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Micromonospora rosea (35%; SWISS-PROT accession
number P24619) and M zionensés (34%; EMBL accession
number JGO018), respectively. RmtA also showed
similarities to the NbrB methylase of the nebramycin-
complex-producing Streproalloteichus hindustanus (33%;
EMBL accession number AF038408), to the Kmr
methylase from the kanamycin-producing Streptomyces
kanamyceticus  (30%; .EMBL  accession number
CAA75800), and to the KgmB methylase from the
nebramycin complex-producing Streptomyces tenebrarius
(31%; EMBL accession number AAB20100). The
dendrogram in figure 4 suggests the evolutionary relation
between the 1638 rRNA methylases and RmtA, implying a
potential intergeneric transfer of the gene from some
aminoglycoside-producing actinomycetes to P aeruginosa.
The dendrogram was calculated with the CLUSTAL W
program.'*

Incorporation of a radiolabelled methyl group into the
3085 ribosomal subunits prepared from P aeruginosa PAO1
(pTOO001}) was seen (figure 5).

Of 1113 clinically isolated P aeruginosa strains that have
been isolated from Japanese hospitals and stocked in our
laboratory since 1997, nine strains were shown to carry
the rmzA gene by PCR. These strains were isolated from
seven separate hospitals in five prefectures in Japan.

Discussion

We have reported a completely new mechanism for
multiple aminoglycoside resistance—that is, enzymatic
methylation of the 16S rRNA found in gram-negative
bacteria.

Although intergeneric lateral gene transfer has been
regarded as a method of acquisition of new phenotypes for
bacreria to survive in hazardous environments,"" its rate
and background are not well known. The rmzd gene
product, RmtA, showed considerable similarity to 168
rRNA methylases that protect 165 RNA in
aminoglycoside-producing  actinomycetes such as
Strepromyces spp and Micromonospora spp. In fact, a cell-
free cytosolic fraction of P aeruginesa PAO1 (pTORmtA)
containing RmtA accelerated uptake of the *H-labelled
methyl group into the 305 ribosome of P aeruginosa
PAQL. Moreover, the rmtd gene was suggested to be
carried by the transposon Tn5041, which mediates
mercury resistance. These results suggest that traces of
the 168 rRNA methylase gene have moved by intergeneric
lateral gene transfer from some aminoglycoside-producing
bacteria into P aeruginosa because of the increasingly
heavy clinical use of arbekacin, which is rarely inactivated
by ordinary aminoglycoside-modifying enzymes generally
found in gram-negative bacteria.

Since arbekacin resistance of strain AR-2 can be easily
transferred to P aeruginosa strain 105 by conjugation
(10~-10"), the rmzA gene could be contained on a self-
transmissible large plasmid, though more precise
characterisation is now underway. This finding indicates
that further widespread dissemination of the rmzd gene in
gram-negative bacteria is possible as an important
ecological result of heavy antibiotic use in clinical
settings.” In this study, nine P aeruginosa strains that carry
the rmeAd gene were isolated from seven separate hospitals
located in five prefectures across Japan. This finding
indicates that in Japanese clinical settings there has been
stealthy multifocal proliferation of P aeruginosa strains that
have acquired consistent and very high-level resistance to
various clinically important aminoglycosides through
production of the newly identified 168 rRNA methylase.
Since resistance to fluoroquinolones and carbapenems has
already developed in gram-negative bacteria including

P aeruginosa,' emergence of mulddrug resistant superbug
strains through further acquisiion of the rmd gene
threatens to become a serious clinical problem. Further
global transmission of the mntd gene in gram-negative
bacteria could become a matter of grave concem
in the future. Like vancomycin-resistant S aurens strains®
and plasmid-mediated quinoclone-resistant Klebsiella
pneumoniae,®  bacteria readily cope with hazardous
environments by accepting any genes, even those from
hereditarily distant microorganisms.**
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Clinical picture
Peritoneal dialysis and an inguinal hernia

Michel Tintillier, Emmanuef Coche, Jacques Malaise,
Eric Goffin

A 59-year-old man with diabetes started chronic
ambulatery peritoneal dialysis (CAPD) in January, 2002,
with 1500 mL exchanges four times daily, After 3 weeks, he
developed massive scrotal cedema. We found a left
inguino-scrotal hemia, which was surgically repaired, and
the patient was switched to haemodialysis. CAPD was
resumed after 4 weeks. Massive scrotal oedema recurred
10 days later. Abdominal multslice helical CT with
intraperitoneal injection of 100 mlL contrast medium
showed a dialysate diffusion through a right inguinal hernia
(figure, scout view), but absence of contralateral leakage,
indicating an efficient surgical repair. Surgical repair was

. then done on the right side. 4 weeks later, we resumed
CAPD without any further complicatons. Clinical exami-
nation had failed to detect any hernias before starting
CAPD. The increased intraperitoneal pressure due to the
dialysate was the probable cause.
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Plasmid-Mediated 16S rRNA Methylase in Serratia marcescens
Conferring High-Level Resistance to Aminoglycosides
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Serratia marcescens S§-95, which displayed an unusually high degree of resistance to aminoglycosides, in-
cluding kanamycins and gentamicins, was isolated in 2002 from a patient in Japan. The resistance was me-
diated by a large plasmid which was nonconjugative but transferable to an Escherichia coli recipient by trans-
formation. The gene responsible for the aminoglycoside resistance was cloned and sequenced. The deduced
amino acid sequence of the resistance gene shared 82% identity with RmtA, which was recently identified as 168
rRNA methylase conferring high-level aminoglycoside resistance in Psewdomonas aeruginosa. Histidine-tagged
recombinant protein showed methylation activity against E. coli 165 rRNA. The novel aminoglycoside resis-
tance gene was therefore designated rmzB. The genetic environment of rmtB was further investigated. The
sequence immediately upstream of rmiB contained the right end of transposon Tn3, including bla gy, while an
open reading frame possibly encoding a transposase was identified downstream of the gene. This is the first
report describing 165 rRNA methylase production in S, marcescens. The aminoglycoside resistance mechanism
mediated by production of 1658 rRNA methylase and subsequent ribosomal protection used to be confined to
aminoglycoside-producing actinomycetes. However, it is now identified among pathogenic bacteria, including
Enterobacteriaceae and P. aeruginosa in Japan. This is a cause for concern since other treatment options are

often limited in patients requiring highly potent aminoglycosides such as amikacin and tobramycin.

Aminoglycoside antibiotics are widely used in clinical set-
tings, especially for treatment of life-threatening infections
caused by gram-negative bacteria. They bind to the highly
conserved A-site of the 168 rRNA of the prokaryotic 305
ribosomal subunits, interfering with the protein synthesis with
subsequent bacterial death (16). The most frequently encoun-
tered mechanism of resistance to aminoglycosides is their
structural modification by specific enzymes produced by
resistant organisms. The three classes of such enzymes are
aminoglycoside acetyltransferases (AAC), aminoglycoside nu-
cleotidyltransferases (ANT or AAD), and aminoglycoside
phosphotransferases (APH) (20). Other mechanisms of resis-
tance include ribosomal alterations, efflux of the agents by ex-
trusion pump, or altered permeability leading to reduced up-
take (3). While ribosomal protection by methylation of 163
rRNA in aminoglycoside-producing actinomycetes gives high-
level resistance to intrinsic aminoglycosides, no clinical isolate
with this mechanism has been found among nosocomial bac-
teria (5, 6).

