated to be more than
100 kbp (Fig. 2(a)). It is probable that the conjugative
erythromycin resistance plasmids are related to each
other with respect to their DNA similarity. The plasmid
DNA isolated from the EFG132 transconjugant was la-
beled for use as a probe in Southern hybridization (Fig.
2(b)). The plasmid DNAs isolated from each of Em’
transconjugants showed a similar EcoR1 restriction pro-
file with respect to the DNA fragments that hybridized
to the EFG132 plasmid DNAs by Southern analysis.
In particular, two plasmids isolated from the transconju-
gants of EFG132 and EFG160 showed an identical
EcoR1 restriction profile. The plasmid DNAs of the
EFGi32 transconjugant showed no homology with
pMGt (Fig. 2, lane 5). Southern analysis was also per-
formed using the plasmid DNAs of the EFG132 trans-
conjugant and the pheromone-responsive plasmids
pADI1, pPDI1, broad-host-range conjugative plasmids
pAMS1, pIP501, and conjugative transposon Tn9I6. It
showed no homology with other plasmids or the conju-
gative transposon (data not shown), indicating that the
plasmids might be another type of E. faecium conjuga-
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Fig. 2. Agarose gel electrophoresis of restriction endonuclease-
digested plasmid DNAs of erythromycin resistant E jfoecihum
BMA4105RF transconjugants isclated from erythromycin resistant E.
Jaecium isolates, and Southern hybridization with the erythromycin-
resistant plasmid of EFG132. (a) Agarose gel electrophoresis of
EcoRI-digested plasmid DNA isolated from erythromycin-resistant
BM4105RF transconjugants isolated from erythromycin resistant
isolates. (b) The gel was Southern blotted and hybridized with the
plasmid DNA isolated from the transconjugant of EFGi32. Lanes 1—
4: EcoRI-digested plasmid DNAs isolated from the transconjugants of
EFGI114, EFG115, EFG132, EFGI60, respectively; lane 5: EcoRI-
digested pMGL; lane 6; HindIII-digested lambda DNA.

tive plasmids. The high-level erythromycin resistances
{more than 100 pgfml MIC) of E. faecium are generally
determined by erm genes such as ermB and ermdA [39).
The genes encode 23S rRNA methyl transferase and lo-
cate on the mobile elements such as transposon.

3.4. Conjugative transfer of chromosome borne
high-level erythromycin resistance

The erythromycin resistance of E. faecium T383 was
transferred to the recipient strains E. faecalis FA2-2
and Enterococcus hirae ATCC9790RF at a frequency
of 8.6 x 107* and 5.7 x 107° per donor cell by filter mat-
ing, respectively. The erythromycin resistance of each of
the transconjugants was transferred between E. faecalis
strains, between E, hirae and E. faecalis strains, and be-
tween E. hirae strains by filter mating at a frequency of
approximately 107*-10™> per donor cell. The parent
strain E. faecium T383 contained several plasmids (data
not shown). Of the erythromycin resistant E. faecalis
FA2-2 transconjugants, one iransconjugant that was
named E. faecalis KT1 was found to be devoid of plas-
mid after repeated transfer experiments. The erythromy-
cin resistance of E. faecalis KT1 was also transferred
among enterococcus strains during filter mating at a fre-
quency of around 107°-107° per donor cell. These re-
sults implied that the erythromycin resistance
determinant might reside on a transposable element that
is located on the bacterial chromosome and is capable of
subsequent transfer by filter mating.
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The plasmid pAD1 (hemolysin/bacteriocin, 60 kbp) is
an E. faecalis pheromone-responsive plasmid that trans-
fers at high frequency to the E. faecalis recipient strain
during broth mating at a frequency 1072-10° [17,20].
Filter mating experiments were performed using the
erythromycin resistant transconjugant of E. fuecalis
JH28S as a donor and E. faecalis FA2-2 harboring
pAD1 plasmid as a recipient. Erythromycin resistant
transconjugants of E. faecalis FA2-2 (pADI) were ob-
tained at a frequency of around 107> per donor cell. If
the erythromyein resistance transposable element was
transposed to pADI and was linked with the plasmid,
the resistance would be transferred to the recipient E.
faecalis strain at a relatively high frequency as the pher-
omone responsive plasmid pADI in subsequent broth
mating experiments. About 10% of the erythromycin
resistant E. faecalis FA2-2 transconjugants was found
to transfer erythromycin resistance to the recipient
JH2SS strains at the relatively high frequency of 1072

@1 2 3 4 5 6

per domor cell by broth mating, indicating linkage of
the resistance determinant to the plasmid. Four erythro-
mycin resistant E. faecalis FA2-2 (pADI1) transconju-
gants, which transferred the erythromycin resistance at
relatively high frequency by subsequent broth mating,
were chosen as representative strains.

3.5. Agarose gel electrophovesis analysis of pADI
borne erythromycin resistance

The agarose gel electrophoresis profile of EcoRI-di-
gested plasmid DNA from each of the four strains dif-
fered from that of pADIl, which consists of nine
EcoRI fragments designated A to I with corresponding
molecular sizes of 19.3, 154, 12.0, 4.1, 3.4, 2.7, 1.5, 1.2
and 0.2 kbp (Fig. 3(a)). Of the plasmids isolated from
the four strains, one plasmid (pMG3001, Fig. 3(a), lane
3) did not have the 1.2 kbp fragment corresponding to
EcoRI fragment H of pAD1 and the other three

— 24 kbp
—11.5kbp
-~ 8.0 kbp
— 6.4 khp
— 2.7 kbp
— 1,7kbp
{B) EcoRl EcoRl FeoRl
L1 ]
~20 kb 1.7 kb 24 kb 1.5~27 kb
EcoRl EcoRl EceR!
] }
~20 kb 24 kb 1.7kb 15~-27kb

Fig. 3. Agarose gel electrophoresis of EcoRI-digested DNAs of pAD borne erythromycin resistance and the possible structare of the erythromycin
1esistance transposable ¢lement (Tng50). (a) EcoRI-digested plasmid DNA jsolated from erythromycin-resistance pAD1. Lane 1: EcoRI digested
pADI; lane 2: Hindill-digested lambda DNA,; lanes 3-6: EcoRI-digested plasmid DNAs of pMG3001, pMG3002, pMG3003 and pMG3004,
respectively. Symbols: the star and small bar on the left side of the agarose gel for each plasmid indicates the new band and missing band,
respectively. (b) Two putative physical maps of the erythromycin resistance 47 kbp transposable element (Tn950). There are three EcoRI sites in the

