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MIC 252 u g/ml LA EDRER])
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0 6 2. 2 15,216 3. 5 2. 2
1 6 1.3 10,550 2. 6 1. 5
2 12 1. 9 12,276 1. 5 1. 7

£5. 0B 7N o VHEIC XA HEEBIRIZET 250 PRP Hiff (1 g/mlb)

EE AR 1 PRP Hufff (M{EHRHIA OFB)
EF1 1% M 2.35 (5) 3.08 (11) 5.14 (5M) 1.27(11M)
2 1% F 1.43 (0) 2.00 (21) 2.02 (41)
3 1% M >9,0(4) > 9.0 (19) > 9.0 (32)
4 1% M 1.03 (1 2.81(11) 2.88 (20)
5 7B M 1.45 (10) 1.17 (12)
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Antigenic divergence has been found between Bordetella pertussis vaccine strains and circulating strains in
several countries. In the present study, we analyzed B. pertussis isolates collected in Japan from 1988 to 2001
using pulsed-field gel electrophoresis (PFGE) and sequencing of two virulence-associated proteins. The 107
isolates were classified into three major groups by PFGE analysis; 87 (81%) were type A, 19 (18%) were type
B, and 1 (1%) was type C. Sequence analysis of the S1 subunit of pertussis toxin (prxST) and adhesion pertactin
(prn) genes revealed the presence of two (pixSi4 and ptxSIB) and three (prnl, prn2, and prn3) variants,
respectively, in the isolates. Among those isolates, 82 (95%) of the 87 type A strains and the type C strain had
the same combination of pxSIB and prnl alleles (ptxS1B/prnl) as the Japanese vaccine strain. On the other
hand, 17 (90%) of 19 type B strains had an allefe (prxS14/prn2) distinct from that of the vaccine strain. A
correlation was found beiween the antigenic variation and the PFGE profile in the isolates. In addition, the
frequency of the type B strain was 0, 27, 0, 42, and 37% of the isolates in the periods 1988 to 1993, 1994 to 1995,
1996 to 1997, 1998 to 1999, and 2000 to 2001, respectively. In contrast, the number of reported pertussis-like
and pertussis cases decreased gradually from 1991 on, suggesting that the antigenic divergence did not affect

the efficacy of pertussis vaccination in Japan.

Bordetella pertussis is the primary etiologic agent of the dis-
ease pertussis. Whole-cell and acellular pertussis vaccines have
been very effective at inducing protection against B. perfussis
infection (23, 24). In Japan, pertussis vaccination was started in
1950 using whole-cell vaceine. Then, in 1981, acellular pertus-
sis vaccines containing detoxified pertussis toxin (PT) and fil-
amentous hemagglutinin as major antigens were introduced
and have successfully controlied the prevalence of pertussis
ever since (24). Most pcople with cases of pertussis (98.7%)
reported to the National Epidemiological Surveillance of In-
fectious Diseases from 1987 to 1996 had no history of pertussis
vaccination in Japan (21). However, in recent years, a resus-
gence of pertussis has been found in several countries despite
high vaccination coverage (1, 5, 8). Since Mooi et al. (20) found
that the circulating clinical strains had antigens distinct from
those of vaccine strains, they proposed that the circulating
clinical strains might have escaped the immunity provided by
pertussis vaccination. The antigenic divergence between re-
cently circulating strains and vaccine strains has been reported
in Europeuan and North American countries (3, 6,9, 16, 19, 22,
29-31) but not in Asian countries.

also be detected by DNA typing analyses, by IS7002-based
DNA fingerprinting, and by scquencing the stmuctural genes
encoding B. pertussis virulence factors. The antigenic variants
have been observed in the genes encoding the S1 subunit of PT
(ptxST) and pertactin (prr), which are important virulence fac-
tors of B. pertussis. Recently, polymorphism was also found in
the genes encoding the 83 subunit of PT (pixS3) and tracheal
colonization factor (t¢f) in circulating clinical strains (28).

" However, it is not clear whether the antigenic variations and

In the United States and France, genetic diversity of circu-

lating B. pertussis isolates has been observed using pulsed-field
gel electrophoresis {(PFGE) (10, 31). In addition, the genetic
divergence between circulating strains and vacciue strains can
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Diseases. 4-7-1 Gakuen, Musashimurayama City, Tokyo 208-0011, Ja-
pan, Phone: 81-42-561-0771. Fax: 81-42-565-3313. E-mail: kamachi
@nih.go.jp. :

5453

DNA types in B. pertussis are associated with each other, For
example, van Loo et al. (29, 30) found congruence between
clustering based on 157002-based DNA fingerprint types of
Dutch clinical strains and the ptx§1 allele but not the pra allcle.
In contrast, in those strains found recently in France, most of
the circulating strains showed a correlation between the PFGE
profile and prn allele but not preSI (31). Moreover, there was
no high correlation between the PFGE types and the combi-
nations of ptxST and pra alleles in the strains found in Canada
or the United States (3, 22).

In a previous study, most Japanese B. perfussis isolates
(83%) collected in the period 1975 to 1996 had the same ptxST
and prn allcles as the Japanese vaccine strain, whereas the two
recently circulating isolates exhibiting a different PFGE profile
had p&x§1 and pra alleles different from those of the vaccine
strain (7). Since a limited number of isolates (n = 12) were
used in the study, it was not clear whether the antigenic diver-
gence in pixS1 and pm alleles has progressed in circulating
strains in Japan. In the present study, we collected 107 Japa-
nese clinical isolates, including recently circulating strains, and
the antigenic divergence in those strains was investigated using
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FIG. 1. Dendrogram of PFGE profiles of 107 Japancse B. pertussis
-isulates from 1988 1o 2001, The dendrogram was calculated by UP-
GMA. The regions including the pixS{ and prm repeat were sequenced,
and the combination of pixS1 and pim alleles is shown as pixStpm, e g.,
B/t indicates ptxS1B/pm1. *, onc isolate had different thSHpm alieles
in the PFGE profile.
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PFGE analysis and sequencing of pieSI and pm alleles. The
possible association of the antigenic variations with the PFGE
profiles in the isolates was also investigated.