However, a novel plasmid-mediated 165 rRNA methylase
which conferred an extraordinarily high level of resistance to
aminoglycosides was identified quite recently in a Pseudomo-
nas aeruginosa clinical strain in Japan (23) and submitted to the
DNA Data Bank of Japan in April 2002 (DDBJ accession no.
AB083212). It was the first report of aminoglycoside resistance
mediated by 165 rRNA methylase in gram-negative bacteria.

* Corresponding author. Mailing address: Department of Bacterial
Pathogenesis and Infection Control, National Institute of Infectious
Diseases, 4-7-1 Gakuen, Musashi-Muratyama, Tokyo 208-0011, Japan.
Phone: 81-42-561-0771, ext. 538. Fax: §1-42-561-7173. E-mail: yohei
@nih.go.jp.
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Acquisition of such an efficacious resistance mechanism by
P. aeruginosa was alarming, and there was concern about pos-
sible further dissemination of 165 IRNA methylase genes among
P. aeruginosa and also into other gram-negative bacterial spe-
cies (23).

Serratia marcescens 8-95 isolated from an inpatient in Japan
displayed a very high degree of resistance to many aminogly-
cosides, including arbekacin. This was an unusual observation,
because arbekacin is generally stable under enzymatic modifi-
cation, and only the bifunctional enzyme AAC(6'}-APH(2'") is
known to confer low-level resistance to arbekacin (15). Quite
recently, another putative 165 TRNA methylase, ArmA, con-
ferring high-level resistance to aminoglycosides, was found
in a Klebsiella pneumoniae clinical isolate in France (10).
The ArmA showed a moderate degree of similarity in amino
acid sequence with some 165 rRNA methylases previously
reported from actinomycetes. In the present study, we aimed
to elucidate the mechanism of the high-level resistance to
various aminoglycosides, including arbekacin, found in a clin-
ically isolated S. marcescens strain.

MATERIALS AND METHODS

Clinical background. S. marcescens $-95 was isolated in March 2002 from
sputum of a 76-ycar-old male paticnt at a 500-bed geners! hospital in Japan. He
was originally admitted due to cerebral hemorrhage, but the course had been
complicated with subdural hematoma, bronchial asthma, pneumonia, and uri-
nary tract infection. The paticnt had received panipenem, minocycline, vanco-
mycin, and levofloxacin in the month before isclation of the strain.

Bacterial strains and plasmids. The strains and plasmids used in the study are
listed in Tablc 1. Bacteria were grown in Luria-Bertani (LB) broth or agar plates
{BD Diagnostic Systems, Sparks, Md.) supplemented with appropriate antibiot-
ics.
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TABLE 1. Bacterial strains and plasmids used in this study

Strain Plasmid Characteristic(s)
8. marcescens 8-95 pKRC Clinical isolate from sputum, Kochi, Japan
E. coli CSH2 Resistant to rifampin and nalidixic acid
E. coli XL1-Blue supE44 recAl end AT gyrA96 thi hsdR17 (ry~ my ™) reldl lac [F' proAB™ lacI"ZAM15:Tni0{(Tet"))
E. coli X1.1-Blue pKRC Transformant
E. coli XL1-Blue pBCSK+ Chloramphenicol-resistant cloning vector
E. coli X1.1-Blue pS93B2 Transformant containing a 4.6-kb BamHI fragment with rmB ligated to pBCSK+
E. coli XL1-Blue pS9558 Transformant containing a 1.2-kb Sau3AI fragment with rmeB ligated to pBCSK+
E. coli XL1-Blue pET2%a(+) Kanamycin-resistant cloning-expression vector
E. coli BL21(DE3)pLysS F~ ompT hsdSg (rg™ mg™) dem gal, M(DE3) pLysS Cm”
E. coli BL2I(DE3)pLysS  pS95HS Transformant containing a PCR-amplified rmeB ligated to pET2%a(+)

Antibiotics and susceptibility testing. The following antibiotics were obtained
from the indicated sources: amikacin, Bristol Pharmaceuticals Y. K., Tokyo,
Japan; arbckacin, kanamycin, and streptomycin, Meiji Seika Kaisha Ltd., Tekyo,
Japan; chloramphenicol, Sankyo Co., Ltd., Tokyo, Japan; gentamicin and sisomi-
cin, Schering-Plovgh K. K., Osaka, Japan; hygromycin B, Sigma Aldrich Japan
K. K., Tokyo, Japan; iscpamicin, Asahi Kasei Corporation, Tokyo, Japan; nco-
mycin, Nippon Kayaku Co., Ltd., Tokyo, Japan; rifampin, Daiichi Pharmaceuti-
cal Co., Ltd., Tokyo, Japan; and tobramycin, Shionogi Pharmaccutical Co.,
Osaka, Japan.

MICs were determined by the agar dilution method using Mueller-Hinton
agar {BD Diagnostic Systems) and according to the protocol recommended by
the National Committee for Clinical Laboratory Standards (17).

Transfer of aminoglycoside resistance genes. Conjugation experiments were
conducted using Escherichia coli CSH2 as the recipient by broth mating and filtes
mating methods (7, 9). Transconjugants were selected on LB agar supplemented
with rifampin (50 pg/m!}, nalidixic acid (50 pg/ml), and kanamycin (25 pg/ml).
Plasmid DNA of §. marcescens $-95 was purificd by the method of Kada et al.
(13). Transformation of E. coli XL1-Bluc with the plasmid DNA of 8. marcescens
5-95 was performed using standard electroporation techniques. Transformants
were selected on LB agar containing kanamycin (25 pg/ml).

Cloning and sequencing of aminoglycoside resistance genes, The basic recom-
binant DNA techniques were carried out as described by Sambrook et al, (19).
The plasmid DNA of 5. marcescens 5-95 was digested with FamII, and the
resultant fragments were ligated in plasmid vector pBCSK™ (Stratagene, La
Jolfa, Calif). Elcctrocompetent £, coli XL1-Blue was then transformed with
these recombinant plasmids. Transformants were selected by resistance to chlor-
amphenicol (30 pg/mt) and kanamycin (25 pg/ml). The enzymes uscd for gene
manipulation were purchased from New England Biolabs, Inc. (Beverly, Mass.)
or Takara Bio Inc. (Otsu, Japan). The DNA sequences were determined on both
strands using BigDyye Terminator Cycle Sequencing Ready Reaction kits and an
ABI 3100 DNA sequencer (Applied Biosystems, Foster City, Calif.). The align-
ments of nucleotide and amino acid sequences were performed with GENE-
TYX-MAC (version 10.1.1; Software Devclopment Co., Ltd., Tokyo, Japan).

Preparation of 305 ribosomal subunits. 308 ribosomal subunits of E. colf
XL1-Blue were prepared as described by Skeggs et al. (21). After ultracentrifu-
gation with sucrose density gradients, fractions corresponding to 305 ribosomal
subunits were collected and concentrated by centrifugation with an Ultrafree-15
centrifigal filter device (Millipore Corporation, Bedford, Mass.). The purity of
the 308 ribosomal subunits was checked by denatured agarose gel clectrophore-
sis of 165 rRNA derived from the material, and the 305 ribosomal sebunits were
stored at —80°C in aliquots until use.

