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Nocardia farcinica strains showing high-level resistance to amikacin were isolated from clinical cases in a
Canada-wide bovine mastitis epizootic. Shotgun cloning of the resistance genes in the amikacin-resistant
mastitis isolate N. farcinica IFM 10580 (W6220 [Centers for Disease Control and Prevention]) using a
multicopy vector system revealed that the 16S rRNA gene with an A-to-G single-point mutation at position 1408
(in Escherichia coli numbering) conferred “moderate” cross-resistance to amikacin and other aminoglycosides
to an originally susceptible N. farcinica strain IFM 10152. Subsequent DNA sequence analyses revealed that,
in contrast to the susceptible strain, all three chromosomal 16S rRNA genes of IFM 10580, the epizootic
clinical strain, contained the same A1408G point mutations. Mutant colonies showing high-level aminoglyco-
side resistance were obtained when the susceptible strain N. farcinica IFM 10152 was transformed with a
multicopy plasmid carrying the A1408G mutant 16S rRNA gene and was cultured in the presence of amino-
glycosides for 3 to 5 days. Of these transformants, at least two of the three chromosomal 16S rRNA genes
contained A1408G mutations. A triple mutant was easily obtained from a strain carrying the two chromosomal
A1408G mutant genes and one wild-type gene, even in the absence of the plasmid. The triple mutant showed
the highest level of resistance to aminoglycosides, even in the absence of the plasmid carrying the mutant 16S
rRNA gene. These results suggest that the homozygous mutations in the three 16S rRNA genes are responsible

for the high-level aminoglycoside resistance found in N. farcinica isolates of the bovine mastitis epizootic.

Members of the genus Nocardia are aerobic Gram-positive
soil saprophytes that cause nocardiosis in humans and animals
by infecting lung, skin, brain, and other tissues (5). More than
70 species of the genus Nocardia are known (http://www
.bacterio.cict.fr/n/nocardia.html), approximately half of which
are reported as pathogens. Nocardiosis is on the rise, along
with the increase of immunocompromised patients: more than
100 new cases occur annually in Japan (16), with 500 to 1,000
new cases occurring in the United States (26). Of the greatest
clinical importance within this genus is Nocardia farcinica: in-
fectious cases attributable to this pathogen are the highest
among Nocardia species in Japan and Europe. They often have
multidrug resistance (13). Because treatment for nocardiosis
relies heavily on chemotherapy, this intrinsic multiple drug
resistance presents a serious clinical problem.

Recently, N. farcinica was identified as the causative agent of
a Canada-wide epizootic of bovine Nocardia mastitis reported
during January 1987 to June 1989, linked to repeated intra-
mammary antibiotic therapy and unsanitary practices during
intramammary infusion (8, 18, 22, 28). The results of a recent
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study suggest that the epizootic resulted from transmission of
a unique clone of N. farcinica through intrinsically contami-
nated dry cow intramammary products (4). Epizootic mastitis
isolates of N. farcinica showed high-level resistance to the
aminoglycoside amikacin (MIC > 2,048 pug/ml), which has
been used for treatment of Nocardia species with drug resis-
tance in dairy farming. Resistance to amikacin has not been
observed in Nocardia species isolated from human patients.

Although aminoglycoside resistance in clinical isolates re-
sults from chemical modification of drugs in many cases (19),
modification of amikacin has not been observed in amikacin-
resistant epizootic mastitis strains of N. farcinica (our unpub-
lished data). Moreover, because the level of amikacin resis-
tance in the Canada-wide epizootic is extremely high, a unique
resistance mechanism, e.g., an alteration of drug target in these
strains, is suggested (4).