MATERIALS AND METHODS

Isolates. Onc hundred seven B. perfssis clinical isolistes, collected from 1988
to 2001 in Japan, were obtained from 22 medical institutes, hospital laboratories,
private clinical laboratories, 2nd prefectural pubtic health institutes. The periods
of isolation and rumbers of strains isolated were as follows: 1958 to 1993, 35;
1994 to 1995, 15; 199 to 1947, 18; 1998 to 1999, 12; 2000 to 2001, 27. All of the
isolates were confirmed as B. pertussis in our laboratory using PCR identification
{14). For comparison, the Japanese acellular vaccine strain B. perfussis Tohama
was used as a reference strain. The strains were cultured on Bordet-Gengou agar
(Difco) supplemented with 1% giveerol and 13% defibrinated hurse blood and
incubrated at 36°C for 2 to 3 days.

PFGE anatysis. PFGE was perfurmed according to standardized recommen-
dations for typing of B. pertussiy (18), with minor modifications. Chromosomal
DNA was digested with the restriction enzyme Xbal, and the digested fragments
were separated using a CHEF DR IT apparatus (Bio-Rad). Electrophoresis was

performed at 6 Viem at 16°C with the following ramped switch times: block 1, 4 .

to &5 for 12 h: block 2. 8 to 50 s for 10 h. The PFGE patterns were analyzed by
the unweighted pair-group method with arithmetic averages (UPGMA) using
Diversity Database version 1.1 sofoware (PRI Inc.).

DNA sequencing. DNA sequencing of retevant regions of the pertactin (pm)
and 81 subunit of pertussis toxin (prx§1) genes was performed on PCR fragments
as described previously (18). Chromosomal DNA of B, pertiessis was isolated

J. CLm, MICROBIOL.

using 2 QIAGEN genomic tip {(20G) and genomic DNA baffer sct. Sequence
reactions were carried out with a BigDye terminator version 3.1 cycle-sequencing
kit (Applied Biosystems), and the products were sequenced on a PRISM 3100
genetic analyzer (Applied Biosystems). Regions 1 of pm and ptxS! were se-
quenced for all 107 dinical isolates. On the other hand, region 2 of prn was
sequenced for 40 of (he 107 isolates, since polymaorphism has been reported
infrequently in the region (19, 20). The carbohydrate recognition domain (frag-
ment A) of the fhaB gene was also sequenced between positions 3421 and 3837
(17). The sense primer fraAF (5-CGACATCATCATGGATGCGA-3') and the
anisense primer fraAR (5 -TCTGGAAGGTGCCCCTGTTC-3") were used for
the sequencing.

Purification of PT variants and analysis of biological activity. Two PT vari-
ants, PT-194M and PT-1941, encoded by peS18 and picSTA, tespectively, were
purificd from cach culture supcraatant using an Affi-gel blue column and a
fewuin-Sephaross column as described previously (25). The protein concentra-
tions of the purified PT variants were measured by Lowry assay with bovine
scrum albumin as a standard. The purity of PT-194M and PT-1941 wus >95%, as
estimated by sodium dodecyl sulfate-14% polyacrylamide gel electrophoresis,
followed by Coomassic blue R-250 staining. The Diological activities of the
purified PT variants were determined by the Chinese harnslcr ovary (CHO)
cell-clustering test (13). .

RESULTS

PFGE typing and polymorphism in PT-S1 and pertactin.
Among 107 B. perussis isolates coliccted in Japan during the
period 1988 to 2001, 48 PFGE profiles were identified (Fig. 1).

- The 48 PFGE profiles were classified into three major groups

using UPGMA; type A comprised 37 PFGE profiles, type B
comprised 10 profiles, and type C had one profile. The type A
strain was a major group of isolates, since 87 (81%) of the 107
isolates were type A. On the other hand, types B and C were
minor groups: 19 isolates (18%) were type B and 1 isolate (1%)
was type C. Surprisiogly, the type C strain had the same profile
as the Japanese vaccine strain, B. pertussis Tohama.

The ptx51 and pm genes of all 107 isolates were sequenced.
Two PT-51 subunit alleles (pxS1A4 and preS1B) and three per-
tactin alleles (prml, pm2 and pm3) were identified among the
isolates (Fig. 2). Four ptxS7I and cight pm variants have been

A

676
|
Tohama 616 CGC ATG GCG COG GTG ATA GGC
v. R M A P VvV I @
ptxs1a
PEXS1A A
1
260
Tohama RGDAPA GGAVP GGAVP GOAVE --=-= ==nman GGFGP GGFGP VLD
praol Seiene eeeaa pmraa raams TOEET mmmEa Ly vawes eas
Y T GAFGP GRFUP ..... ..vu. ...
pro3 it tirir evaes meem mmaw GEFGP ..... -..u. .u,

FIG. 2. Variants of pertussis toxin S subunit and pertactin ob-
served in Japanese B. pertussis isolates. {A) Primary structure of per-
tussis toxin S1 subunit gene showing regions of polymorphism. (B) De-
duced amino acid sequence of region 1 of pertactin. The dots indicate
sequence identity with the Japanese vaccine strain, B. pertussis To-
hama. The dashed lines indicate gaps. The vaccine strain has a com-
bination of pixS1B/pm1 alleles.
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TABLE 1. Correlation between PFGE tvpe and prxS1ipm alleles in
B. pertussis isolates collected from 1988 to 2001 in Japan

No. (%) of pteSlipm alleles

PFGE  No.of e
type  isolates Old Transitional i
puS1Biprul  pSldipml pSIAipm2  puSIAjpm3
A 87 82(95) 3(3) 1(1) 1)
B 19 1(5) 1(5) 17 (30)
C 1 1 .
Total 107 84(78) 1(4) 18(17) 1(1)

described (6); however, only two pteST and three pm variants
were found in the Japanese isolates. The Japanese vaccine
strzin had the ptcS1B and prl alleles described previously (2,
7). The fhaB genes from the 40 selected isolates (type A, 20
isolates; type B, 19 isolates; type C, 1 isolate) were sequenced
between bases 3421 and 3837, No polymorphism was observed
in the sequence.