transposen and two internal EcoRI fragments (24 and 1.7 kbp).
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plasmids (i.e., pMG3002 (lane 4), pMG3003 (lane 3),
pMG3004 (lane 6)) did not have the 15.4 kbp fragment
corresponding EcoRI fragment B of pAD1. Each of four
plasmids gave rise to four new fragments. The molecular
sizes of the new fragments of pMG3001 were 24, 20, 2.7
and 1.7 kbp. The total molecular size of the four new
fragments of pMG3001 was about 48.4 kbp. These re-
sults implied that EcoRI fragment H (1.2 kbp) of
pADI] had an insertion with molecular size of about
47 kbp, and this 48.2 kbp fragment gave rise tc new four
EcoRI fragments. The molecular sizes of the new frag-
ments of pMG3002 were 30, 24, 6.4 and 1.7 kbp (Fig.
3(a), iane 4). The molecular sizes of the new fragments
of pMG3003 were 28, 24, 9.0 and 1.7 kbp (Fig. 3(a), lane
3). The molecular sizes of the new fragment of
pMG3004 were 25, 24, 11.5 and 1.7 kbp (Fig. 3(a), lane
6). The total molecular size of the four new fragments of
each of these plasmids was about 62,5 kbp. These data
indicated that EcoRI fragment B (15.4 kbp) of pADI
had an insertion with molecular size of about 47 kbp,
and that the 62.5 kbp fragment gave rise to new four
EcoRI fragments in each of the three plasmids. Of the
four new EcoRI fragments observed in each plasmid,
two fragments with a molecular size of 24 and 1.7 kbp
were found in each of the four plasmids. The other
two EcoRI fragments varied in size depending on which
of the four plasmids they originated from, indicating
that each of the two fragments contained either one
fragment that separated EcoRI fragment H (1.2 kbp)
of pAD1 by insertion of the 47 kbp element in case of
pMG3001, and separated EcoRI fragment B (154
kbp) of pADI by insertion of the 47 kbp element in case
of pMG3002, pMG3003 and pMG3004, respectively.
These results implied that the approximately 47 kbp ele-
ment encoding erythromycin resistance had transposed
from the chromosomal DNA to different sites within

" pADI by conjugation. The 47 kbp element, which will
be subsequently referred to as conjugative transposon
Tn930, had three EcoRI sites and the two internal
EcoRI fragments were 1.7 and 24 kbp in size. The puta-
tive EcoRI sites of Tn950 are shown in Fig. 3(b).

3.6. DNA-DNA hybridization

The conjugative transposon Tn9lé (16 kbp, tetM)
was originally isolated from E. faecalis DS16 and is a
representative conjugative transposon. The transposon
Tn917 (5 kbp, MLS' (macrolide-limcosamide-streptogr-
amin B resistance)) was also originally isolated from E.
Jaecalis DS16 and is a member of the Tn3 family. Tn9/7
encodes ermB gene conferring the high-level erythromy-
cin resistance and Tn#!7-like transposon is widespread
in enterococcus species. The plasmid pMG3005, that is
another pAD1 derivative carrying an erythromycin
resistance transposable element within the EcoRI frag-
ment B, was studied for homology with Tn917 and

_contain any

Tng/6. pAM225 is the pBR332-derived vector pBR325
carrying the pAD1 EcoRI fragment H:Tn917.
PAMI120 is the pBR322-derived vector pGL.101 carrying
the pAD1 EcoRI fragment F:Tn%/6. The plasmids
pAM225 and pAMI120 were used as probes for Tn9i7
and Tn9i6, respectively. pAM120 only hybridized to a
2.7 kbp EcoRI fragment of pMG3005 corresponding
to EeoRI fragment F of pADI, which is contained in
PAM210 (Fig. 4(b)). These resuits suggested that the
erythromycin resistance transposable element did not
sequence homologous with Tn976.
pAM225 hybridized to a 1.2-kbp EcoRI fragment of
pMG3005 corresponding to EcoRI fragment H of
pADI, which is contained in pAM225, and also hybrid-
ized to the 24-kbp FeoRI fragment of pMG3005, which
corresponds to the new EcoRI fragment of pMG3005,
and the hybridization band was relatively faint (Fig.
4(c)). The results suggested that the erythromycein resis-
tance transposable element did not contain significant
sequence homologous with Tn%17 and the faint signal
might indicate the similarity with the erythromycin resis-
tance determinant (ermB gene) encoded on the
transposon.

Conjugative transposons are genetic elements that
move from the genome of a donor cell to the genome
of a recipient bacterial cell by conjugation with cell to
cell contact [36,40,41]. Conjugative transposons are
widespread in gram-positive bacteria and play a signifi-
cant role in the dissemination of antibiotic resistance
and are particularly common in streptococci and entero-
cocci {42]. Tn916 (18kbp) and Tnl3545 (25.3 kbp) from

(a) ®) (c)
123435

123 45

Fig. 4. Southern hybridization analysis of the 47 kbp transposable
element {Tn950) that carries erythromycin resistance with the Tn9l6
probe (b) and Tn917 probe (c). (a) Agarose gel electrophoresis of
EcoRI-digested plasmid DNAs of pAD1 and the derivatives. Symbols:
the star and small bar on the left side of the agarose gel of lane 3
indicates the new band and missing band, respectively. (b} Southern
hybridization analysis using the labeled whele plasmid DNA of
PAMI20 as a Tn#16 probe. (c) Southern hybridization analysis using
the labeled whole plasmid DNA of pAM225 as a Tn917 probe. Lanes
l: pADlL; lane 2 pAM307 (pADL:Tn977); lane 3: pGM3005
(pPADL::Tn930, Tn830 inserted into EcoRI fragment B of pAD1); lane
4: pAM210 (pAD1:Tn9i6); lane 5: HindIII-digested lambda DNA.
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E. faecalis and Streptococcus pneumoniae, respectively,
are the best-studied examples of conjugative transpo-
sons in gram-positive bacteria and are representative
of the conjugative transposons. They and many other
conjugative transposons confer tetracycline resistance
on their host strains by the rerM determinant that en-
codes a ribosome binding protein [42]. The conjugative
transposons are excised and integrated via a reciprocal
recombination mechanism using the Int and Xis pro-
teins, which belong to lambda integrase family and are
analogous to lambda Xis protein, respectively.

The 47 kbp transposable element did not contain any
sequence homologous with that of the representative
conjugative transposon Tn9/6. Although the nature of
intercellular transfer of the 47 kbp element was un-
known, these data implied that the 47 kbp element
might be different type of conjugative transposen from
the Tn916-like transposon.
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A clinical isolate of Escherichiz coli from a patient in Japan, isolate KU6409, was found to preduce a
plasmid-encoded (-lactamase that conferred resistance to extended-spectrum cephalosporins and cephamy-
cins. Resistance arising from production of a P-lactamase could be transferred by either conjugation or
transformation with plasmid pKUGOI into E. coli ML4947, The substrate and inhibition profiles of this enzyme
resembled those of the AmpC B-lactamase. The resistance gene of pKU601, which was cloned and expressed
in E. coli, proved to contain an open reading frame shewing 99.8% DNA seguence identity with the ampC gene
of Citrobacter freundii GC3. DNA sequence analysis also identified a gene upstream of ampC whese sequence -
was 99.0% identical to the ampR gene from C. freundii GC3. In addition, a fumarate operon (frd4dBCD) and an
outer membrane lipoprotein (blc) surrounding the ampR-ampC genes in C. freundii were identified, and
insertion sequence (IS26) elements were observed on both sides of the sequences identified (forming an IS26
composite transposen); these results confirm the evidence of the translocation of a B-lactamase-associated
gene region from the chromosome to a plasmid. Finally, we describe a novel plasmid-encoded AmpC (-lac- -

tamase, CFE-1, with an ampR gene derived from C. Sreundii.