In the present study, we identified the resistance determi-
nant that is responsible for the high-level aminoglycoside
cross-resistance in N. farcinica isolates obtained in the Canada-
wide bovine epizootic mastitis through shotgun cloning of
genes from one of these isolates, IFM 10580 (W6220; Centers
for Disease Control and Prevention [CDC]) (4). The cloned
gene A1408G 16S rRNA conferred broad-spectrum aminogly-
coside cross-resistance to an amikacin-susceptible N. farcinica
IFM 10152, elucidating the molecular mechanism underlying
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TABLE 1. MICs of various aminoglycosides for amikacin-
susceptible (IFM 10152/pNV19), amikacin-resistant
(IFM 10580), and transformed [IFM 10152/pNV19-
16S(1408G)] N. farcinica strains

MIC (pg/ml)* for strain:

. . IFM 10152/pNV19-
Aminoglycoside 15‘;2; 11(1):51;340 163(1408G)
(day 3) (day 3) Day 3 Day 5

Amikacin <1 >1,024 64 >1,024
Kanamycin 256 >1,024 >1,024 >1,024
Neomycin 16 >1,024 >1,024 >1,024
Streptomycin 64 128 64 128
Arbekacin <1 >1,024 2 >1,024
Gentamicin 64 >1,024 256 >1,024
Tobramycin 32 >1,024 64 >1,024
Paromomycin 8 >1,024 >1,024 >1,024
Apramycin 32 >1,024 64 256
Isepamicin <1 >1,024 16 128
Hygromycin B 32 32 32 32
Fortimicin 8 >1,024 16 >1,024
Ribostamycin 256 >1,024 >1,024 >1,024
Netilmicin <1 >1,024 4 32

“ All transformed cells were cultured in the presence of each aminoglycosides
for 3 or 5 days.
> The susceptible strain was transformed with the empty vector.

the high-level aminoglycoside resistance found in the
epizootic.

MATERIALS AND METHODS

Bacterial strains and plasmids. The mastitis epizootic strain N. farcinica IFM
10580, originally named W6220 (4), was provided by the Special Bacteriology
Reference Laboratory, CDC. Amikacin-susceptible N. farcinica strain IFM
10152 was maintained at the Medical Mycology Research Center, Chiba Uni-
versity, Chiba, Japan. The strains were cultured in brain heart infusion (BHI; BD
Biosciences) broth with or without antibiotics (Table 1). For cloning experi-
ments, Escherichia coli DH5a was used as a host strain. The E. coli were cultured
in Luria-Bertani (LB) medium containing 100 pg of ampicillin or kanamycin/ml.
Nocardia-E. coli shuttle vector pNV19, which contains a neomycin resistance
marker (6), was obtained from the National Institute of Infectious Diseases,
Tokyo, Japan.

Cloning of N. farcinica IFM 10580 genes into a plasmid vector. Genomic DNA
of strain IFM 10580 was partially digested with Sau3AlI, and 1- to 10-kb frag-
ments were inserted into the unique BamHI site of the Nocardia-E. coli shuttle
vector pNV19.

Transformation of the Nocardia strain and recovery of plasmids. The N.
farcinica strain IFM 10152 was transformed using 50 to 100 ng of plasmid DNA
by electroporation, as described in a previous report (14). Cells were plated on
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FIG. 1. N. farcinica TRNA operons, rrnA, rrnB, rrC, and upstream
genes. Positions of forward and reverse PCR primers used in the
present study are indicated by arrows. Partial sequences of the A-sites
for wild-type (IFM 10152) and the epizootic aminoglycoside resistant
(IFM 10580) strains are also shown.

BHI agar plates containing 50 pg of amikacin/ml and incubated for 2 to 3 days
at 37°C. Plasmids were recovered from the amikacin-resistant transformants by
using Isoplant IT (Nippon Gene Co., Ltd.). The recovered plasmids were rein-
troduced into the susceptible strain IFM 10152. The resultant transformant was
IFM 10152/pNV19-16S(1408G) (see Results and Tables 1 and 2, analysis 2).