Correlation between PFGE type and combination of ptxSI
and prn alleles, As shown in Fig. 1, there was a correlation
between the PFGE profile and the combination of pS1 and
prm alleles in the Japanese isolates, although the smallest ge-
netic distance (10%) was observed between the type A and
type B groups. Table 1 summmarizes the correlation between the
PFGE type and the combination of pixS? and prn alleles. For
convenience, pixSI and pr alleles have been placed in one of

- three groups: ptxS1B/pml, old; ptxS1A/pmI, transitional; and
pecSIAlpm2 and ptxSiA/jpm3, new (3, 22). Of the 87 type A
strains, 82 (95%) isolates had old pexSIB/pm] alleles and 3 and
2 isolates had transitional and new alleles, respectively. The
Japanese vaccine strain also had the old pteS1B/pml. In con-
trast, 17 (50%) of 19 type B strains had new ptx$14/pm2 al-
leles, and each isolate had old and transitional alleles.

We also analyzed the PFGE data using the neighbor-joining
clustering method instead of UPGMA. All of the type B strains
were classified in the same group, and the same result was
obtained (data not shown).

Trend in type B strain in Japan. As shown in Fig. 3, type B
strains were collected in various arcas of Japan, as were type A
strains. Four type B strains were first collected in the Chugoku
and Hokkaido districts in 1994 and 1995, Five were collected
consecutively in the Kinki and Kanto districts in 1998 and 1999,
and E0were collected in the Tohoku, Kanto, and Kinki districts
in 2000 and 2001 (data not shown). Thus, type B strains were
widely distributed throughout Japan during thesc times.

Figure 4B shows the temporal trend of the frequency of the

type B strain according to the year of collection. Surprisingly,

the percentage of the type B strain changed between 1994 and
1995 and between 2000 and 2001 (0% from 1988 to 1993, 27%
from 1994 to 1995, 0% from 1996 to 1997, 429 from 1998 to
1999, and 37% from 2000 to 2001), although the numbers of
reported pertussis-like and pertussis cases had decreased grad-
ually from 1991 (Fig. 4A). The temporal trend of the type B
strain harboring new ptyS1A/pm2 was the same as the trend of
the type B strain. The frequency of the type B strain harboring
pi§IA[pm2 was 20, 0, 42, and 33% of the isolates in the
periods 1994 to 1995, 1996 to 1997, 1998 to 1999, and 2000 to
2001, respectively.

BORDETELLA PERTUSSIS 1SOLATES IN JAPAN 5455

Biological activities of PT variants. The biological activitics
of vaccine-type PT (PT-194M) and nonvaccine-tvpe PT (PT-
194I) were assessed. Two PT variants, PT-194M and PT-1941,
encoded by the old ptxSI1B and the new pixS1A, respectively,
were purified from each culture supernatant, and the biological
activitics of the purified PT varianis were determined by the
CHO cell-clustering test. The minimum concentrations re-
quired for the clustering of PT-194M and PT-194] were as-
sessed to be 68 (95% confidence interval, 52 to 89) and 44
pg/ml (95% confidence interval, 25 to 76 pg/ml), respectively.
No significant difference was observed between the biological
activities.

DISCUSSION

In a previous study, most Japanese B. pertussis isolates col-
lected from 1975 to 1996 had the same pixSIB and pral alleles
as the Fapanese vaccine strain (7). However, since a limited
number of isolates were used in the study, it was not clear
whether the antigenic divergence between recently circulating
strains and the vaccine strain has progressed. In the present
study, 107 Japanese B. pertussis isolates, including recently
circulating strains, were collected, and the antigenic divergence
in those isolates was investigated. We found that the type B

A Hobkkaido

&)

FIG. 3. Geographic distribution of type A (A) and type B (B)
strains collected from 1988 to 2001 in Japan, The numbers of symbols
indicate the numbers of isolates.
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FIG. 4. Temporal trend in isolation of type B strains and reported
pertussis cases in Japan. {A) Pertussis-like cases (O) and pertussis
cases (@) reported by sentinel clinics and hospitals in Japan from 1988
to 2001, The data were obtained from Infectious Disease Surveillance
data of the Ministry of Health, Labor and Welfare of Japan. The
reporting of pertussis cases was discontinued in 1999. (B) Changes in
the frequencies of type A, type B, and type C strains.

strain harboring nonvaccine ptxSIA and pm2 alleles appeared
during the period 1994 to 1995. Thus, the antigenic divergence
has progressed since the mid-1990s in Japan, similar to other
countries, such as European and North American countrics.
Despite high vaccination coverage, the resurgence of per-
tussis has been reported in scveral countries (1, 3, 8). In The
Netherlands, the incidence of pertussis increased dramatically
in 1996 and 1997 (5), and the antigenic divergence in the
protective antigens encoded by ptx81 and pra was observed in
the circulating strains (20). In regard to the resurgence, Mooi
et al. (20) proposed that circulating strains distinct from the
vaccine strain might have escaped the immunity provided by
vaccination. In contrast, in the United Kingdom, an antigenic
divergence in the pra allele was observed in recently circulating
strains (6), despite the relatively few pertussis cases there (27).
These observations suggested that the presence of nonvaccine
pm2 has not been associated with a resurgence of pertussis. In
the present study, the type B strain harboring peSIA/pm2
distinct from those of the vaccine strain appeared in the mid-
19905, although the reported pertussis and pertussis-like cases
had decreased since 1991 (Fig. 4). Most type B strains (90%)
had not only prr2 but also nonvaccine ptxSI1A. Therefore, our
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finding suggested that (i) the presence of nonvaccine pixSIA,
as with prm2, has not been associated with a resurgence of
pertussis and (ii) the type B strain might not have escaped the
immunity provided by vaccination in Japan.