Expression and purification of histidine-tagged RmtB. For use in methylation
assays, RmtB was purificd using a histidine-tag purification system. The entire
coding region of mrB was amplified by PCR with primers MBH-F (5"-GGAA
TTCCATATGAACATCAACGATGCCCT-3') and MBH-R (5'-CCGCTCGA
GTCCATTCTTTTTITATCAAGTA-3). The product was partially double di-
gested with Ndel and Xhol, and ligated to pET29a(+) (Novagen, Madison, Wis.)
double digested with the same enzymes. Electrocompetent £. coli XL1-Blue was
transformed with the recombinant plasmids, and transformants were selected on
LB agar containing arbekacin (20 pg/ml). Several colonies obtained were found
to harbor plasmids with inserts encoding RmiB tagged with six histidine residues
at the C-terminal end. £, cofi BL21{DE3)pLysS (Novagen) was transformed with
one such plasmid, pS95HS5. The transformanis were cultured in 1 liter of LB
broth supplemented with kanamycin (25 pg/ml) to an optical density (Asz) of
approximately 0.7. IPTG (isopropyl-p-thiogalactopyranoside) (0.5 mM) was
then added to the culture, and a further 2-h incubation was conducted before

harvesting. The pellet was washed once with 50 mM phosphate buffer (pH 7.0)
and suspended in 20 mM phosphate buffer (pH 7.4) containing 10 mM imidazole.
The suspension was passed throupgh a French pressure cell (Ohtake Works Co.,
L1d., Tokyo, Japan) a1 120 MPa twice and then centrifuged at 30,000 X g for 30
min. Histidine-tagged RmtB contained in the supernatant was purified using
HiTrap Chelating HP included in the HisTrap kit (Amersham Biosciences, K K.,
Tokyo, Japan) according to the manufacturer's instructions. It was eluted at an
imidazole concentration of 300 mM, and found to be over 95% pure by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. Finally, the enzyme was di-
alyzed a1 4°C against 2 X 200 volumes of HRS buffer (10 mM HEPES-KOH, pH
7.5; 10 mM MgpCly; 50 mM NH,Cl 3 mM 2-mercaptocthanol) and stored at
—80°C in aliquots until usc.

Methylation assay of 168 rRNA. The reaction mixtures for methylation exper-
iments contained 19 pmol of 305 ribosomal subunits from E. cofi XL1-Blue, 10
pmol of histidine-tageed RmitB, and 2.5 uCi of [methyl->H]S-adenosyl methio-
nine (SAM) and were adjusted to 100 pl with methylation buffer (50 mM
HEPES-KOH, pH 7.5; 7.5 mM MCl;; 37.5 mM NH,Cl; 3 mM 2-mercaptoetha-
nol). In control experiments, histidine-tagged RmtB was replaced by an equal
volume of HRS buffer. The reactions were carricd out at 35°C, and 30-pl aliquots
of reaction mixtures were sampled at @, 10, and 30 min, respectively, Each sample
was purificd immediately using an RNeasy Mini kit (QIAGEN K. K., Tokyo,
Japan) according to the instructions provided by the manufacturer. The ¢luate
(50 pl) containing purificd 165 TRNA was spotted on DEAE Fillermat for
MicroBeta (Perkin-Elmer Life Sciences Japan Co., Ltd., Tokyo, Japan). The
filter mat was then covered with MeltiLex for MicroBeta filters (Perkin-Elmer)
on a hot plate. Finally, it was applicd to 1450 MicroBeta TRILUX (Perkin-
Elmer), and the radioactivity of each spot was determined.

Nucleotide sequence accession nomber. The entire nucleotide scquence con-
taining mtB and determined in this study appears in the EMBL/GenBank/DDBJ
databascs under accession nember AB103506.

RESULTS

Aminoglycoside resistance of S. marcescens $-95. The MICs
of aminoglycosides for S. marcescens S-95 are listed in Table 2.
5-95 showed a high level of resistance to kanamycin, tobramy-
cin, amikacin, arbekacin, gentamicin, sisomicin, isepamicin,
streptomycin (MIC, >1,024 pg/ml), and hygromycin B (MIC,
128 pg/mi), but not neomycin.

Transfer of aminoglycoside resistance. The aminoglycoside
resistance of S. marcescens 5-95 could not be transferred to the
recipient E. coli strain CSH2 by conjugation despite repeated
attempts. However, the aminoglycoside resistance could be
transferred to E. coli XL1-Blue by electroporation, and the
resultant transformants harbored a large nonconjugative plas-
mid of the parental strain, which was designated pKRC,

Cloning of aminoglycoside resistance gene. Competent cells
of E. coli XLL1-Blue were electrotransformed with recombinant
plasmids of pBCSK™ carrying a BamHI-digested fragment of
total DNA from S. marcescens 5-95. Transformants obtained
with selection by kanamycin and chloramphenicol were found
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TABLE 2. Results of antibiotic susceptibility testing

MIC

Aminoglycoside (ug/mi)

8. marcescens 8-95 E. coli XL1-Blue(pXRC) E. cofi XL1-Blue(p395B2) E. cofi X1.1-Blue(pS9558) E. coli XL1-Blue(pBCSK+)
Kanamycin >1,024 >1,024 >1,024 =>1,024 0.5
Tobramycin >1,024 1,024 64 128 0.25
Amikacin >1,024 1,024 1,024 >1,024 0.5
Arbekacin >1,024 256 256 1,024 013
Gentamicin =1,024 >=1,024 1,024 1,024 0.13
Sisomicin >1024 >1,024 128 512 013
Isepamicin >1,024 >1,024 1,024 1,024 0.25
Neomycin 2 0.5 0.5 0.5 05
Hygromycin B 128 16 8 16 16
Streptomycin 1,024 128 0.5 0.5 2

to possess recombinant plasmids with a 4.6-kb BamHI insert.
One such plasmid (pS95B2) was selected for further study. The
1.2-kb Sau3Al fragment was recloned with BamHI-cleaved
pBCSK+, and the resultant recombinant plasmid was assigned
pS9558. The MICs of aminoglycosides for E. cofi XL1-Blue
(pKRC), XL1-Blue(pS95B2), and XL1-Blue(pS9558) are listed
in Table 2. The spectrum of resistance of XL1-Blue(pS95B2)
included aminoglycosides belonging to the kanamycin and gen-
tamicin groups, while the degree of resistance was generally
lower than that of the parental strain. MICs of aminoglycosides
for XL1-Blue(pS9558) were generally higher than those for
XL1-Blue(pS95B2}, and this might due to probable multicopy
effect of small plasmid. Both transformants were susceptible to
streptomycin and neomycin. XL1-Blue(pKRC) carrying the
large plasmid from §-95 was resistant to streptomycin as well.
This streptomycin resistance was attributed to the presence
of the integron-borne streptomycin resistance gene aadA42
on pKRC (data not shown).