Establishment of strains highly resistant to aminoglycosides. By incubating
IFM 10152/pNV19-16S(1408G) cells in the presence of 1,024 g of amikacin/ml
at 37°C for 5 days, N. farcinica strains that were highly resistant to aminoglyco-
sides [IFM 10152-M2/pNV19-16S(1408G); see Table 2, analysis 3] were ob-
tained. Strain IFM 10152-M2 (see Table 2, analysis 4) was obtained by eliminat-
ing the plasmid pNV19-16S(1408G) from the host cells by incubating the cells in
BHI medium without amikacin at 37°C for 2 days and then isolating colonies on
BHI agar plates. Elimination of the plasmid was confirmed by examining whether
the host cells regained neomycin sensitivity. Genomic 16S rRNA gene sequences
of the plasmid-eliminated cells were analyzed by using PCR amplification with
specific primers for the three genes (see below), followed by sequencing.

Strain IFM 10152-M3 was obtained spontaneously by incubating IFM
10152-M2 in the presence of 1,024 pg of amikacin/ml for 1 day.

Susceptibility test. Susceptibilities to amikacin and other aminoglycosides
were determined by using the broth microdilution method in BHI medium with
a final bacterial concentration of 10* CFU/ml. Cells were incubated in the
presence of various aminoglycosides at 37°C for 3 or 5 days. The optical densities
at 600 nm (ODy) were then measured to determine the MICs.

The terms “susceptible” and “resistant” were used based on CLSI standards
(21).

DNA techniques. Genomic 16S rRNA genes rrnA, rrmB, and rmmC of N. far-
cinica strains (15) were amplified by using the following forward primers
rrnA-Fw (5'-TACCCGAACTTCGTCGAG-3"), rrnB-Fw (5'-ACACCTCGCAA
TCGGGTACG-3'), and rrnC-Fw (5'-GTGAACAACCAGAAGATCGC-3), re-
spectively (Fig. 1). The reverse primer rrn-Rv (5'-GTACGGCTACCTTGTTA
C-3') was used for all three genes. For nucleotide sequencing, BigDye

TABLE 2. Relations between the subtypes of genomic and plasmid-encoded 16S rRNA genes and amikacin susceptibility in N. farcinica
strains IFM 10152 and IFM 10580

Nucleotide at position 1408 of

¢ A i W -
Analysis Strain® genomic 16S rRNA genes' pgl’olgGl)és Amikacin N;Z;C/fnplt)l‘}nhty (MIC,
A rmB mC
1 IFM 10152 (amikacin susceptible) A A A - Susceptible (<1)
2 IFM 10152/pNV19-16S(1048G) A A A + Moderately resistant (~64)
3 IFM 10152-M2/pNV19-16S(1048G)* G A G + Highly resistant (>1,024)
4 IFM 10152-M2* G A G - Susceptible (<1)
5 IFM 10152-M3* G G G - Highly resistant (>1,024)
6 IFM 10580 (amikacin resistant) G G G - Highly resistant (>1,024)

@ * Strains IFM 10152-M2 and IFM 10152-M3 were generated as described in the text.

’ Nucleotides at position 1408 are either wild-type (A) or mutated (G).

¢ The plasmid carrying 16S rRNA gene with an A1408G mutation is either present (+) or absent (-).

4 MICs were determined on day 3 of incubation.
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Terminator v3.1 cycle sequencing kits and a 3130 Genetic Analyzer (Applied

Biosystems) were used in accordance with the manufacturer’s instructions.
The 16S rRNA sequence of IFM 10580 (W6220) was deposited to GenBank

(GenBank/EMBL/DDBJ accession no. EF452728) (4).