In a previous study, Weber et al. {31) found no correlation
between the PFGE type and the pexS1 allcle in French B. per-
tussis isolates but revealed a correlation with the prm allele. In
the Canadian and U.S. isolates, there was no high correlation
between the PFGE type and the combination of ptxS1 and pm
alleles (3, 22). However, among the U.S. isolates, all isolates
harboring preSIA/pm2 clustered in a relatedness group at the
phylogenctic tree, wherceas isolates harboring ptxSIBjprnl and
pixSIA/[pmt] were scattered throughout the tree (3). Tn con-
trast, among Japanese isolates, most (909) type B strains had
a combination of pxSIA and pm2 (ptxS1A/prn2) and most
(95%) type A strains and the type C strain had the same
pxS1Bjpml as the Japanese vaccine strain (Table 1}. Thus,
there was a correlation between the PEGE types and pixS1/pm
alleles in the Japanese isolates, Strains harboring poeS1B and
prul had been collected prior to the 1970s in European coun-
tries and the United States, whereas strains harboring p&eS14,
pm2, and prm3 had been collected in those countries since the

- early 1980s (3, 19, 20). Therefore, px§1B and pm 1 alleles have

been called old alleles, while ptSi4, prm2, and prm3 are called
new alleles (3, 22). Moreover, strains harboring a combination
of new and old alleles (ptxS1A4/pml1) have been called transi-
tional strains. Among strains collected in the United States
from 1935 to 1999, 34 (22%) of 152 isolates were transitional
strains (3). Similarly, among strains collected in Canada from
1985 to 1994, 17% of the isclates were transitional strains (22).
These observations suggested that the B. pertussis strain had
evolved from an old strain into a new strain by selective pres-
sure from vaccination. However, only four transitional strains
(4%) were found among the 107 Japanese isolates in this study.
This finding strongly suggested that there was no genetic rela-
tionship between old strains {type A and type C) and the new
strain {(iype B), i.e., the type B strain did not derive from the
type A or type C strain genetically. One possible explanation
for the appearance of the type B strain is that it was imported
to Japan from other countries.

Among recently circulating strains in The Netherlands, poly- -
morphism was observed only in pm, pieSI, ptcS3, and icf4 by
sequencing 15 genes coding for surface proteins (28). Polymor-
phism in pm is essentially limited to region 1, which has an
important role in immunity {12, 15). However, Boursaux-Eude
et al. (2) showed that acellular vaccine was highly effective
against B. pertussis strains harboring nonvaccine pxS1 and pm
alleles by using a mouse intranasal challenge model. On the
other hand, Hausman and Burns (11) suggested that significant
amino acid changes could occur in PT sequence without af-
fecting antibody neutralization. Thus, polymorphism in pertus--
sis toxin may have no influence on the efficacy of antibody
necutralization. In the present study, we also investigated the
virulence of two PT variants, PT-194 M, encoded by vaccine
pxSIB, and PT1941, encoded by nonvaccine ptxS14, but no
sipnificant difference between their biological activities was
detected. These findings suggested that the virulence of PT-
1941 had not been associated with the wide spread of the type
B strain harboring pteSIiA/prm2. The type B strain may have a
more important virulent allele(s) thao the pSI4 and pm2
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alleles associated with the wide spread. For analyzing differ-
ences in gene expression between bacterial strains, the pro-
teomic approach is a powerful tool (4, 26). Thus, the compar-
ative proteomic analysis of B. perfussis strains {type A and type
B) was thought to be worth trying, and an attempt is now under
way.

In conclusion, in the Japanese B, perfussis strains, the anti-

genic divergence between recently circulating strains and the
vaccine strain has been observed since the mid-1990s, although
reported pertussis-like and pertussis cases have decreased in
number. In addition, the strains showed a correlation between
the PFGE profile and the combination of ptxSi/jpra alleles, Our
findings strongly suggested that the antigenic divergence had
no influence on the efficacy of pertussis vaccination in Japan.
However, the reason for the appearance of the type B strain
harboring nonvaccine pixS1A4/prn2 has remained unclear. Con-
tinuous surveillance and further analyses are needed to deter-
mine the virulence of the type B strain.
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In recent years, Mycoplasma pneumoniae strains that are clinically resistant to macrolide antibiotics have
occasionally been encountered in Japan. Of 76 strains of M. pneumoniae isolated in three different areas in
Japan during 2000 to 2003, 13 strains were erythromycin (ERY) resistant. Of these 13 strains, 12 were highly ERY
resistant (MIC, =256 pg/ml} and 1 was weakly resistant (MIC, 8 pg/ml). Nucleotide sequencing of domains IT and
¥V of 23S yRNA and ribosomal proteins L4 and L22, which are associated with ERY resistance, showed that 10
strains had an A-to-G transition at position 2063 (corresponding to 2058 in Escherichia coli numbering), 1 strain
showed A-to-C transversion at position 2063, 1 strain showed an A-to-G transition at position 2064, and the weakly
ERY-resistant strain showed C-to-G transversion at position 2617 (corresponding to 2611 in E. coli numbering)
of domain V. Domain El and ribosomal proieins L4 and L22 were not invelved in the ERY resistance of these
clinical M. pneumoniae strains. In addition, by using our established restriction fragment length polymorphism
technique to detect point mutations of PCR products for domain V of the 238 rRNA gene of M. pneumoniae, we
found that 23 (24%) of 94 PCR-positive oral samples taken from children with respiratory infections showed
A2063G mutation. These results suggest that ERY-resistant M. preumoniae infection is not unusanal in Japan.