DNA sequencing of pS95B2. The entire 4.6-kb insert of
pS95B2 was sequenced in the search for a kanamycin-gentam-
icin resistance determinant. The overall structure of the se-
quenced region is depicted in Fig, 1. The first 1.4 kb comprised
the right end of Tn3 and included part of tapR and blargw,
ending with the right-hand inverted repeat (11). An open read-
ing frame encoding 251 amino acids was located immediately
downstream of the inverted repeat. It showed 82% amino acid
identity with rme4, which was recently reported as an amino-
glycoside resistance gene encoding 165 TRNA methylase ina P.
aeruginosa clinical isolate (23), and therefore was designated
muB. A comparison of deduced amino acid sequences of
RmtA and RmtB is shown in Fig. 2. The identity of amino acid
residues between RmtB and ArmA was 29%. Identities with
other 165 rRNA methylases produced by Streptomyces and
Micromonospora species were generally lower. Amino acid
identities of RmtB were 33 and 32% with GrmB and Sgm
methylases of sisomicin-producing Micromonospora rosea and
Micromonospora zionensis, respectively (14); 32% with GrmA
methylase of gentamicin-producing Micromonospora purpurea
(14); 31% with Kmr methylase of kanamycin-producing Strep-
tomyces kanamyceticus (8); 30% with FmrO methylase of
fortimicin-producing Micromonospora ofivasterospora (18); and
27% with KgmB of nebramycin-producing Streptomyces tene-
brarius (12). The putative promoter region of rmtB appeared to
be located within the right-hand end of Tn3, just upstream of
the inverted repeat (Fig. 1b). The nucleotide sequence up-

stream of B shared no significant similarity with that of
rmtA. On the other hand, the sequences downstream of the two
genes showed 78% identity for approximately 0.8 kb and then
diverged. The only other open reading frame identified was
truncated at the end of the cloned insert. The available se-
quence indicated that it encoded at least 358 amino acids,
which shared 99% identity with Orf2, a transposase-like pro-
tein of Salmonella enterica serovar Typhimurium (2), and 56%
identity with Orf513, a putative transposase known to be as-
sociated with sw/I-type complex integrons {9).

Methylation activity of RmtB. Histidine-tagged RmtB-pro-
ducing E. coli XL1-Blue demonstrated a high-level resistance
to arbekacin (MIC, >128 pg/ml), as well as to the other ami-
noglycosides {data not shown). Therefore, this recombinant
protein was purified and used as the enzyme in the methylation
assay. The result is depicted in Fig. 3. The vigorous incorpo-
ration of radiolabeled methyl groups into 165 rRNA of 305
ribosomal subunits from E. colf XL1-Blue in the presence of
purificd RmtB confirmed that RmtB was in fact a functional
16S rRNA methylase.

DISCUSSION

Ribosomal protection by methylation of 165 TRNA has been
known as a principal mechanism of aminoglycoside resistance
among some aminoglycoside-producing organisms such as
Streptomyces spp. and Micromonospora spp. Although produc-
tion of such 165 rRNA methylases confers a very high level of
aminoglycoside resistance to the producers, it had been
thought that this mechanism was confined to environmental
bacterial species without clinical relevance (3, 6).

This picture changed when a P. geruginosa clinical strain
AR-2 was found to produce 165 rRNA methylase, which con-
ferred an extremely high level of resistance (MIC, >1,024
pg/mly to a wide spectrum of aminoglycosides (23). The re-
sponsible gene, rmtd, was located on a self-transmissible plas-
mid, and therefore further dissemination of the gene among P.
aeruginosa and other gram-negative bacteria was anticipated
(23).

In fact, the present study identified the emergence of an 8.
marcescens clinical strain producing 16S rRNA methylase. This
novel enzyme RmtB conferred high-level resistance to various
aminoglycosides. The spectrum included 4,6-disubstituted de-
oxytreptamine aminoglycosides such as kanamycin, tobramy-
cin, amikacin, arbekacin, gentamicin, sisomicin, and isepami-
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FIG. 1. (a) Schematic prescntation of the 4.6-kb BamHI fragment of pS95B2 and 1.2-kb Sau3Al fragment of pS9558. Shaded boxes indicate
terminal inverted repeats (IR) of Tn3. The 1.2-kb insert of pS9558 carries only IR and the rm:B gene as well as its possible promoter. (b) Region
upstream of the rmtB gene. The nucleotide sequence containing the inverted repeat (IR} of the transposon 3 (Tn3) and region upstream of the
rmuB gene are shown. The open reading frame of bia gy is terminated at **TAA, Several dyad symmeiries are indicated with horizontal arrows.
Possible —35 and —10 regions are boxed. IR sequence of TnJ is enclosed with an open cblong box. A Shine-Dalgarnc-like sequence (5.D.)
("***AGGAGY} is located just upstream of the initiation codon (*'®ATG) of the rmsB gene.

cin. However, RmtB did not confer resistance to neomycin,
streptomycin, and hygromycin B, all of which have different
aminocyclitol components. This resistance pattern is consistent
with that conferred by RmtA and includes most of the paren-
teral bactericidal aminoglycosides administered for serious in-
fections caused by gram-negative bacteria (23).

RmtB shared 82% identity with RmtA of P, aeruginosa,
while its similarity with the 165 rRNA methylases of the genera
Streptomyces and Micromonospora was relatively low {up to
33%). As to the origin of the cluster of enzymes including
RmtB and RmtA, at this stage we assume that the responsible
genes have been mobilized to S. marcescens and P. aeruginosa
independently from some yet unidentified aminoglycoside-pro-
ducing bacterial species which are likely related to one an-
other.

In previous studies, crude extracts of the 168 rRNA meth-
ylase-producing organisms were used as the enzyme for meth-
ylation assays (21, 22, 23). The incorporation rate of SAM was
approximately twofold compared with controls in these re-

ports. For improved specificity, we constructed histidine-
tagged RmtB, which rendered its producer resistant to kana-
mycins and gentamicins. The protein was readily purified and
subsequently used for methylation assay in place of crude en-
zyme. As a result, vigorous methylation of 165 rRNA could be
observed, resulting in more than a 20-fold difference in the rate
of incorporation of SAM between the RmtB-containing reac-
tion mixtures and controls (Fig. 3).