The AmpC B-lactamase produced by gram-negative bacteria
such as Citrobacter spp., Enterobacter spp., Serratia spp., and
Morganella spp. can hydrolyze several B-lactam antibiotics, in-
cluding cephamycins and extended broad-spectrum cephalo-
sporins (30).

The regulation of AmpC B-lactamase expression is inti-
mately linked to cell wall recycling and involves at least three
genes: ampR, which encodes a transcriptional regulator of the
LysR family; ampG, which encodes a transmembrane per-
mease; and ampD, which encodes a cytosolic N-acetyl-anhy-
dromuramyl-L-alanine amidase that hydrolyzes 1,6-anhydro-
muropeptides (16, 21, 23, 31). AmpR has been shown to bind
to a 38-bp sequence within the intercistronic region between
ampR and ampC. In the absence of a B-lactam inducer, AmpR
represses the synthesis of B-lactamase 2.5-fold, whereas ex-
pression is induced 10- to 200-fold in the presence of a B-lac-
tam inducer {26). Mutations in the specific site of ampR work
as an activator of ampC and result in the constitutive hyper-
production of AmpC B-lactamase (3, 4, 24). Deletion mutation
of the ampR gene results in a slightly higher level of basal

expression of the Citrobacter freundii B-lactamase, but enzyme - -+

synthesis can no longer be induced. Knockout mutations in the
ampD gene result in constitutive hyperproduction of the
AmpC B-lactamase even in the absence of a B-lactam inducer |
(6, 18).

In recent years ampC genes have been found on conjugative
plasmids, mainly among Klebsiella pneumoniae isolates but also
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Graduate School of Medical Sciences, Kitasato University, Sagamihara
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occasionally among Escherichia coli isolates. Some of these
plasmid-encoded genes have DNA and amino acid sequences
very similar to those of the chromosome-encoded AmpC B-lac-
tamases of C. freundii (CMY-2, CMY-4, and LAT-1) (1, 5, 42,
43), Enterobacter cloacae (MIR-1 and ACT-1) (11, 33), and
Morganella morganii (DHA-1 and DHA-2) (13, 14), although
the phylogenies of the various enzymes (FOX-1, MOX-1, and
CMY9) (12, 15, 19) remain unclear (Fig. 1).

Until recently, plasmid-encoded ampC genes were consid-
ered noninducible because they lack the regulator gene ampR
(35). However, this generalization is no longer valid: three induc-
ible plasmid-encoded AmpC p-lactamases, DHA-1, DHA-2, and
ACT-1, have been described; and all of these carry the ampR
and the ampC genes (2, 13, 37). The mechanism by which
plasmid-encoded AmpC B-lactamase was generated from the
chromosomal gene has not vet been discovered. ‘

Compared with plasmid-encoded class A extended-spectrum
B-lactamases, these plasmid-encoded AmpC B-lactamases (ex-
cept for ACC-1) are active against cephamycins and are also
effective against oxyimino-cephalosporins, such as cefotaxime, ~
ceftazidime, and aztreonam, a monobactam. The in vitro ac-

. tivities of these AmpC B-lactamases are not infiibited by-cla-

villanic acid. Genes encoding these enzymes are now found on
plasmids at increasing frequencies (34). '

A plasmid-encoded AmpC B-lactamase which confers resis-
tance to cephamycins and expanded-spectrum cephalosporins
was -defected in Japan in a clinical isolate of E. coli. In this
report, we characterize a novel plasmid-encoded AmpC 8-lac-
tamase, CFE-1, and analyze the nucleofide sequences of the
ampC, ampR, and surrounding genes to compare with those of
chromosome-encoded and plasmid-encoded AmpC B-lactama-
ses,
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FIG. 1. Dendrogram for chromosomal and plasmid-encoded AmpC B-lactamases calculated by the Clustal V program by using the neighbor-

joining method (38).

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and pfasmids used in this
study are listed in Table 1. Clinical strain E. coli KUG400 was isolated at a
hospital in Japan in 1997 and was found to contain plasmid pKU60L. E. coli K-12
MLA947 (AmpD wild type) and MLA953 (AmpD mutant) strains were used as
recipients of the plasmid (24, 27). Plasmid pHSG398 is a vector plasmid that
confers resistance to chloramphenicol.

Antibacterial agents, Reference samples of the antibacterial agents listed
below were used in this study and were provided as powders of known potencies
by the respective manufacturers. Piperacillin (Toyama Chemical, Toyama, Ja-
pan) was used as a representative penicillin, while cephalothin (Shionogi, Osaka,
Japan), cefpodoxime (Sankyo, Tokyo, Japan), cefmetazole (Sankyo), cefotaxime
(Nippon Hoechst Marion Roussel, Tokyo, Japan), and cefepime (Bristol-Myers
Squibk, Tokye, Japan) were used as representative cephems. Other B-lactam
agents, including imipenem (Banyu Pharmaceutical, Tokyo, Japan) as well ag
chloramphenicol (Sankyo) and rifampin (Sigma Chemical, St. Louis, Mo.}, were
also used. Clavulanic acid (SmithKline Beecham Pharmaceuticals, Tokyo, Japan)
was nsed as a f-lactamase inhibitor.

Drug susceptibility assay. The susceptibility profiles were determined by the
agar diletion method with sensitivity disk agar (Eiken Chemical, Tokyo, Japan)
according to the guidelines of NCCLS (29).

Tramsconjugation. Conjugation was carried out by a broth method as de-
scribed previously (20). Exponential-phase Luria broth cultures of donor strain
KU6400 and recipient strain MLA947 were mixed at a ratio of 1:10 (by volume).

This mating mixture was incubated for 2 h at 35°C. The transconjugants were
selected on sensitivity disk agar containing rifampin at 64 j,g/ml and cefpodoxime
at 4 pg/ml.