Mycoplasma pneumoniage is a pathogen causing human re- of resistance to MLS antibiotics. Furthermore, we established
spiratory infections such as atypical pneumnonia, mainly in restriction fragment length polymorphism (RFLP) techniques
children and younger adults. In the chemotherapy of M. to detect point mutations in domain V of 238 rRNA of
pnexmoniae infection in children, erythromycin (ERY) and M. prneumoniae by using throat swabs or sputum samples.
clarithromycin (CLR) among 14-membered macrolides and
the 13-membered macrolide azithromycin (AZM) are usually
considered the first-choice agents in Japan. Although there was . X o - : )

. . . . study. i.e., ERY-resistant strains isolated from children infected with M. preu-
no report on the isolation of ERY-resistant M. prewwnoniae be- maoniae in Japan from 2000 to 2003, ERY-resistant strains induced with ERY in
fore 2000 in Japan, we found that ca. 20% of M. pheumonige vitro, and three reference strains: M129, Mac, and FH, The ERY-resistant
strains isolated from patients from 2000 to 2003 were ERY resis- dinical isolates are listed in Table 1, with details regarding patient age, year of
tant. These results are consistent with pediatricians’ impression isotation, symptoms, and the administration of antibiotics, Most of the isolates
that antibiotics such as ERY, CLR, and clindamycin (CLI) are )
not effective for some patients with M. pnewmoniae infection.

MATERIALS AND METHODS
Mycoplasmas. Three types of M. pneumoniae strains were used in the present

It is well known that the macrolide-lincosamide-strepto- TABLE 1. Macrolide-resistant M. preumartige strains isolated
gramin B (MLS) antibiotics inhibit protein synthesis by binding from patients, along with patient information
to domain II and/or domain V of 2358 rRNA (3, 26). Lucier et Patient Antimicrobial agent(s)*
] e araki af = at s teye it Strain
al, (10) and Odedk.l etal. (17_)-found that an A-to G transition no. Age  Symploms and/ Firet choiee/efiea Scoond choice
ot A-to-C transversion at position 2063 (corresponding to 2058 o) or disease - effect
in Escherichia coli nambering) or 2064 of the 238 rRNA gene 50 9 Prenmonia CLy- LR+
resulted in high resistance to macrolide antibiotics. No point 374 3 Pneumonia Unknown Unknown
mutation was found in domain II of 23S rRNA of the ERY- 375 45 Pneumonia Unknown Unknown
resistant M. pneumoniae strains used in the present study. 376 12 Pneumonia CLR/~ AZM/+
. ; 377 7 Fever and cough AZM/+
We report here the prevalence of macrolide-resistant 378 2 Teverandcough  Cefditoren pivoxi—  AZM/+
M. pneumoniae infection in Japan. By using 13 ERY-rcsis- 379 9 Pncumonia CLR/— . AZM;-
tant M, pnewmonige strains, we investigated the mechanisms 380 11 Pncumoniy CLR/~ Minocycline/+
381 It Pneumonia AZM/A+ )
) 382 7 Pneumonia RXM/- AZM/~
e —— - . . . 383 5 Bronchitis Cefaclor/— ERY/+
* Corresponding authior. Mailing address: Department of Bacterial ; S o T
Pathogenesis and Infection Control, National Institute of Infectious :g: I:I’l'-‘ 1;::3::3:: leuris g;:fg:lr:r, Fosfomycin/- ERY/+
Diseases, 4-7-1 Gakuen, Musashimurayama-shi, Tokyo 208-0011, Ja- s » Peunsy L
pan. Phone: (81) 423610771. Fax: (81) 425653315. E-mail: sasaki@nih " ~, No effect from antimicrobial agent; +, improvement of symptoms.
Lo.jp. & NI, no information.
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TABLE 2. Primers used for PCR amplification and sequencing of domntains IT and V of 235 rRNA and ribosomal proteins
of L4 and 122 in M, preumoniae

PCR and primer designation Sequence (3" to 37) Pasition” Amplicon size (bp)
Domain I of 238 TRNA
MNZ3ISDUF AGTACCGTGAGGGAAAGGTG 491-510 816
MN23SDIIR TCCCAAGCGTTACTCATGCC 1237-1306
Domain V of 235 rRNA )
MN235DVF GCAGTGAAGAACGAGGGG 1758-1775 927
MN23SDVR GTCCTCGCTTCGGTCCTCTCG 26642684
Ribosomal protein L4
MNLAF AAAAGCAGCACCAGTTGTAG 1231-1250 722
MNT4R GOGTTAGAACTGGTTTTAGCA 1933-1952
Ribosomal protein 1.22
MNL22F GTACATAACGGCAAGACCTT 3640-3659 627
MNL22R GCAAGCCGTTGGAGTTTACT 42474266
Nested PCR for 23S rRNA of 2063, 2064 1egion
MN23SF1937 ACTATAACGGTCCTAAGGTA 19181937 210
MN235R2128 ACCTATTCTCTACATGATAA 21082177
Mested PCR for 238 rRNA of 2617 region
MN23SF2577 TACGTGAGTTGGGTTCAAA 2577-2595 108
MN23SR2664 GTCCTCGCTTCGGTCCTCTCG 2664-2684

@ The positions of domain [T and V of 235 rRNA are based on accession no. X68B422 of the M. pneumonige gene, and those of ribosomal proteins L4 and 122 are
based on accession ne, AEQQO061 of the M. pneumoniae M129 section 19 of 63 of the complete genome.

were obtained during the patient’s first visit o the hospital, except in a few cases
in which the isolates were obtained within a weck after an initial treatment
failure. Modified Havflick medium (6) were used for the isclation of M. preu-
monige from patients. The broth medium was composed of 7.5 parts PPLO broth

. {Difco). 1.5 parts heal-inactivated horse serum, and 1 part aqueous extract (25%)
of baker's yeast, penicillin G (1.000 U/ml), thallium acetate (0.025%), glucose
(0.5%), and phenol red (1.002%). The composition of agar medium was the
same as that of the broth medium except that glucose and phenol red were
omitted and 1.2% agar was added. A throat swab was immersed several times in
0.5 ml of PPLO broth; then, (.2 ml of the suspension was transferred to the
diphasic (agar/broth) medium, and 0.1 ml of the suspension was transferred onto
the agar medium, The agar medium was incubated under 3% CO, in air with
moisture, and the diphasic medium was incubated aerobically au 37°C for 5 1o 14
days. When a color change was observed in the diphasic medium. 0.1 m! of the
brath was suhcubtured onto the agar medinm. When typical colonics were oh-
served on the agar mediam, a single colony was inoculsted into the broth
medium. After doning of the colonies, M preumonive was identified serotogi-
cally or by using PCR.