165 rRNA methylases produced by aminoglycoside-produc-
ing actinomycetes are known to confer either a karamycin-
gentamicin resistance pattern or a kanamycin-apramycin resis-
tance pattern (5). The MICs shown in Table 2 indicate that
RmtB belongs to the former group of enzymes. GrmB pro-
duced by M. purpurea, which belongs to the kanamycin-gen-
tamicin group, was previously shown to methylate G1405
within the A-site of 165 rRNA, resulting in resistance of the
producer to kanamycin and gentamicin but not neomycin or
apramycin {1). This methylation is known to prevent the for-
mation of hydrogen bonds with ring III of gentamicin Cla, a
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RutB 1 NNIBORLTSILASKKYRALCPDTVRR | LTEEHGRHKSPKQTVERARTALHG ICGAYVTPE 68
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folet - PR T T T - t ¥z
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RatA KLLPLLEREQRGARMALLQALRTPRIAVSFPTRSLGGRGKGMEANYSANFESALPOEFE]
ArmA KHLPVLK-QQ0YN ILOFLGLFHTQNFVISFP IKSLSGKEKGMEENYQLUFESFTKGHIK !
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RetB EDKKTIGTEL 1 YL IKKHG- 251
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FIG. 2. Alignment of the deduced amino acid sequence of RmtB with those of RmtA and ArmA. Asterisks indicate amino acid identities, and
dots denote conserved replacements. Residues conserved among representative 165 rRNA methylases (GenBank azccession no. AB083212,
AB103506, AY220558, M55520, M55521, M87057, 560108, and Y15838) are underlined.

major component of gentamicin which usually interacts with
G1405 - C1496 and U1406 - U1495 base pairs (24). We may
therefore speculate that RmtB methylates a nucleotide within
the A-site in a similar fashion,

rmtB was carried on a large plasmid, pKRC, which was
nonconjugative but transferable to E. coli by electropora-
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FIG. 3. Methylation of 165 rRNA. The 165 rRNA from £. coli
XL1-Blue was incubated with purified RmtB using [methyl-*H]SAM as
a cofactor. The value of each point was calculated with three data
points. Error bars, standard deviations.

tion. The neighboring sequence of rmtB was interrupted
only 22 bp upstream of the initiation codon in the presence
of Tn3. However, the 0.8-kb region downstream of remtB
shared significant identity with the corresponding region of
rmtA, thus reenforcing the idea that the two genes may have
come from similar bacterial species. The mode of acquisi-
tion of rmutB by pKRC was not c¢lear from the sequence
information obtained in this study alone. This large plasmid
also possessed an integron-mediated streptomycin resis-
tance gene, aadA2, so the aminoglycoside-resistant pheno-
type seen in S-95 could be accounted for solely by the
presence of pKRC. The integron is a well-recognized DNA
recombination system that mediates the integration of anti-
biotic resistance genes through site-specific recombination
(4). Future acquisition of additional antibiotic resistance
genes by pKRC may well be possible.

Nosocomial bacteria producing RmtB or RmtA have been
uniformly pan-resistant to 4,6-disubstituted deoxytreptamines,
which cannot be accounted for by production of a single ami-
noglycoside-modifying enzyme except for the bifunctional en-
zyme AAC(6"}-APH(2'"} produced by some methicillin-resis-
tant Staphylococcus aureus strains,. When a gram-negative
pathogen with high-level resistance {MIC, >128 pl/ml) to both
gentamicin and amikacin or tobramycin is detected in the clin-
ical laboratory, additional susceptibility testing using arbekacin
may prove useful. If the MIC of arbekacin exceeds 128 pl/m),
it strongly suggests that the strain produces 168 rRNA meth-
ylase.

In conclusion, we have described the emergence of high-
level aminoglycoside resistance mediated by production of a
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novel 168 rIRNA methylase in an S. marcescens clinical isolate.
Dissemination of mtB to other enterobacterial species as well
as among 8. marcescens i3 of concern.
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Nine Pseudomoenas aeruginosa strains showing very high levels of resistance to various aminoglycosides have
been isolated from clinical specimens in seven separate Japanese hospitals in five prefectures since 1997. These
strains harbor the newly identified 165 rRNA methylase gene {rmitd). When an rmi4 gene probe was hybridized
with genomic DNAs of the nine strains digested with EcoRI, two distinct patterns were observed. The 11.1- and
15.8-kb regions containing the rmtd genes of strains AR-2 and AR-11, respectively, were sequenced and com-
pared. In strain AR-2, a transposase gene-like sequence (sequence 1) and a probable tRNA ribosyltransferase
gene (orf4) were located upstream of rm¢d, and a Na*/H* antiporter gene-like sequence (sequence 2) was iden-
tified downstream of rmt4. This 6.2-kbp insert (the rmeA locus) was flanked by 262-bp «y elements. Part of the
orf0 gene adjacent to an inverted repeat was found outside of the rmtA locus. In strain AR-11, the rmid gene
and sequence 2 were found, but the 5" end of the orf4 gene was truncated and replaced with IS6700. An orfQ-orfI
region was present on each side of the rmt4 gene in strain AR-11. The G+C content of the rmtA gene was about
55%, and since the newly identified rmtd gene may well be mediated by some mobile genetic elements such as
Tn5041, further dissemination of the rmtd gene could become an actual clinical problem in the near future.

Pseudomonas aeruginosa is an important opportunistic
pathogen that is capable of causing chronic and severe invasive
diseases in critically ill and immunocompromised patients.
Aminoglycosides are clinically effective agents for treating in-
fections caused by P. aeruginosa as well as other gram-negative
bacilli. However, multidrug resistance is rapidly emerging in
P. aeruginosa, whose spectrum of resistance often includes
aminoglycosides as well as broad-spectrum B-lactams and fluo-
roquinolones (15). The most frequently encountered molecu-
lar mechanism for aminoglycoside resistance in P. aeruginosa is
the production of aminoglycoside-modifying enzymes such as
plasmid-dependent acetyltransferase (AAC), adenylyltransfer-
ase (AAD), and phosphotransferase (APH) (6, 17, 23). Among
these, production of AAC(6')-11 and AAD(2")-1 is the most
common mechanism for resistance to aminoglycosides in
P. aeruginosa (1}, although ribosomal mutations also play some
part in aminoglycoside resistance (20). Arbekacin, one of the
semisynthetic aminoglycosides belonging to the kanamycin group,
is very efficacious for treatment of infections caused by both
gram-positive and gram-negative bacteria, and since 1990 it has
been approved, for chemotherapy of methicillin-resistant Staph-
ylococcus aurens (MRSA) infections only, by the Japanese health
insurance system. Unlike the other aminoglycosides, arbekacin
is not inactivated by most of the modifying enzymes listed above.
Only the bifunctional modifying enzyme composed of aminogly-
coside-6'-N-acetyltransferase and 2"-O-phosphotransferase ac-
tivity [AAC(6'YAPH(2")] is able to inactivate arbekacin. How-
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Diseases, 4-7-1 Gakuen, Musashi-Murayama, Tokyo 208-0011, Japan.
Phone: 81-42-561-0771, ext. 500. Fax: 81-42-561-7173. E-mail: yarakawa
@nih.go.jp.
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ever, such enzymes have not been found in gram-negative
bacilli to date.

We recently reported a P. geruginosa strain that was highly
resistant to most aminoglycosides, including arbekacin. This
strain harbors a novel aminoglycoside resistance gene named
rmtA, which encodes a new 165 rRNA methylase (29). Produc-
tion of 165 rRNA methylase had been reported among amino-
glycoside-producing actinomycetes, including Micromonospora
spp. and Streptomyces spp., but this novel aminoglycoside re-
sistance mechanism had not been identified in clinical patho-
gens before, although a similar putative 165 rRNA methylase,
ArmA, was found quite recently in Klebsiells preumoniae in
Europe (11). In the present study, we investigated the genetic
environments of the rmid genes harbored by two different
P. geruginosa strains isolated in separate Japanese hospitals.

(Some of the findings presented in this manuscript have
been reported at the 102nd General Meeting of the American
Society for Microbiology [abstr. A-28, 2002] by Y. Doi and at
its 103rd General Meeting [abstr. A-105, 2003] by K. Yamane.)