Assay for B-lactamase. Crude extraction of AmpC B-lactamase was performed
as described previously (32). Cells were harvested by centrifugation (1,700 X g,
10 min), resuspended in 3 ml of 50 mM potassium phosphate buffer (pH 7.0), and
sonicated. After centrifugation at 14,000 X g for 10 min at 4°C, B-lactamase
activity was measured by determination of the protein content of the extract, and
the protein contents of the cultures were compared. B-Lactamase activity was
determined by spectrophotometry (UV2000; Shimadzu, Tokyo, Japan) at 30°Cin
50 mM phosphate buffer (pH 7.0). Protein content was determined by a protein
assay (Bio-Rad Laboratories, Hercules, Calif.} (10). One unit of p-lactamase
activity was defined as the amount of B-lactamase that hydrolyzed 1 pmol of
cephalothin in 1 min at 30°C. Cefoxitin (10 pg/ml) was used as the inducer,
Induction was allowed to proceed for 60 min (4).

Cloning of the ampC and ampR genes. DNA. extraction, restriction enzyme
digestion, recombinant DNA manipulation, and transformations of plasmid
DNA were performed as described by Sambrook et ak {40). Restriction enzymes
and T4 DNA ligase were purchased from Takara Shuzo (Kyoto, Japan) and
Nippon Gene (Tokyo, Japan}, respectively. Plasmid pKU6G01 DNA was isotated
from E. coli MLA947(pKU601) by the alkaline lysis method (8). The DNA was
digested with BamHI and Bglll and ligated inte the BamHI site of pHSG398.
The recombinant plasmid was desigrated pKU611 and was introduced into E.
coli MLA947 by electroporation with a gene pulse controller unit (Bio-Rad

TABLE 1. Bacterial strains and plasmids nsed in this study

Bacterial strain or plasmid Characteristics”
Bacterial strains
E. coli
MEADAT ..o e rsssssnsssone ¥~ galK2 galT22 hsdR hsdM lacYI metBl1 reld supEd4 Rif' (AmpD wild type)
MLA4953........... wermserenenen B gIK2 galT22 hsdR hsdM lacY] metBI reld supE44 Rif* ampD9 (AmpD mutant)
KU6400. ...Clinical isolate carrying pKU601
C. freundii GCB.rsisersssssmsssonssesianesssersensns Clinical isolate from Japan which produces AmpC B-lactamase
Plasmids

pHSG398

Conjugative plasmid encoding CFE-1 isolated from KU6400

...14-kb fragment containing blape.; gene and ampR gene from pKUG0 cloned into pHSG398
Recombinant plasmid containing ampC gene of pKU611 in pHSG393

...Cloning vector, purchased from Nippon Gene (Tokyo); Chlf

# Characteristics include designation of markers, source, or derivation. Rif, rifampin; Chl, chloramphenicol.
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TABLE 2. MICs of selected antibiotics for E. cofi strains
MIC (pg/mly
Strain

PIP CPD CEF CTX CTX-CLA? CAZ CMZ ATM FEP IPM
KU6400 >256 >256 =256 64 64 64 64 8 0.25 0.25
MLA%47(pKUG0I) >256 >256 >256 256 256 >256 256 o4 1 ¢5
MLA953(pKU601) >256 >256 >256 256 256 >256 256 64 1 1
MLA947(pKU611}) 64 >256 >256 16 16 8 i6 2 0.25 0.25
MLA947(pKU612) 8 32 256 4 2 4 2 05 <0.063 0.25
MLA4947 2 05 8 <0.063 <(.063 025 0.5 <0.063 <0063 <(0.063

¢ Antibiotics: PIP, piperacillin; CEF, cephalothin; CPD, cefpodoxime; CTX, cefotaxime; CLA, cdavulanic acid; CAZ, ceftazidime; CMZ, cefmetazole; ATM,

aztreonam; FEP, cefepime; 1PM, imipenem.
& MICs were determined in the presence of clavulanic acid (5 pg/ml).

Laboratories). Transformants (containing ¢mpC and ampR) were selected on the
basis of resistance to cefpodoxime (4 wg/ml) and chloramphenicol (25 wg/ml)
after overnight incubation at 37°C and were further characterized by analysis of
their antibiotic susceptibility patterns. The size of the insert in the plasmid was
estimated by restriction enzyme digestion and electrophoresis in 1.2% agarose
gels.

To construct a plasmid containing only the empC gene, plasmid pKU612,
pKU611 was digested with Sacl and figated into the Sacl site of pHSG398, The
resulting plasmid was used to transform E. cofi ML4947, and the plasmid from
which the fragment containing the ampR sequence was deleted was identified
from the plasmid DNA size and by DNA sequencing,

DNA sequencing and sequence comparisons. Sequencing of both strands of
DNA was carried out as described by Sanger et al. {41} with a BigDye terminator
cycle sequencing kit and an ABI 310 DNA sequencer {Applied Biosystems,
Foster City, Calif.). Sequence analysis and comparison with other known se-
quences were performed with the BLAST and FAST programs at the National
Center for Biotechnology Information.

Nucleotide sequence accession number. The nucleotide sequence data pre-
sented in this report appear in the DDBJ, EMBL, and GenBank nucleotide
databases under accession number AB107899.

RESULTS

Susceptibilities to antibiotics. The MICs of selected B-lac-
tam antibiotics for clinical isolate E. coli KU6400 and the
transconjugants that acquired pKU601 by conjugation at a
frequency of 1077 are given in Table 2. KU6400 was highly
resistant to piperacillin, cefotaxime, the combination of cefo-
taxime and clavulanic acid, aztreonam, and all cephalosporins
except cefepime. The MICs of a variety of different cephalo-
sporins were increased for the transconjugants.

Cloning of the ampC and ampR genes and gene expression in
the E, coli recipient. We selected seven E. coli transformants
resistant to (-lactams in a manner similar to that of E. coli
MIL4947 that acquired pKU601 by conjugation (Table 1}).
These transformants were resistant to cefpodoxime, cefo-
taxime, and chloramphenicol.

All transformants were found to produce an AmpC B-lacta-

mase; they harbored a recombinant plasmid (pKU611) with an

insert of 14 kb from pKU601. E. coli isolates harboring .

pKUG611 showed a resistance profile similar to that of pKU601
{Table 2). Addition of clavulanic acid did niot modify the re-
sistance pattern in any transformant.

Characterization of the Mlacyg, gene, Both strands of the
entire 14-kb insert from recombinant plasmid pKU611 were
sequenced. Analysis of this insert for coding regions revealed
two open reading frames (ORFs) (Fig. 2). The first consisted of
1,137 bp encoding a putative protein of 378 amino acids (Fig.
3). This ORF had an ATG start codon at position 1008 and a
stop codon at position 2151. Database searches with this ORF

identified similarities with several chromosome- and plasmid-
encoded AmpC B-lactamases, particularly the chromosome-
encoded AmpC B-lactamase of C. freundii GC3 (99.8% se-
quence identity) (17). The deduced amino acid sequence
carried catalytic residues S-X-X-K, with the initial serine at
position 64 (which is typical of AmpC B-lactamases); the motif
Y-S-N at position 150; and the K-T-G motif at position 315.