MIC determination. MICs of MLS antibioties were detetmined by a broth
microditution method based on the method of the National Committee for
Clinical Laboratory Standards. Serial twotold dilutions of MLS antibiotics pre-
pared in PPLO) broth containing 10* to 10° CFU/m of M. prewnoniae were put
in 96-well microplates (17). The microplales were sealed with adhesive sheets
and incubated at 37°C. The MIC was determined as the lowest concentration of
antimicrobial agent ar which the color of the contral medium was changed. A
number of antibictics were tested. ERY, oleandomycin (OL), josamycin (JM),
spiramycin (SPM), midckamycin (MDM]), leucomyein (LM}, and lincomycin
(LCM) were purchased from Wako Pure Chemical Industries, Ltd., Japan;
roxithromycin (RXM}) and quinupristin-dalfopristin were provided by Aventis
Pharm Lapan, Ltd.; CLR was provided by Abbott Co., Ltd. (Jupan); rokitamycin
(RKM) was provided by Asahi Kasei Co. Japan; CLI was provided by Upjohn
Co. (Japan); and AZM was provided by Pfizer Japan, Inc.

PCR ymplificution and sequencing of domains IT and V of the 238 rRNA gene
and L4 and 122 ribosomal protein genes. The ERY-resistant M. pneumoniae
strains were screcned on the basis of MIC of ERY. A 0.5-ml aliguot of growth
cultere of M. preumoniae was centrifuged at 17,500 X g for 20 min at 4°C. After

TABLE 3. MICs of MLS antibiotics for M. prewmoniae isolated from patients and reference straing

Suain 235 TRNA MIC (pg/ml)

no. mutation® ERY oL RXM CLR AZM ™ MDM LM RKM SPM LcM CLI oD
330 A063G >256 »1256 >256 236 32 3 16 E) 0.5 8 >256 »256 1
374 A63G >256 =256 =236 >256 64 8 16 4 0.5 16 =256 256 0.5
375 AGIG =256 >236 =256 =256 32 16 16 8 0.5 16 >286 256 (.5
376 AX83C  >256 >256 =236 >256 16 64 64 64 4 256 64 121
377 C171G 8 td § I 0.031 0.25 0.25 0.25 0.0625 1 16 2025
378 A63G  >256 =256 =256 >256 64 8 16 4 05 16 256 256 1
379 A2063G  >256 >236 >7256 »256 64 8 16 4 0.5 16 256 256 0.5
380 A063G =256 =256 =236 >256 64 8 15 8 05 16 236 256 05
381 A2063G  >256 =256 =256 >236 64 8 16 8 05 16 286 256 05
382 A63G 256 >256 >256 >236 64 8 16 8 0.5 16 256 256 1
383 A2004G 256 =256 128 32 16 256 =256 >236 32 >256 64 32 023
38 A2063G  >256 =256 =256 >256 64 8 16 8 0.5 16 >236 256 1
385 AZUG3G 256 >256 »236 =236 64 16 16 16 1 16 =256 256 1
FH 0.0625 0.25. 0.0625 0.0156 0.00098  0.0156 0.25 0.0625 00625 0.25 16 4 00625
M129 0.056 0.125 0.0156 00156 0.00195 0.125 0.0625 00625 0.0625 0.125 8 4 025
Mac 0.0156 0.25 0.0t36 0.0136  0.00098  0.0625 0.0625 0.0625  0.0625 0.0625 4 4 025

“ According to M. pneumonias numbeting.
® Q-D, quinupristin-dalfopristin.



4626 MATSUGKA ET AL.

ANTIMICROB. AGENTS CHEMOTHER,

TABLE 4, Nucleotide substitution by point mutation of genes of ribosomal protein and 238 rRNA for macrolide-resistant M. preumoniac
strains and M. pnexwmoniae FH and Mac compared to M. preumoniae M129°

Substitution(s} in ribosomal protein

Mutation in 238 tRNA

Strain no. Position of 1.4 Position of 1.22 Type of P1 gene
162 430 62 279 341 508 Domain 11 Domain V
M129 C A C T C T - - I
350 C»A A—G - T--C - T—C - A2063G 1f
374 - - - - - T-—C - A2063G 1
373 - - - - - T-=C - A2063G I
3% C—oA A—=G - T—C - T—C - A2063C 1
377 C—A A=(G - T-C - T—C - C2617G It
318 CemrA A—G - T—C - T-C - A2063G 1
379 C—A A—G - T-C - T—C - A2063G 1
330 - - - - - T=sC - A2063G 1
3381 - - - - - T-+C - A2063G I
382 - - - ' - - T-C - A2063G 1
383 - - - - - T—-C - A2064G I
384 - - - - - T - A2063G I
385 - - - - - T—C - A2063G 1
120-EMR3 - - - - - T=C - CW17G T
1020 - - - - - T-C - A2064G 1
1253 - : - C—A - C-T T=—C - A2064G 1
1552 - - - - - T-C - A2064C/C2617A 1
1633 - - - - - T-C - A2064G 1
FH C—A A—=G - T=+C - T-C - - n
Mac C—A A—G - T—C - T—C - - n

@ -, No mutation compared to the sequence of M. preumoniae M129.