MATERIALS AND METHODS

Screening of 165 rRNA methylase producers. In October 2001, a total of 903
nonrepetitive clinical strains of P. aeruginose were collected from 278 medical
institutions located in 22 prefectures across Japan. Potential producers of rmed
were first screened for a lack of susceptibility to gentamicin, amikacin, and
arbekacin (MICs, =32 ug/ml). Cue bacterial stock of 210 P, geruginosa strains
isolated clinically since 1997 was also subjected to a screening test for the mid
gene. Strains that formed colonies on aminoglycaside~containing Mueller-Hin-
ton agar plates were subjected to PCR analyses to check whether or not they
harbored the rmed gene. Primers used for amplification of the rmed gene were
RMTA-F (5'-CTA GCG TCC ATC CTT TCC TC-3') and RMTA-R (5"-TTT
GCT TCC ATG CCC TTG CC-3'), which amplify a 635-bp DNA fragment
within the mmAd gene. Template DNAs used were prepared by boiling the bac-
terial suspension at 100°C for 10 min. Cycling parameters consisted of an initial
cycle at 94°C for 5 min; 30 cycles of 94°C for 30 s, annealing at 60°C for 305, and
extension at 74°C for 2 min; and a final 5-min incubation at 74°C. Detection of
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TABLE 1. Bacterial strains and plasmids used in this study

Strain(s) or plasmid Characteristics fg&ﬁg
Strains
P. acruginosa AR-2, AR-3, AR-11, AR-15, AR-26, Clinical isolates carrying the rmtd gene This study
AR-101, AR-105, AR-112, and AR-118
E. coli XL1-Blue supEd4 recAl endAl gyrd96 thi hsdRI7(ry, ™ my %) reldl lac [F~ proAB*  Stratagene
lacl ZAM15:Tnld(Tet)]
Plasmids
pBCSK+ Cloning vector; chloramphenicol resistant Stratagene
pBCRMTH2 Recombinant plasmid carrying a 6.8-kb HindIII fragment containing the  This study
mtA gene of P. aeruginosa strain AR-2
pBCRMTE2 Recombinant plasmid carrying a 10.3-kb EcoRI fragment containing the  This study
rmitAd gene of P, acruginosa strain AR-2
pBCRMTE!1 Recombinant plasmid carrying a 15.8-kb EcoRI fragment containing the  This study

rmiA gene of P. geruginosa strain AR-11

AAC(6')APH(2") was carried out as described by Ida et al. (13). Clinical isofates
and plasmids used in this study are listed in Table 1,

Antibiotics and susceptibility testing. Antibiotics were obtained from the
following sources: amikacin, Bristol Pharmaceuticals K. K., Tokyo, lapan; ar-
bekacin, kanamycin, and streptomycin, Meiji Scika Kaisha L4d,, Tokyo, Japan;
chloramphenicol, Sankyo Co., Ltd., Tokyo, Japan; gentamicin and sisomicin,
Schering-Plough K. K., Osaka, Japan; hygromycin B, Sigma-Aldrich Japan K. K.,
Tokyo, Japan; iscpamicin, Asahi Kasei Corporation, Tokyo, Japar; ncomycin,
Nippon Kayaku Co., Ltd., Tokyo, Japan; rifampin, Daiichi Pharmaceutical Co.,
Lid., Tokyo, Japan; tobramycin, Shionogi Pharmaceutical Co., Ltd., Osaka, Ja-
pan. MICs were determined by the agar dilution method according to the
protocol recommended by the National Committee for Clinical Laboratory Stan-
dards in document M7-A5 (19).

PFGE analysis. Spel (New England Biolabs, Beverly, Mass.)-digested genomic
DNAs of P. aeruginosa isolates were subjected to pulsed-ficld gel electrophoresis
(PFGE) analysis by using a CHEF-DRII system (Bio-Rad Laboratorics, Her-
cules, Calif.) under conditions described elsewhere (5), The pulses were in-
creased linearly from 4 to 8 s for 10 b, after which the phase was 8 to 50 ¢ for 12 h
in this study. Banding patterns of the strains were compared visually; distinct
patterns were defined by more than three fragment differences, in accordance
with the criteria proposed by Tenover et al. (27).

Southern hybridization analysis of the rmed gene. Total DNAs of all strains
were digested with EcoRL (New England Biolabs), clectrophoresed through
L0% agarosc gels, transferred to nylon membranes (Bio-Rad Laboratorics) by
the method of Southern (25), and then hybridized with digoxigenin-labeled rmid
gene fragments by use of the PCR DIG detection system (Roche Diagnostics,
Tokyo, Japan).

Cloning of the /mid gene. Basic recombinant-DNA techniques were carried
out as described by Sambrook et al, (21). EcoRI and HindIll {New England
Biolabs) were used for digestion of genomic DNA. The resultant fragments were
ligated into the plasmid veetor pBCSK+ (Stratagene, La Jolla, Calif.), and
electrocompetent Escherichia coli XL1-Blue (Stratagenc) was transformed with
these recombinant plasmids. Transformants were sclected on Luria-Bertani agar
plates supplemented with 4 g of arbekacin/m! and 30 g of chloramphenicol/ml.

DNA sequencing. DNA sequences were determined as described by Sanger et
al. (22) with BigDye Terminator Cycle Scquencing Ready Reaction kits and a
mode] 3100 DNA sequence analyzer (Applied Biosystems, Foster City, Calif.).
The sequences of the cloned fragments were determined with custom sequencing
primers. Nucleotide sequence alignment was performed with GENETYX-MAC
(version 10.1.1; Software Development Co., Lid., Tokyo, Japan). The nucleotide
sequence was analyzed by the FASTA service of the DNA Data Bank of Japan
(DDBJ) homology scarch system,

Nucleotide sequence accession numbers. The nucleotide scquence dara deter-
mincd in this study will appear in the DDBJ database under nuclcotide accession
numbers AB083212 and AB120321.

RESULTS

Bacterial strains. Among 903 strains collected in Qctober
2001, the MICs of arbekacin, gentamicin, and amikacin for 23
strains (2.5%) were greater than 32 pg/ml, Of these, four
strains (AR-101, AR-105, AR-112, and AR-118), accounting
for 0.4% of all isolates, were found to be positive for rmtA by
PCR analysis. From our bacterial collection of 210 P. gerugi-
nosa strains, 5 strains (AR-2, AR-3, AR-11, AR-15, and AR-
26) were PCR positive for rmtd. AAC(6'YAPH(2"} was not
detected in any of these nine strains by PCR analysis, Strains
AR-2 and AR-3 were isolated from a hospital, as were strains
AR-101 and AR-105. These nine rmt4-positive strains have
been isolated from seven separate medical institutions in five
prefectures in Eastern and Central Japan since 1997.