The second ORF, which contained 876 nucleotides was tran-
scribed in the opposite orientation and was Iocated in the 5°
direction from the ampC structural gene. It began with an
ATG start codon at nucleotide 876 and had a stop codon at
nucleotide 3. By analogy with the ampC and ampR genes of the
AmpC B-lactamase, this ORF may correspond to the regula-
tory gene ampR. A sequence corresponding to transcriptional
regulators of the LysR family, particularly the AmpR proteins
of the family Enterobacteriaceae, was deduced. The DNA se-
quence of the corresponding gene from C. freundii GC3 was
99.0% identical to the sequence of this ORF. The deduced
protein sequence showed only one difference, at position 135
{Ala for Asp), compared to the sequence of C. freundii GC3.

The 131-bp region between the ampR and ampC start
codons contained overlapping putative promoters. This region
was 97% identical to the corresponding region of C. freundii
GC3.

Sequences surrounding empR and empC regions. In addi-
tion to identifying the sequences in the regions surrounding the
ampR and ampC sequences, sequence analysis indicated that
the frddBCD operon of C. freundii (7} was located upstream
from the ampC gene; and a part of the ORF contained the
sequence for the outer membrane lipoprotein encoded by the
blc gene of C. freundii (GenBank accession nos. D85910 and
U21727), which was located immediately downstream of the
ampC gene (Fig. 4). Furthermore, two IS20 elements were
observed to surround the ampR and ampC genes and were -
directed in the same orientation, forming an IS26 composite
transposon.’One was inserted in the frdA4 gsne (as,detccﬁed by

" PCR), and another was inserted in the blc gene. "~

B-Lactamase activities. The f-lactamase activities encoded
by the plasmids are shown in Table 3. E. coli MLA%47
(pKU601) and ML4953(pKU601) produced large amounts of
B-lactamase (10.9 and 14.4 U/mg of protein, respectively).
When E. coli ML4953 (AmpD mutant} was used as the host,
the B-lactamase activities encoded by pKU601 were slightly
higher than those detected when E. coli MLA947 (AmpD wild
type) was used as the host. The B-lactamase activities of these
strains in the presence of cefoxitin were slightly increased com-
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* g HL vVGT LWZR S8FER MAP TEP RSGL RTM WYS
1 TEATTGETGC AGCACOCOGG TCAACCAACG GGAAAATTOG CGCATOGGAG GOGTCTCOGG ACGCGATTGC AAACGCGTCA TCCAGTAGCT 90
GLDI QTL FP@Q@ VIRE SGL LHR FMRY PATI AVG
91 CCCCAGATCA ATCTGCGTTA AAAACGGCTG AACGATACGT TCACTGCCAA GCAAGTGCCT GMCATTCTG.ACCGC—TGCM TTGCCACACC 180
16 AQ AAE LMT VSSD FYY YNH TPSP PAE GAA
181 GATCCCCGCC TGCGCGGCTT CCAGCATGGT GACGGACGAG TCAAACACCA CCACGTTGTG CGTCGGTGAC GGAGGCGCTT CTCCGGOG6E 270
.-l_QMW.LTWEDRRYSRLLPFK.L‘I-DAPAKIQSAL
97y GHSCATCCAA AGCGTCCATT CATCACGTCG ATACGATCGC AATAACGGAA ATTTCAGGAT ATCCGCTGGC GCTTTAATCT GOGAGGOCAA 360
" rPSC LPS MPA SCLY QAD TDHWAGG GVYR ITSY
361 CGTTGG0GAA CACAGCGGAG ACATCGGCGC GCTACACAMA TATTGCGCGT COGTATCGTG CCAGGCTCCC CCTOCGTAGC GAATGGTATA 450
DLGE AAP &#VR NNHT SIHLDI HPCNTU REF DSL
451 ATCCAGCCCT TCGGCGGCGG GAGCCACACG ATTATTGTGG GTGGAAATAT GTAAATCAAT ATGCGGGCAG TTGCGCTTAA AATCGCTCAG 540
LPFL CGVY AFT GVYG6G 1KL KEQ TQKT AFR DLH
541 CAGCGUGAAA AGACAGCCGA COGCAARAGT COCCACTACG CCAATTTTAA GTTFTTCCTG AGTCTGTTET GTGGCAAAAC GATCGAGCAT 630
GAMR DFsS DNL VPLL SEG ETT LKLG RSGC RVE
631 CCOCGGCCATA CGA'{,QGAAAG AGTCATTAAG TACAGGTAAC AGACTCTCTC CTTCAGTCGT CAGCATTAAC CCTCGAGAGC CACGCACAAA 720
LQCN L QQ ELAKVYHKQ SIA SHT VNLE IAATRTE
721 AAGCTGACAA TTCAGCTGTT GCTCCAGCGC TTTTACATGC TGGCTGATGG CAGAATGCGT CACATTGAGC TCAATCGCAG CGCGGGTAAA 810
SLHR AAA EFARLSN LPI YSRTHK
811 ACTAAGATGT CTGGCOGCTG CTTCAAAAGC TCGCAGCGAG TTAAGGGGGA TATAGCTACG CGTCATTATC TGACCTGTTA GAAAAACTTA 900
-35 -10 ampR -
901 TACCTGCTGC TAEATT‘F&P\C CGYTIGTCAA CACHATGC ATCMACACA EEEATTGCGT CTGACGGGCC CGGACACCCT TACGCTTTTA 990
~10 ampC -35
991 ATGACGGAAA TAATTTCATG ATGAAAARAT CGATATGCTG OGCGCTGCTG CTGACAGCCT CTTTTTCCAC CTTTGCOGCC GCAAAAACAC 1080
M MKKS I CC ALLLTAS ST FAA AKTE
1081 AACAACAAAT TGOCGATATC GTTAACCGCA CCATCACACC GCTGATGCAG GAGCAGGCTA TTCCGGGTAT GGCCGTTGCS ATTATCTACC 1170
. QeI ADI VNRT ITP LMQ EQAT PGM AVA IIVQ
1171 AGGGAARACC TTATTACTTT ACCTGGGGTA AAGCTGATAT CGCCAATAAC CGTCCAGTCA CTCAGCAAAC GCTGTTTGAA CTCRGCTCOG 1260
G XKP YYPF TWGK ADI ANNU RPVYT QQT LFE LG EEH
1261 TCAGTAAAAC GTTCAACGGC GTGCTGGGCG GCGATGCTAT CGCTCGCGGC GAAATCAAGC TCAGOGATCC GGTCACGCAA TACTGGCCTG 1350
PNG VLGG DAI ARG EIKL SDP VTQ Y WPE
1351 AGCTGACGGG TAAGCAGTGG CAGGGTATCA GCCTGCTGCA CTTAGCGACC TACACGGCAG GCGGCCTGCC GCTTCAGGTT CCCGACGACG 1440
LTG KQW Q618 LLHLAT YTAG 6GLP LGV PDDY
1441 TCACGGATAA AGCCGCCTTA CTGCGTTTTT ATCAAAACTG GCAGCCACAA TGGGCACCGG GCGCTAAACG TCTTTACGCT AACTCCAGCA 1530
TDK AAL LRFY QNW QP Q ¥APG AKR LEEEES s I
1531 TTGGTCTGTT TGGCGCACTG GCGGTGAAAC CTTCAGGCAT GAGCTACGAA GAGGCGATGA CCACCCGCGT CCTGCAGCCC TTAAAACTGG 1620
GLF 6AL AVEP SGMHN SYE EAMT TRY LQP LEKLA
1621 CGCATACATS GATTACGGTT CCACAGAGCG AACAAARAGA TTATGCATTG GGCTATCGOG AAGGARAGCC TGTGCATGTA TCCCCTGGCC 1710
BT¥ ITY PQSE QKD Yal 6YRE GKP VHY SPGQ
1711  AACTTGATGC CGAAGCCTAT GGGGTAAMAT CAAGCGTTGT CGATATGACC CGCTGGGTCC AGGCCAACAT GGATGCCAGC CAGGTTCAGG 1800
LDA EAY GVEKS SVV DMT RWVQ ANMDAS QVGQE
1801  AGAAAACGCT CCAGCAGGGA ATCAAGCTTG CGCAGTCACG TTACTGGCGT ATTGGCGATA TGTACCAGGG TCTGGGCTGG GAGATGCTGA 1890
KTL @06 I KLA QSR YWR IGDM YQG6 L GWEMLN
1891 ACTGGCCGGT GAAAGCCGAC TCAATAATTA ACGGTAGCGA CAGCAAAGTG GCGCTGGCAG CGCTTCCCGC CGTTGAGGTA AACCCGCCCG 1980
. WPV EAD $IIN GSD SKV aLAALPAVEY NPPa
1981 CGCCTGCTGT GAAAGCATCA TGGGTGCATA AAACGGGCTC CACTGGCGGA TTCGGCAGCT ACGTTGCTTT CGTTCCAGAA AMAAACCTIG 2070
P AV K AS ES 166 FGSY VAF VPE KNLG
2071 GCATTGTGAT GCTGGCAAAC AAGAGCTATC CARACCCTGC TCGCGTCGAG GCCGCCTGGC GCATTCTTGA AAAACTGCAG TAA 2153
I V¥ L AN KSYP NPA RYE AAWR I LE KL Qg =*