removal of the supernatant, the sediment was suspended in 20 pl of TE (10 mM
Tris-HCL 1 mM EDTA [pH 8.07) buffer containing 1.0% (vol/vel) Triton X-100
and boiled for 3 min. Specific primers were designed for the detection of the
" point mutations of domain IT of 235 rRNA and of 14 (rpiD?) and L22 p/l¥)
ribosomal proteins (Table 2). Primers for domain V of 235 rRNA were as
repotted by Lucier ¢t al. (10). To identify the mutation in domain I containing
nuclentide ATS2 interacting with the macrolide 3-cladinose moiety, 23SDITF-
23SDIR primer pairs were used, For domain V' (peplidyltransferase region),

M129

2051 GCAACGGGACGGAAAGACCCC

350
374

375
376

€3 63 6

377

378
379

380

381
382

Q) Q) GB Lw |

383

Lop]

384
385

) Q)

1020-EMR3

1020
1253

1652

qY €3 &)Y &>

1653
FH

Mac

MH23ISDVF-MH23ISDVR primer pairs were used. Amplification of ribosomal
protein L4 and L22 fragments was performed with the MNLAF-MNLA4R and
MNL22F-MNL22R primer pairs, respectively. The composition of the PCR
mixture was as follows: 2 i of template, 30 pmol of forward and reverse primers,
and 25 gl of premix Tag (TaKaRa Ex Tug Version; Takara Bio, Inc.) and water
in a final reaction volume of 50 ul. PCR conditions were 2 min at 94°C first,
foltowed by 45 s at 94°C for denaturation, t min at 55°C for anacaling, and 30 s
at 72°C for elongation for 30 cycles, and followed finally by § min at 72°C. The

n o oo e GTTGGTCCCTATCTATTGTGC 2630
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FIG. 1. Multiple alignment of 235 rRNA gene of ERY-resistant M. preumoniae strains and M. prneumoniae M129, FH, and Mac. Partiul
sequences of the peptidyliransferase (domain V) from positions 2051 to 2081 and 2601 to 2630 are presented. The nucteotides are numbered on
the basis of M. pneumonioe. The nucleotide sequence of M. pnetunoniae M129 was according to GenBank accession no. X68422. [dentical
nuclcorides are indicated by dashes. The positions of 2063, 2064, and 2617 are underlined.
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FIG. 2. Secondary structure of the peptidyltransferase loop in domain V of M. preumonige 235 tRNA. Positions of the newly found mutations
{A2063C and C2617G), as well as previously reported in vitro mutations (A2063G, A2064G, and A2064C), in clinical isolates are indicated by using
the numbering for M. pueumoniae 233 TRNA (accession no. X68422). The numbers in parentheses indicate E. coli numbering,

products were purified with a MiniElute PCR purification kit (Qiagen, Hilden,
Gennany), labeled with a BigDye Terminator V3.1 cycle sequencing kit {(Applied
Biosystems), and applied 10 an ABI Prism 3100 genetic analyzer (Applicd Bio-
systems) according to the manufacrurer’s instructions. The primers used for
sequencing were the same as those used for PCR (Table 2). DNA sequences of
PCR products were compared to the sequence of M. prewnoniae M129 (ucces-
sion no. X68422) by using BLAST (hrtp:/fwww.ncbinlm.nih.gov/BLASTY).

RFLP analysis of point mutation in domain ¥ of 238 rRNA. To detect the
point mutations AZ063G, A2063C, A2064G, and A2617G in domain V of 235
rRNA. Bbsl, BeeAl, 8sal, and BsmF! {(New England Bivl.abs) were used., See-
ond PCR products {rom domain V for tested M. preumoniae strains were used
{or digestion with the four restriction enzymes. After the first PCR product (927
bp) was obtained with the MH23SDVF-MH23SDVR primer pair, a sccond PCR
product (210 bp) was obtained with the MN235F1y37-MN235R 2128 primer pair
to detect the point mutation at 2063 or 2064 in domain V of 235 rRNA. For the
detection of point mutation at 2617 in dotmain V. the primer set of MN235F2577
and MN235F2664 was used, and a [08-bp PCR product was obained. A portion
of the second PCR product was digested with Bbsl (5 U for 1 pl of PCR product)
for the A2063G mutation. BeeAl (1 U for 1yl of PCR product) was used for the
A2063C mutation, Bsal (£0 U fur { pl of PCR prosuct) was used for the A2064CG
mutation, and BsmFI (2 U for | pl of PCR product) was wsed for the C2617G
mutation. Digested products wers electrophosesed on a 10 to 15% gradient
polyacrylamide ge! {Nikkyo Technos Ca., Ltd.) or on a 4% Nusieve 3:1 agarose
gel (BioWhittaker Molecular Applications, Rockland, Maine).

RESULTS

Antimicrobial susceptibility. In all, 13 (1722) of the 76 clin-
ical isolates obtained in Japan during the period from 2000 to