Susceptibility to antimicrobial agents. MICs of representa-
tive aminoglycosides for these nine strains carrying the rmtA
gene are shown in Table 2. All the strains were highly resistant

TABLE 2. Results of antibiotic susceptibility testing

MIC {pg/ml) for the following P. aeneginosa strain:

Aminoglycoside

AR.-2 AR-3 AR-11 AR-15 AR-26 AR-11 AR-105 AR-112 AR-118
Kanamycin >1,024 >1,024 >1,024 >1,024 >1,024 >1,024 >1,024 >1,024 >1,024
Amikacin >1,024 >1,024 >1,024 >1,024 >1,024 >1,024 >1,024 >1,024 >1,024
Tobramycin >1,024 >1,024 >1,024 >1,024 >1,024 >1,024 >1,024 >1,024 >1,024
Arbekacin >1,024 >1,024 >1,024 >1,024 >1,024 >1,024 >1,024 >1,024 >1,024
Gentamicin >1,024 >1,024 >1,024 >1,024 >1,024 >1,024 >1,024 >1,024 >1,024
Sisomicin >1,024 >1,024 >1,024 >1,024 >1,024 >1,024 >1,024 >1,024 >1,024
Isepacin >1,024 >1,024 >1,024 =>1,024 >1,024 >1,024 >1,024 >1,024 >1,024
Neomycin >1,024 >1,024 >1,024 128 >1,024 1,024 512 >1,024 1,024
Hygromycin B >1,024 1,024 256 128 512 128 128 256 512
Streptomycin 128 128 128 >1,024 512 64 128 128 32
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FIG. 1. PFGE fingerprinting of total DNAs from P. aeruginosa
" isolates digested with Spel, M, PFGE molecular weight marker, The
number above each lane indicates the AR strain number shown in
Table 1.

to 4,6-disubstituted deoxystreptamines such as kanamycin,
amikacin, tobramycin, and arbekacin, which belong to the
kanamycin group, as well as to gentamicin, isepamicin, and
sisomicin, belonging to the gentamicin group. In contrast, lev-
els of resistance to neomycin, streptomycin, and hygromycin B
varied. Strain AR-11 showed a multidrug-resistant profile to
ceftazidime, imipenem, and ciprofloxacin as well as to most
aminoglycosides.

PFGE profiles. The results of the PFGE analysis are shown
in Fig. 1. The Spel-digested patterns of the total DNAs of nine
strains harboring the rmtA gene were apparently different from
each other. This finding suggests not a clonal expansion of an
rmiA-carrying strain but plasmid-mediated transmission of the
rmtA gene among clinical strains with different genetic back-
grounds by the help of some movable genetic elements such as
a transposon and transferable plasmids.

Seuthern hybridization. DNA fragments digested with
EcoRI showed two hybridization patterns. The rmtA probe
hybridized with a 10.3-kbp EcoRI fragment for strains AR-2,
AR-3, and AR-118 and with a 15.8-kbp fragment for strains
AR-11, AR-15, AR-26, AR-101, AR-105, and AR-112 (Fig. 2).

Genetic environments harboring rm¢d genes. A 6.8-kbp
HindIII fragment and a 10.3-kbp EcoRI fragment containing
the rmtA gene of AR-2 were cloned into the plasmid vector
pBCSK+. The 6.8- and 10.3-kbp fragments were inserted into
pBCRMTHZ and pBCRMTE?2, respectively. The schematic
structure of the 11.1-kbp sequenced region cloned from strain
AR-2 is shown in Fig. 3. The rmtd gene was located within a
6.2-kbp genetic locus (the rmt4 locus) flanked by a 262-bp
sequence named the ky element that was previously found in
Tn5041 and predicted to be a relic of mobile genetic elements
(Fig. 3). The elements of the 6.2-kbp rmtA locus, comprising
mtA, orf4, and two additional specific sequences, were located
in the following order: transposase gene-like sequence (se-
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quence 1), probable tRNA ribosyltransferase gene (orf4), rmtA,
and Na*/H" antiporter genc-like sequence (sequence 2) (Fig.
3). The 5’ end of the HindIII fragment flanked merR of the mer
operon found in Tn5041. However, the 3’ end of the EcoRI1
fragment was located within a 17-bp sequence which was com-
pletely identical to a part of the terminal inverted repeat of
Tni72I. This 17-bp sequence was within orfQ, located up-
stream of orfT in Tn5041. The G+C content of the 6.2-kbp
rmtA locus was about 55%. The 15.8-kbp EcoRI fragment of
AR-11 containing the rmtd gene was also cloned into the
plasmid vector pBCSK+, and the resultant recombinant plas-
mid was designated pBCRMTEI11. In the 15.8-kbp EcoRI frag-
ment, a 5'-truncated orfd {orfd"), rmtA, and sequence 2 were
found between IS6100 and a ky element, and the sequence was
completely identical to that of the corresponding region of the
6.2-kbp rmitA locus cloned from strain AR-2. The orfQ and orfI
sequences of Tn5(4] were present both upstream of 156700
and downstream of a ky element in the 15.8-kbp EcoRI frag-
ment cloned from strain AR-11. In the sequenced areas, the
fragments harboring the mmt4 gene appeared to be inserted
between the ky sequences found in Tn5047 (Fig, 3).

DISCUSSION

Aminoglycoside-producing actinomycetes such as Micro-
monospora spp. and Streptomyces spp. protect their 30S ribo-
some through methylation of its 165 rRNA at the aminogly-
coside-binding A site (10, 30). For example, Kgm, which was
isolated from Micromonospora purpurea (28), methylates G1405,
and Kam, which was isolated from Streptomyces tenfimariensis
(24), methylates A1408 (2). The 16S rRNA miethylases had been
thought to exist among aminoglycoside-producing environ-
mental actinomycetes such as Micromonospora spp. or Strep-
tomyces spp (7). However, we recently reported a novel 165
IRNA methylase, RmtA, that was identified in a P. aeruginosa
clinical strain, AR-2 (29). This strain demonstrated an extraor-

2 3 11 15 26 101 105 112 118

FIG. 2. Southern hybridization patterns of EcoRI-digested geno-
mic DNAs. The number above each lane represents the AR strain
number shown in Table 1. The nine strains tested appeared to be di-
vided into two groups by the sizes of EcoRI-digested fragments (10.3
and 15.8 kbp, respectively).
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AR-D gé‘ggg Tnja4!
AR-11 Tns044 Tn5041
. orfT orf3 orfA’  rmtd sequence2 xy orf) @ IR
! |
! S H H lkbp E
| ]I pBCRMTEI!I | 1

F1G. 3. Comparison of the genetic organizations of AR-2 and AR-11. Double-headed striped arrows indicate the position of the rmitd locus and
that of the region common to both sequenced areas. Inserts of pBCRMTH2, pBCRMTE?, and pBCRMTEI11 are indicated by horizontal lines.
Rectangles filled with wavy lines, sequences similar to part of Tn5041. Solid arrowheads in the 15.8-kbp EcoRI fragment, terminal inverted repeats.
mer, the mercury resistance operon, includes merR. Sequence 1, transposase gene-like sequence; sequence 2, Na*/H™ antiporter-like sequence;
orfA, probable tRNA ribosyltransferase gene; orfQ', part of orf(; orfA’, part of 07f4; IR, probable inverted repeat. Restriction sites: H, HindIII;
E, EcoRI. Sequences 1 and 2 encode no complete proteins due to several frameshifts and deletions.

dinarily high level of aminoglycoside resistance to various 4,6-
disubstituted deoxystreptamines, including semisynthetic ar-
bekacin, as well as to gentamicin and kanamycin. In the present
study, we investigated the genetic environments mediating the
rmtA genes found in two different strains of P. aeruginosa. The
G+C content of the rmzd gene was 55%, and those of 168
rRNA methylase genes found in aminoglycoside-producing ac-
tinomycetes were 64 to 72%. These observations suggested
that the rmtd gene might have been acquired by P. geruginosa
from some environmental bacteria such as aminoglycoside-
producing actinomycetes, although the armA gene, with a 30%
G+C content, was speculated to have originated from un-
known bacteria other than actinomycetes. At any rate, lateral
gene transfer across bacterial genera would become much
more important for acquisition of new antibiotic resistance
profiles hereafter.