RESULTS

To identify molecular determinants responsible for the high-
level amikacin resistance observed in N. farcinica isolate as a
causative pathogen of the Canada-wide bovine mastitis
epizootic, we performed shotgun cloning for the resistant
genes of the mastitis isolate N. farcinica IFM 10580, using the
Nocardia-E. coli shuttle vector pNV19 (6) and the amikacin-
susceptible N. farcinica strain IFM 10152 as a host strain.
Transformants were selected on BHI agar plates containing
amikacin (50 pg/ml). Of 24 plasmids isolated independently
from the amikacin-resistant colonies, 10 showed moderate
amikacin resistance (MIC ~ 64 pg/ml) when reintroduced to
the susceptible strain IFM 10152 (MIC < 1 pg/ml). Sequenc-
ing of insert DNAs (2 to 6 kb) of the isolated plasmids that
conferred amikacin resistance revealed that all 10 inserts con-
tained the entire region of N. farcinica 16S rRNA gene. In
particular, some inserts contained the coding region of the 16S
rRNA gene and their short flanking sequences. The adjacent
sequences to respective 16S TRNA genes in the isolated plas-
mids indicated that these 16S rRNA genes were derived either
from the A or the rnC rRNA operon, which are two of the
three TRNA operons present in N. farcinica genome (15).
Comparison of the nucleotide sequences of 16S rRNA genes in
the resistant strain with those of amikacin-susceptible N. far-
cinica strain IFM 10152 revealed that 16S rRNA gene se-
quences had guanine-for-adenine substitutions at the con-
served 16S rRNA position 1408 (in E. coli numbering), which
constitutes the aminoacyl site (A-site) of the ribosomal decod-
ing region (helix 44 of 16S rRNA), and corresponds to the
binding target of 2-deoxystreptamine (2-DOS) aminoglycoside
antibiotics, as shown previously in E. coli (8). No other substi-
tution was observed in the isolated 16S rRNA genes compared
to rmnA and rmB genes of the susceptible IFM 10152 strain.

Susceptibilities to several aminoglycosides in the amikacin-
susceptible clinical strain IFM 10152 carrying pNV19 (empty
vector) (IFM 10152/pNV19), amikacin-resistant clinical strain
IFM 10580, and IFM 10152 carrying pNV19 containing the 16S
rRNA gene with A1408G point mutation [IFM 10152/pNV19-
16S(1408G)] are compared in Table 1. The susceptible strain
IFM 10152 had susceptibility to arbekacin, isepamicin, netil-
micin, and amikacin (MICs < 1 pg/ml). On the other hand, the
amikacin-resistant clinical strain IFM 10580 was highly resis-
tant to most of 2-DOS aminoglycosides (MICs > 1,024 pg/ml),
although it demonstrated MICs to streptomycin and hygromy-
cin B that were comparable to those of the wild-type strain
(128 and 32 pg/ml, respectively). Streptomycin and hygromycin
B are known to target the ribosome at a site that is distinct
from the A-site (20). On the other hand, IFM 10152/pNV19-
16S(1408G) demonstrated MICs that were approximately 1
(paromomycin) to >512 (arbekacin) doubling dilutions lower
than those of IFM 10580, but the MICs were 2- to >128-fold
larger for all aminoglycosides (except streptomycin and hygro-
mycin B) compared to IFM 10152/pNV19 on day 3 after the
start of incubation (Table 1). The MICs of IFM 10152/pNV19-
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16S(1408G) for many aminoglycosides were increased further
on day 5 of incubation (Table 1, last column), although those
for streptomycin and hygromycin B were only slightly affected
or unaffected, even after day 5 of incubation. Although the
levels of resistance to some aminoglycoside were low in IFM
10152/pNV19-16S(1408G) compared to the resistant strain
IFM 10580, the spectrum of the resistance was similar between
the clinically isolated resistant strain IFM 10580 and IFM
10152/pNV19-16S(1408G) (for a few exceptions, e.g., netilmi-
cin, see the Discussion). These results suggest that the A1408G
mutation of the 16S rRNA gene is responsible for resistance to
amikacin and many other 2-DOS aminoglycosides observed in
N. farcinica IFM 10580.

The genome sequencing project has shown that N. farcinica
IFM 10152 has three TRNA operons, rmnA, B, and rmnC,
each containing 16S rRNA genes, where the nucleotide at
position 1408 is adenine (1408A, see Table 2, analysis 1) (15).
Therefore, we investigated three 16S rRNA gene sequences in
the amikacin-resistant clinical isolate IFM 10580 after specific
amplification of the respective genes. The result showed that
all three 16S rRNA genes in IFM 10580 harbored identical
A1408G mutations, suggesting that homogeneity for mu-
tated 16S rRNA might contribute to its high-level resistance
to amikacin and other 2-DOS aminoglycosides (see Table 2,
analysis 6).