FIG. 2. Nucleotide sequence of the 2,153-bp fragment of pKU611 containing the ampC- and ampR-coding regions. Deduced amino acid
sequences are designated in single-letter code. Putative promoter sequences are represented by the ~35 and —10 regions (boxed). The start and
stop codons of these genes are underlined. Additionally, conserved residues among class C B-lactamases are shown in shaded boxes.
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CFE~1 . MMKKSTCCALLLTASFSTFAAAKTEQQIADIVNRTITPLMQEQAIPGMAVATI YQGKPYY 60
AmDC Cit GC3 ------------------ R R R R L R N I R Frd bbb ransarans
AmpC Cit 0860 ...................................................... E -----
CMY...Z ..... L ......... tE st r e asrrastassasansanansa ...-..-v ........
AmpC Ent P99 +ReeLsev e+ <GI+CoAL-TPVS-K-L-EV-AN-++-+ KA-SV-eoeer Vooons oo
CFE-1 FTWGKADIANNRPVTQQTLFELGSVSKTFNGYLGGDAIARGEIKLSDPVTQYWPELTGKQ 120
AmpC Cit GC3  wreemeensccnacass trartsetraenrsenassana Prarrarta et ey

Ampc cit OSBO """""'H ........................ R ............. K ------ LY
CMY—Z ........... H ...... bt et e dnr i assnassanaaas ....-Koco-..-.-
Ampc Ent ng Y'F"""A'K"'P ........ I....T ............. S.D.A. .R...Q..-on
CFE-1 WQGISLLHLATYTAGGLPLQVPDDVTDKAALLRFYQNWQPQWAPGAKRLYANSSIGLFGA 180
AmDC Cit Gca Pl assas eI se s A PR R R N N R iy ST A sras g

A!!lpC Cit 0860 R .................. I.G ...... E ------------ T -----------------
CMY—2 cresResserritetctanas I D Troerannnes venanes
Ampc Ent ng RM-D«..-- .......... E"'N'S""" ...... K..T‘I‘ ..... A..--obc
CFE-1 LAVEPSGMSYEEAMTTRVLQPLKLAHTWI TVPQSEQKDYALGYREGKPYHVSPGQLDAEA 240
A.B!.DC Clt GC3 vevetuer s e s s uaaas Ferssrsssan s aenuan Procoosansaaans e
AEpC Cit 0SB0 =+cGeesrecerarRearseranrannnaes sava oo eLorerncsncaansans
CMY=2 cesssenssrriees Revroonnnnas erisssNrasaon Prooenomronnonansann
AmpC Ent P99 +-reree- PeeQesee- ++Kee«eDe---Ne-KA-BAH- +Wee eDo s feRe - oMo -0
CFE-1 YGVKSSVVDMTRWVQANMDASQVQEKTLAQGIKLAQSRYWRIGDMYQGLGWEMLNWPVKA 300
AmpC Cit GC3 e b e ittt e s bt brermerermesarasanamnan Le*
AmpC Cit 0SB0 +erev-- Teohrsosnnrans HeovvevrossBrooornnarrannannanns N
CMY-2 R T L R I o D N AL
AmpC Ent P99 -« ~TN-Q-<AN- M-+ -APEN-ADAS K« csAoeveronrns Getveasnraaraas E-
CFE-1 DSTINGSDSKVALAALPAVEVNPPAPAVRASHVHKTGSTGOFCSYVAFVPEKNLGTVMLA 360
AmPC C]’_t GC3 .................... FHt4drreenrssanss B asassasanana AT +a
AmDC Cit 0360 ...... D RN R I R R N N E R L] .
C’MY—z ..... ssansa TR R T R R I R R Yy
AmpC Ent P99 NIVVE:-+-++cevePeefheveenes Prvuntrnsssnnesnsannss TeerQLevess .
CFE-1 NKSYPNPARVEAAWRILEKLQ. 381
AII]DC Cit GC3 seatsaassrrassnennas R

AmpC Cit 08B0 ~revessrsvrtsasnannas

CMY-2 TR EEEL LR s

AmpC Ent PG ~TeevessovoesYHeorAer,

FIG. 3. Derived amino acid sequence of the CFE-1 B-lactamase compared to the sequences of other selected class C B-lactamases. The
alignments of the deduced amino acid sequence of the CFE-1 B-lactamase with the AmpC B-lactamases of C. freundii GC3 (AmpC Cit GC3), C.
freundii OS60 (AmpC Cit OS60), and E. cloacas P99 (AmpC Ent P99) and with the CMY-2 B-lactamase are shown. Dots indicate identical amino

acids at that residue.

pared with the basal level, but the increases were not signifi-
cantly different. This suggests that the bl pg; gene may pro-
duce the enzyme constitutively.