Although the PFGE patterns of the nine RmtA-producing
strains in this study were highly divergent, Southern hybridiza-
tion showed only two hybridization patterns when genomic
DNAs were digested with EcoRIL This finding indicated that
the rmtA gene might be mediated by some mobile genetic
elements sharing similar genetic environments and spreading
among genetically unrelated strains in geographically separate
hospitals. This speculation would be supported by the finding
that even strains AR-2 and AR-3, isolated at the same hospital,
showed different PFGE patterns. Strains AR-101 and AR-105
also demonstrated quite different PFGE profiles despite being
isolated at the same hospital. Furthermore, the arbakacin re-
sistance profile of AR-2 was transferable to another P. aerugi-
nosa strain by conjugation (29). This suggested that rmtA was
mediated by some transferable plasmids in strain AR-2, but we
failed to visualize the plasmid either by the method of Kado
and Liu (14) or by cesium chloride-ethidium bromide density

gradient ultracentrifugation (21). This is possibly due to the
instability or the very low copy number of the plasmid which
mediates the mntd gene.

Tn5041 was previously identified in a strain of a Pseudomo-
nas species as a mercury resistance transposon (3, 16). Tn5041
carries a 4-kbp insert of unknown origin between erfQ and the
mer operon, and several nonfunctional pseudogenes and pos-
sible mobile elements such as the kv clement locate in this
region, The 262-bp ky element, containing 38 bp of imperfect
inverted repeats starting with the sequence GGGG and termi-
nating internally with the sequence TAAG, falls into the in-
verted repeats of Tn3 family (4). Transposons belonging to the
Tn3 family usually contain transposase and resolvase genes
and some additional genes encoding resistance to antimicro-
bial agents or heavy metals such as mercury between the ter-
minal inverted repeats. The 6.2-kbp rmtA locus found in this
study was flanked by an insertion element-like ky element.
Moreover, the rmtd locus had a transposase gene-like se- |
quence (sequence 1) whose 5’ part showed 80.2% identity with
part of the transposase gene derived from Pseudomonas putida
(accession number AF109307); the 3’ part of sequence 1 had
67.2% identity with part of the transposase gene derived
from Pseudomonas pseudoalcaligenes (accession number
AF028594), but this sequence had no apparent initiation and
stop codons, Thus, the 6.2-kb rmtA locus itself is unlikely to be
an active transposon, although the nucleotide sequences out-
side of the two wky elements were completely identical to the
corresponding regions of Tn5¢4. The Na*/H™ antiporter
gene-like sequences (sequence 2) found in strains AR-11 and
AR-2 were completely identical, although they seemed non-
functional. Multicopy expression of the intact transposase-like
gene and the Na*/H™ antiporter-like gene might disturb sys-
tematic bacterial cell growth, so these genes might have been
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inactivated during replication and translocation of the rmtd
locus.

To examine whether strains other than AR-2 and AR-11
also carry part of the sequence found in Tn5041, Southern
hybridization analysis was performed using a Tn$047-specific
DNA probe containing a sequence between the right-hand -y
element and the orf@ gene, which is conserved in both strains
AR-2 and AR-11. The DNA probes and the rmtd gene probe
hybridized to the same fragments in all nine strains (data not
shown). This finding strongly suggests the probable implication
of some mobile genetic elements such as Tn3047 in the dis-
semination of the rmt4 gene among strains of P. aeruginosa.

The 5’ end of the nntd locus was replaced by IS6100 in strain
AR-11. IS6100 was originally discovered in Mycobacterium for-
tuitum (accession number X53635) (18) and was subsequently
found in several gram-negative and -positive bacteria (9, 26). It
has been reported that transposition of IS6100 stimulates ge-
netic rearrangement (12). Thus, it may be possible to speculate
that the region containing orfQ and orfT found upstream of
156100 might be duplicated during IS6100-mediated recombi-
nation in strain AR-11. The outside sequences of both in-
verted repeats had no DNA homology to the genomic DNA
of P. aeruginosa PAO-1. This finding suggests that the 15.8-kb
EcoRI fragment of strain AR-11 might be carried by a much
longer mobile genetic element, since the arbekacin-resistant
profile of AR-11 was not transferred to another P. aeruginosa
strain by conjugation, and no apparent plasmid was detected in
this strain by the method of Kado and Liu (14). Additionally,
miA gene probes hybridized to the position of chromosomal
DNA (data not shown). These findings strongly suggested that
the mtA gene and its adjacent regions might be integrated into
the chromosomal DNA in strain AR-11.

P. aeruginosa strains harboring the rmt4 gene have already
been found in several separate clinical settings in Japan, and a
gene encoding the same kind of 168 rRNA methylase, called
armdA, has also been identified in members of the family En-
terobacteriaceae, such as Citrobacter freundii (accession number
NC004464) and K pneumoniae (11) {accession number
AY220558), in Europe. ArmA shares 29% identity with RmtA
at the amino acid sequence level. Morcover, a new plasmid-
mediated 165 rRNA methylase, RmtB, that shares 82% iden-
tity with RmtA at the amino acid sequence level, has also been
identified in Serratia marcescens in Japan (8) (accession num-
ber AB103506). From our preliminary study on a bacterial
stock, the presence of these genes was also suggested in several
strains of K. pneumoniae, E. coli, and Acinetobacter species
isolated in Japan. Thus, further dissemination of these genetic
determinants to various pathogenic gram-negative bacilli could
become a serious concern in the near future.

In Japanese clinical settings, various aminoglycosides have
been used in the treatment of bacterial infections, since these
agents still have very high efficacies against both gram-positive
and gram-negative bacteria. Arbekacin is a semisynthetic ami-
noglycoside belonging to the kanamycin-group. It has been
approved, for MRSA infection only, since 1990, and it is still
very efticacious for MRSA infection. Under such clinical cir-
cumstances, arbekacin has been preferentially used in many
clinical settings, although arbekacin-resistant strains which pro-
duce the bifunctional enzyme AAC(6'YAPH(2"} have emerged
in MRSA. No such bifunctional enzymes, however, have been
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found in gram-negative bacilli to date. Thus, acquisition of 168
rRNA methylase would give gram-negative bacteria a great
advantage in coping with clinical environments where huge
amounts of semisynthetic aminoglycosides, including arbeka-
cin, are consumed. Hence, one should recall again that bacte-
ria can survive and proliferate in clinical environments, given
their natural hereditary capacity to overcome the hazards of
any environment.
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