The IFM 10152 strain carrying pNV19-16S(1408G) showed
only moderate resistance to amikacin (MIC ~ 64 wg/ml) and
other aminoglycosides on day 3 of incubation (Table 1, second
column from the right). Based on a previous report that rRNA-
mediated mutational resistance to aminoglycoside is recessive
in Mycobacterium smegmatis (24), we considered that it is likely
that IFM 10152/pNV19-16S(1408G) expresses both wild-type
(1408A) and mutated (1408G) 16S rRNA genes, which were
derived from chromosomal and plasmid-encoded 16S rRNA
genes, respectively. On day 5 of the incubation, however, we
obtained cells that had apparently acquired higher levels of
resistance to many aminoglycosides including amikacin (Table
1, last column). We considered it possible that these cells might
have acquired chromosomal mutations in 16S rRNA genes in
the presence of the multicopy plasmid carrying the mutated
16S rRNA gene under the stress of the high aminoglycoside
concentration.

To examine this possibility, we eliminated (cured) the plas-
mid pNV19-16S(1408G) from the highly resistant mutants ob-
tained by cultivating IFM 10152/pNV19-16S(1408G) in the
presence of high concentrations (1,024 pg/ml) of amikacin for
5 days and determined the chromosomal 16S rRNA gene se-
quences. The results showed that in those mutants, two of the
three 16S rRNA genes (rmA 16S and rrmC 16S) had been
altered to mutated alleles harboring 1408G (Table 2, analysis
4). These mutant strains containing one wild-type and two
mutated chromosomal rRNA genes were susceptible to ami-
kacin (MIC < 1 pg/ml) in the absence of the plasmid carrying
mutated 16S rRNA gene (Table 2, analysis 4) but were highly
resistant (MIC > 1,024 pg/ml) when transformed with the
plasmid pNV19-16S(1408G) (Table 2, analysis 3).

When the amikacin-susceptible mutant strain IFM
10152-M2 was incubated in the presence of a high concentra-
tion (1,024 pg/ml) of amikacin, cell growth was observed after
24 h of incubation (Fig. 2). The strain growing thereafter was
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FIG. 2. Growth curves of N. farcinica strains: IFM 10152 (wild
type) (@), the clinical isolate IFM 10580 (), IFM 10152-M2 (A), and
IFM 10152-M3 (M) in the presence of 1,024 pg of amikacin/ml.

highly resistant to amikacin (Table 2, analysis 6, MIC > 1,024
pg/ml). Examination of the 16S rRNA gene sequences of the
resistant isolate revealed that 1408A of the third 16S rRNA
gene, rrnB, was also mutated to 1408G in addition to r7nA4 and
rnC 16S rRNA genes. Such highly resistant mutants that are
homozygously mutated in the three chromosomal 16S rRNA
genes (IFM 10152-M3) were obtained from IFM 10152-M2 at
a high rate (2.3 X 1073). In contrast to IFM 10152-M2, IFM
10152-M3 and the clinical resistant strain IFM 10580 grew
significantly faster in the presence of 1,024 pg of amikacin/ml
without a lag time of 12 h (Fig. 2). Together, these results
suggest that high-level aminoglycoside resistance mediated by
16S rRNA mutation is recessive and that the cells become
resistant only when 1408G mutant 16S rRNAs are expressed
homozygously or significantly abundant in comparison to the
wild-type 16S rRNA.