The activity of CFE-1 was not inhibited by clavulanic acid; a~
characteristic confirming the close resemblance of CFE-1 to
the AmpC B-lactamase, as mentioned in the description of the a
nucleotide sequence. o

pKU611, which encoded the ampR and ampC genes, and
recombinant plasmid pKU612, which encoded only the ampC
gene (ie., it lacked the ampR gene), were introduced into E,
coli MLA947; and the B-lactamase activities of each construct
were analyzed (Table 3). The specific enzyme activity of E. coli
ML4947(pKU611) was 1.4 U/mg of protein, while that of E.
coli ML4947(pKU612) was 0.2 U/mg of protein, a markedly
Tlower level of expression.
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DISCUSSION

In addition to previous reports concerning the MOX-1 and
CMY-9 plasmid-encoded AmpC B-lactamases, which were de-
tected in an E. coli clinical isolate in Japan (12, 19}, in the

_present study we characterized a novel AmpC B-lactamase'

first report in East Asiaof a plasrnld -encoded AmpC B-lacta-
mase, CFE-1, carrying an ampR gene denved from the C.
freundii chromosome.

Our findings depict the organization of sequences surround-
ing the ampR-ampC region, including bla g ,, which is seen in
various enterobacterial species. Most plasmid-encoded AmpC
B-lactamases, like CMY-2, CMY-4, and LAT-1, lack the ampR
gene. Citrobacter spp. and Enterobacter spp. possess ampR and
ampC genes, the fumarate operon frddBCD immediately
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ampC
CMY-2 >
. Jfrd ABCD amp( ble
E, coli ) > > >
S, sonnel
o, . Jrd ABCD ampR ampC blc
:\G.ﬁeundu > < — >
E, cloacae
e 1826  frd ABCD ampR ampC ble 1826
CFE-1 > < —> —
hybF ampR ampC Orfl
M. morganii > <4 — —p

FIG. 4. Organization of the sequences surrounding ampC in various enterobacterial species. The positions of the fumarate operon {(frddBCD),
bic, hybF, orf-1, 1526, ampC, and ampR genes are shown, with directions indicated by arrows.

downstream of the ampR gene, and also outer membrane li-
poprotein bic immediately downstream of the ampC gene (7,
9). In contrast, M. morganii possesses the ampR and ampC
genes'but not the fomarate operon (36); kybF is substituted for
the fumarate operon upstream from the ampC gene (Fig. 4).

" Analysis of the blacpg , getie revealed that it has a very close
relationship to the chromosomal gene that encodes the AmpC
B-lactamase in C. freundii (1) (Table 4). The amino acid se-
quence of CFE-1 showed 99.5% 1dent1ty with that of C. freurndii
GC3 isolated from clinical specimens in Japan (17), differing
only at position 221 (Leu for Trp) and position 298 (Val for
Leu) (Fig. 3). This identity was greater than that with C. freun-
dii 0860 (95.0%) (26). The amino acid sequence of AmpR
showed 99.0% identity with that of C. freundii GC3, differing
only at position 135 (Ala for Asp) This similarity strongly
suggests that the blacpg ; gene is derived from the chromo-
somal ampC gene of C. freundii GC3 (2). This hypothesis is
supported by the finding that blg gx ; has both the ampR gene
and the ampC gene, as well as the frd4BCD gene operon and
the blc gene, which were found to surround the ampR and
ampC genes, as in C. freundii.

TABLE 3. B-Lactamase activities of E. cofi strains

Relative B-lactamase activity

Strain (U/mg of protein)”
Noninduced Tnduced®
KU6400 ' 14 79
MLA%47(pKU601) 109 1.1
MLA4953(pKU601) 14.4 16.3
MILA947(pKU611) 14 1.7
ML4947(pKU612) 0.2 ND*

? B-Lactamase activities are the geometric mean determinations for three
independent cultures, The standard deviations were within 10%.

® Cefoxitin (10 pg/ml); was used as the inducer.

< ND, not dene.

In addition, two 1826 elements were detected on plasmid
pKU601; one was located immediately upstream from the frd4
gene, while the other was located immediately downstream of
the ampC gene and was inserted in the blc gene (Fig. 4). These
were directed in the same orientation as that seen for the IS26
composite transposon (25). Some plasmid-encoded B-lacta-
mase genes form part of transposons frequently flanked by
insertion sequence elements, such as IS26 (SHV-2a and
ACC-1y (22, 28) and ISEcpl (CTX-MS) (39). These results
present direct evidence that the blageg ; gene tramslocated to
a plasmid from the chromosome of C. freundii strain GC3 by
using the IS26 function(s). Further studies are continuing to
determine whether the blacge , gene is capable of transloca-
tion.

As shown in Tables 2 and 3, an E. coli strain harboring
pKUGG1 encoding bla g, expressed B-lactamase eonstitu-
tively in the presence or absence of a B-lactam inducer and in
the AmpD wild type (ML4947) or AmpD mutant (ML4953).
E. coli MLAS47(pKU612), which lacks the ampR gene, showed
a decrease in B-lactamase activity cornpared with that of £, col
MILA947(pKUG6LL); nevertheless, the AmpC B-lactamases of C,
freundii, E. cloacae, and M. morganii with an ampR deletion
showed increased levels of B-lactamase expression. This result

TABLE 4. Identity of the CFE-1 amino acid sequence to those of
other AmpC B-lactamases

% Identity with;

B-Lactamase
CFE-1 GC3 0S80 CMY-2 Poy
CFE-1 100 995 950 95.3 745
C. freundii GC3 AmpC 100 95.5 95.8 74.5
C. freundii OS60 AmpC 100 95.8 73.2
CMY-2 100 751
E. cloacae P99 AmpC 100
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indicates that AmpR of pKU601 seems to function as regulator
of the constitutive expression of bl -pg. ;. Bartowsky and Nor-
mark (3, 4) have reported that the activation of ampC tran-
scription in C. freundii is dependent on the conversion of
AmpR into a transcriptional activator. The AmpR mutants of
C. freundii, which have Glu instead of Gly at position 102 or Tyl
instead of Asp at position 135, express B-lactamase at high
levels. Increased levels of B-lactamase expression have been
reported (24) when the Arg-86 and Asp-135 mutations are
present in E. cloacae AmpR. In the ampR gene of pKU601, the
amino acid at position 135 was Ala, whereas it was Asp in the
wild type. These results may indicate that overexpression of
B-lactamase is dependent on mutation of the ampR gene.