We also investigated the 16S rRNA sequences of four N.
farcinica isolates obtained from the bovine mastitis epizootic in
Canada other than strain IFM 10580. These were strains
W6218 (IFM 10850) from Alberta, W6222 (IFM 10851) from
Newfoundland, W6224 (IFM 10849) from Nova Scotia, and
W6226 (IFM 14848) from Ontario, Canada (4). The results
showed that all three copies of 16S rRNA genes in all four
isolates had the same A1408G mutations. We encountered no
substitution other than the A1408G mutation of 16S rRNA
genes in the four amikacin-resistant clinical isolates examined.
Together with the restriction fragment length polymorphism of
chromosomal DNA and ribotyping study of the isolates per-
formed previously (4), the results suggest that these Nocardia
mastitis isolates might have derived from a single origin.

DISCUSSION

This study demonstrated that the homozygous triplicate
point mutations that occurred at the position 1408 (in E. coli
numbering) of each chromosomal 16S rRNA gene were re-
sponsible for the high-level 2-DOS aminoglycoside cross-resis-
tance observed in the N. farcinica isolates as a causative patho-
gen of Canada-wide bovine mastitis epizootic.

Aminoglycosides have been divided into two major classes:
those containing the streptamine moiety, such as streptomycin,
and those containing the 2-DOS moiety, such as the neomy-
cins. The 2-DOS-containing aminoglycosides bind to the end
of helix 44 in 16S rRNA near the location of the A-site, which
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binds tRNA (20). The nucleotide at position 1408 resides in
the A-site and 2-DOS aminoglycosides block bacterial growth
through interference with protein synthesis. High-level amino-
glycoside resistance attributable to alterations of antibiotic-
binding targets might involve methylation of conserved regions
within 16S rRNA molecules, e.g., an adenine at either position
1405 or position 1408 of 16S rRNA. Modifications of these
types have been found in aminoglycoside-producing organisms
such as Streptomyces and Micromonospora spp. (2) and recently
in clinical strains of Gram-negative bacteria such as Pseudo-
monas aeruginosa (29), Klebsiella pneumoniae (10), and Serratia
marcescens (7). On the other hand, mutational alterations of
16S rRNA at position 1408 have been found to mediate ac-
quired high-level cross-resistance to 2-DOS aminoglycosides in
E. coli and M. smegmatis in vivo (9, 27). However, clinical
high-level resistance to aminoglycosides attributable to 1408G
mutation in the 16S rRNA has been found only in Mycobac-
terium species carrying a single chromosomal rRNA operon,
such as M. tuberculosis, M. abscessus, and M. chelonae (1, 23);
it has not been found in organisms that carry more than two
rRNA operons, such as members of the enterobacteria family,
staphylococci, and streptococci. It has been considered that
acquisition of aminoglycoside resistance by rRNA mutation
might not occur or that it might be rare because most bacteria
harbor multiple rRNA operons and because the mutant allele
is usually recessive in strains that are heterozygous for wild-
type and mutated rRNAs, as shown in the M. smegmatis strain,
which carries two rRNA operons (24), although partial domi-
nance of aminoglycoside resistance attributable to 16S rRNA
mutation has also been reported in E. coli (25). The strains of
N. farcinica have three chromosomal rRNA operons. The bo-
vine mastitis epizootic clinical strains of N. farcinica, including
IFM 10580, represent the first clinical case of high-level ami-
noglycoside resistance attributable to rRNA alteration in bac-
terial species carrying more than two copies of chromosomal
rRNA operons.

The results of these analyses of transformants carrying
1408G mutated rRNA and spontaneous mutants that acquired
the 1408G point mutation in the chromosomal 16S rRNA
genes revealed that aminoglycoside resistance mediated by the
rRNA mutation was recessive in N. farcinica strains. Introduc-
tion of mutated 16S rRNA gene by extrachromosomal repli-
cation of the multicopy plasmid [pNV19-16S (1408G)] conferred
moderate levels of cross-resistance to 2-DOS aminoglycosides
(e.g., MIC ~ 64 pg/ml for amikacin) to susceptible strain IFM
10152. On the other hand, highly resistant (MIC > 1,024 for
amikacin) mutants were obtained spontaneously when moder-
ately resistant cells were cultured in the presence of 1,024 g
of amikacin/ml for a few days (Table 1, last column). The
results show that the strains which are highly resistant to
aminoglycosides had two 1408G point-mutated copies (r7nA
16S and rrnC 16S) and one wild-type copy in chromosomal 16S
rRNA genes [Table 2, analysis3, IFM 10152-M2/pNV19-
16S(1408G)]. The heterozygous mutants were amikacin sus-
ceptible (MIC < 1 pg/ml) in the absence of the plasmid car-
rying mutated rRNA (Table 2, analysis 4, IFM 10152-M2) but
were highly resistant to amikacin (MIC > 1,024 pg/ml) in the
presence of the plasmid (Table 2, analysis 3). The cells became
highly resistant when the third chromosomal 16S rRNA gene,
rmB 168, obtained A1408G mutation (Table 2, analysis 5, IFM
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10152-M3). These results suggest rRNA mutation-mediated
aminoglycoside resistance is recessive, supporting a previous
report in M. smegmatis, where A1408G point mutations were
artificially introduced into one or two of 16S rRNA genes (24).

At present, it remains unknown how the clinical amikacin-
resistant strains acquired multiple homozygous A1408G point
mutations in the three chromosomal 16S rRNA genes. We
think it is unlikely that the highly amikacin-resistant clinical
strains arose through recombination between chromosomal
16S rRNA genes and plasmids, as observed in experimental
conditions (24, present work, Table 1). We assume in the
epizootic a single A1408G mutation occurred at either one of
the three 16S rRNA genes, followed by successive homozygous
mutations in the other two rrn 16S genes in response to the
continued used of aminoglycosides at a high concentration,
resulting in the amikacin-resistant clinical strains. Indeed, the
highly resistant chromosomal mutants (IFM 10152-M3) were
easily obtained from the susceptible chromosomal mutant
without carrying the plasmids (IFM 10152-M2) in the presence
of amikacin (at a frequency of one mutant from 2.3 X 10 cells)
(Table 2). The underlying mechanisms for the homozygous
mutation might be gene conversions among 16S rRNAs, as
have been reported for E. coli, Vibrio parahaemolyticus, and
other strains (11, 12, 17), or other novel but unknown mech-
anisms. Similar homologous recombination has also been hy-
pothesized in Staphylococcus aureus 23S rRNA genes, where
mutant gene dose-dependent increase in MIC to linezolid was
observed (3). It is of great importance to reveal the mecha-
nisms involved in the homozygous mutations for purposes of
clinical treatment and antibiotic therapy, as well as for biolog-
ical interests.

Although the transformants of the susceptible strain IFM
10152 carrying plasmid-encoded mutated rRNA gene [[FM
10152/pNV19-16S(1408G)] acquired high-level resistance to
2-DOS aminoglycosides upon prolonged incubation in the
presence of amikacin (Table 1, day 5), the spectrum of the
aminoglycoside sensitivities differed slightly from that of
the clinical resistant strain IFM 10580 (Table 1, e.g., netil-
micin). Such a difference might be explained by a ratio or
amounts of the wild-type (1408A) and the mutant (1408G)
16S rRNA molecules in the respective strains (only the
mutant 16S rRNA is present in the clinical resistant strains,
but both wild-type and the mutant rRNA are present in the
transformants), and also by a difference in affinities of ami-
noglycosides to the two different types of the rRNA molec-
ular complexes. Alternatively, some aminoglycosides, e.g.,
netilmicin, might have some mode of action in addition to
binding to the A-site of the 16S rRNA complex.

The results of the present work generalized the previous
finding that the mutant allele of 16S rRNA, which confers
aminoglycoside resistance, is recessive in microbes having
more than two 16S rRNA operons. Nevertheless, the present
evidence conflicts with the idea that aminoglycoside resistance
might seldom be obtained by multiple mutations of 16S rRNA
genes in microbes having multiple 16S rRNA operons. We
have not encountered clinical cases of “human” infection with
aminoglycoside-resistant microbe harboring the serial 16S
rRNA mutations, but we must remain aware of such cases for
the future.
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