In summary, E. coli plasmid pKUG01 was characterized as
harboring a novel plasmid-encoded AmpC B-lactamase,
CFE-1, with an ampR gene. The high level of constitutive
CFE-1 expression in E. coli is presumably caused by the mu-
tation in the ampR gene, in which the Asp at position 135 is
changed to Ala. These results indicate the dissemination of a
resistance gene to different enterobacterial species through
mobilization of a plasmid and transposable event-mediated
gvents.
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In Streptococcus pneumoniae, the ermB gene is carried by transposons, such as Tn917 and Tnl545. This study
investigated the relationship between macrolide resistance and the presence of the ermB gene on Tngi7 or
Tii545 in 84 Japanese pneumococcal isolates, Macrolide-resistant strains were classified into two groups as
follows. Group 1 (19 strains) showed a tendency to high resistance to erythromycin (MIC at which 50% of
isolates are inhibited, 4 mg/liter; MIC at which 90% of isolates are inhibited [MIC,], 128 mg/liter) but
susceptibility to rokitamycin (MIC,,, T mg/liter), with the ermB gene located on Tnl545. Group 2 (65 strains)
showed 2 tendency to high resistance to both antibiotics (MIC,ys for both erythromycin and rokitamycin, >128
mg/liter), with the ermB gene located on Tn917. There were no strains with constitutive macrolide resistance
in either group. All of the strains in group 2 had a deletion in the promoter region of ermB and an insertion
of the TAAA motif in the leader peptide. The results of pulsed-field gel elecirophoresis and serogrouping
showed that Tal545 spread clonally while Tn9I7 spread both horizontally and clonaily. In conclusion, in
Japanese macrolide-resistant S, pneumoniae isolates, the ermB gene is carried and spread primarily by Tn917.

Streptococcus preumoniae is still a major cause of respiratory
tract infections, sinusitis, and acute otitis media. Antimicrobial
resistance of §. prewmoniae has spread all over the world, and
an increase in macrolide resistance has also been reported (1,
5, 7). In Japan, the macrolide resistance of S. pneumoniae has
increased dramatically over the past decade and has reached a
rate of 80% in clinical isolates, although there are some re-
gional variations.

In §. pneumoniae, macrolide resistance is commonly caused
by two major mechanisms: the efflux pump and target modifi-
cation. The effiux pump, encoded by mefA, is associated only
with resistance to 14- and 15-membered macrolides (19). On
the other hand, target modification due to methylase, encoded
by ernB, confers macrolide-lincosamide-streptogramin B
(MLSg) resistance (10). Among Japanese clinical isolates of S.
pneumoniae, 42.7, 52.7, and 3.3% of strains have mefd, ermB,
or both genes, respectively (6).

1t has been reported that two transposons, Tnl545 (22) and
Tn¢i7 (17), carry the érmB gene in S. prnewmoniae. Tnl545 is
almost identical to pAM?77 from Streptococcus sanguinis (98%
identity) and also mediates resistance to tetracycline via fetM

{12) and resistance to kanamycin via aphA-3 (4). In contrast; -~

Tn917 has no resistance genes for tetracycline or kanamycin

and was identified on the nonconjugative muitiple-resistance

plasmid pAD?2 in Enterococcus faecalis DS16 (17).

In this study, we investigated macrolide resistance among
S. prewmoniae isolates in Japan with respect to (i) the rela-
tionship between transposon Tnl545 or Fn917 and resistance
to macrolides, (ii) the question of whether macrolide resis-
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ology, Kitasato University School of Medicine, Sagamihara, Kenagawa
228-8555, Japan. Phone: 81-42-778-9349, Fax: 81-42-778-9350. E-mail:
matsu@kitasato-w.acjp. . :

tance is inducible or constitutive, and (i) regional differences in
the prevalence of the transposons in Japan.

MATERIALS AND METHODS

Bacterial strains. Eighty-four macrolide-resistant S. preumoniae strains were
used in this study. These strains were initially selected by resistance to erythro-
mycin and clindamycin (13). They were isolated between 1998 and 2003, at four
hospitals and one laboratory in Japan, from the sputa of patients with lower
respiratory tract infections and from the nasopharyngeal secretions or rhinorrhea
of patients who had sinusitis with or without acute otitis media. The strains were
preserved at our laboratory. All isolates were identified by their sensitivity to
optochin and by the bile solubility test (16}, as well as by PCR amplification of
the kA gene (8).

Antimicrobial agents. Reference powders of known potency of the following
antimicrobial agents were used: penicillin G (Meiji Seika Kaisha, Ltd., Tokyo,
Japan), erythromycin (Shionogi Pharmaceutical, Osaka, Japan), azithromycin
{Pfizer Laberatories, Gorton, Conn.), rokitamycin (Asahi Kasei, Tokyo, Japan),
and clindamycin (Upjohn, Tokyo, Japan). All of these antimicrobial agents were
kind gifts from the respective manufacturers. Telithromycin (Nippon Hoechst
Marion Roussel, Tokyo, Japan) was also used,

Determination of MICs, MICs were tested by using the six antibiotics men-
tioned above at concentrations between 0.06 and 128 mg/liter, MICs were de-
termined by the twofold agar dilution method using sensitivity test agar (Mueller-
Hinton agar medium; Eiken Chervicals, Tokyo, Japan) with 8% Strepto Haemo

_supplement (SHS; Eiken Chemicals). Bacteria were cultured overnight at 35°C in™

sensitivity test broth (Eiken Chemicals) supplemented with.8% SHS, after which
the culture was diluted to a final concentration of 5 x 107 GFUm! with buffered

" saline containing gelatin, The bacterial suspensions werethén plated with. an’
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inoculator (Sakuma Seisaku, Tokyo, Japan} at an inoculum sizé. of 5 x 16*
CFU/spot onto agar plates containing various concentrations of a test drug. The
plates were incubated for 18 h at 35°C, and the MIC was defined as the lowest
drug ¢concentration that prevented visible growth of bacteria. -~ * "
Detection of resistance genes and analysis of the regulatory regions of the
ermB gene. The presence of macrolide resistance genes was investigated by PCR
using a commercially available kit (Gene Amp PCR kit with AmpliTag DNA
polymerase; Takara, Kyoto, Japan) and a model PH2000 DNA. thermal cycler
(Perkin-Elmer Cetus Instruments, Emeryville, Calif.). The primer set for the
internal region of ermB comprised 5-GAAAAGGTACT CAACCAAATA-3
and 5-AGTAACGGTACTTAAATTGTTTAC-3', while that for the internal
region of mefd comprised 5'-AGTATCATTAATCACTAGTGC-3" and 5-TTC