2003 showed various degrees of elevation of MICs against
macrolides, including the ERY MIC. The in vitro activities of
the MLS antibiotics against ERY-resistant clinical isolates and
reference strains of M. prieumoniae are summarized in Table 3.
M. pneumoniae reference strains, including M125, showed low
ERY, OL, RXM, CLR, AZM, JM, MDM, LM, RKM, and
SPM (0.0156 to 0.25 pg/ml) MICs. Of the ERY-resistant
strains, strain 377 (C2617G) showed low resistance to macro-
lide antibiotics except for OL. The 15-membered macrolide
AZM and most of the 16-membered macrolides were more
cffective than the 14-membered macrolides for strain 377, Al-
though ERY-resistant clinical strains, except for strain 377,
tended to show resistance to all of the macrolides, some of
them showed different responses to RKM. That is, for strains
with an A-to-G mutation at position 2063 the RKM MICs were
not 50 high (<1 pg/ml}). LCM and CLJ, lincosamide antibiotics,
and streptogramin antibiotics showed no marked activity to-
ward the reference straing or some of the clinical isolates.
Sequencing analysis of ribosomal protein and 235 rRNA
genes. PCR amplification and sequence analysis of ribosomal
proteins and 235 TRNA were performed for all M. preumoniae
strains used in the present study. The results are summarized
in Table 4. In domain IT of the 235 rRNA containing position
752, there was no difference in sequence from that of M
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1758
GCAGTGAAGAACGAGGGGGGACTGTTTAACTAAAACACAACTCTATGCCAAACCGTAAGGTGATGTATATGGGGTGACACCTGCCCAGTGCTGGAAGGTT 100
MN23SDVF
- AAAGAAGGAGGTTAGCGCAAGCGAAGCTTTTAACTGAAGCCCCAGTGAACGGCGGCCGTAACTATAACGGTCCTAAGG TAGCGAAATTCCTAGTCGGGTA 200
" MN23SF1937
AATTCCGTCCCGCTTGAATGGTGTAACCATCTCTTGACTGTCTCGGCTATAGACTCGGTGAAATCCAGGTACGGGTGAAGACACCCGTTAGGCGCAACGS 300
—* C (A2063C) — BceAl [ACGGC) E BbsI
— G (A2063G) — BbsI [GAAGAC]
GACGGAAAGACCCCGTGAAGCTTTACTGTAGCTTAATATTGATCAGGACATTATCATGTAGAGAATAGG TAGGAGCAATCGATGCAAGTTCGCTAGGACT 400
G (A2064G) — Bsal [GAGACC] MN23SR2128 '
TGTTCATGCGAAAGGTGGAATACTACCCTTGGTTGTGTGCTGTTCTAATTGG TAACTG T TATCCAGT T TCAAGACAGTGTTAGG TCGCCACTTTCACTGG 500
GGOGGTCGCCTCCTAAAAGGTAACGGAGGCGTACAAAGGTACCT TCAGTACGGT TGGAAATOGTATGTAGAGTGTAATCC TG TAAGGGTGCT IGACTGTG 600
AGACATACAGGTCGAACAGGTGAGAAATCAGGTCATAGTGATCCCGTCGTCCAGTATGGAATGGCCATCOCTCAACGCATAAAAGCTACTCCGGGCATAA 700
CAGGCTGATACTGCCCAAGAGTTCATATCGACGGCAGTGTTTGGCACCTCGATGTCEACTCATCTCATCC TCCAGCTGAACCAGC TTCGAAGGGTTCSCE 800
G {C26176)— BsoFI [6TOCC]
TGTTCGCCGATTAAAGAGATACGTGAGTTGGGTTCAAACCGTCGTGAGACAGGTTGGTCCCTATCTATTGTGCCOGTAGGAAGATTGAAGAG TG TTGCTT 900
MN23SF2577
2684
CTAGTACGAGAGGACCGAAGCGAGGAC 927

MN23SDVR

FIG. 3. Nucleotide sequence of the 927-bp amplicon from positions 1758 to 2684 of the 238 rRNA, gene from M. prenmonice M129, A long
arrow indicates a primer sequence with direction. A short arrow indicates a site of mutation with a substituted base, i.e., A2063G, A2063C,
A2064G, or C2617A. A newly constructed restriction site and the responsible base change with underline is shown in parentheses with the

corresponding restriction enzyme.

predantoniae M129. Figure 1 shows the results of the nucleotide
sequence analysis of domain V, called the peptidyltransferase
region, in the 235 rRNA of the M. preumoniae strains. Five
ERY-resistant strains (1020-EMR3, 1020, 1253, 1552, and
1653) were induced with ERY in vitro, as previously reported
(17}. Figure 2 shows the position of a point mutation on the
peptidyltransferase loop in domain V of M. pretenonice 238
rRNA. Of 13 ERY-resistant clinical isolates, 10 (77%) showed
AZ2063G transition, and the remaining 3 showed onc A2064G
transition, onc A2063C transversion, and one A2617G trans-
version. Of the ERY-resistant strains obtained in vitro, strain
1020-EMR3 had C2617G and strain 1552 had two point mu-
tations: A2064C and C2617A. Compared to the sequence of
the M129 strain, different nucleotides were found in some
strains (350, 376, 377, 378, 379, FH, and Mac) at positions 162
and 430 of L4 and 279 of L22 ribosomal protein genes, These
differences are related to two different types of M. prneumoniae
strains (19). Muration T508C of the L22 ribosomal protein
gene was observed in all strains used in the present study
except for M129. Thus, these nucleotide differences are not
involved in the ERY resistance of M. pneumoniae. Although
C62A and C341T mutations were found in strain 1253, it is
uncertain whether these mutations are involved in ERY resis-
tance because of the A2064G mutation, which hmparts high
ERY resistance.,

RFLP analysis of ERY-resistant M. pneumoniae strains, To
detect a point mutation at position 2063 or 2064 of the 23§
rRNA genc, a sccond PCR product (210 bp) was digested from
the first PCR product (927 bp) with suitable restriction en-
zymes. Digestion with Bsal generated two fragments of 124
and 86 bp for ERY-susceptible strain M129, whereas three
fragments of 124, 57, and 29 bp were obtained in the case of
the A2063G mutation (lanes 2 and 3 in Fig. 4A). Two frag-
ments of 158 and 52 bp were generated with BeeAl in the case
of the A2063G mutation (lane 5 in Fig. 4A), and two fragments
were generated with Bsal in the case of the A2064G mutation
{(lane 7 in Fig. 4A). Strain M129 has no cut site for the second
PCR product with Bee Al and Bsal (lanes 4 and 6 in Fig. 4A).
To detect a point mutation at position 2617, the PCR primer
pair MN235F2577 and MN23SDVR was used, generating a
108-bp product (Fig. 3). Although there was no restriction
enzyme to digest C2617A or C2617G mutation, the M129
strain had a restriction sitc with BsmFI and generated two
fragments of 81 and 27 bp (Fig. 4B).

DISCUSSION

In general, macrolides such as ERY, CLR, and AZM are
used as the fiest-choice therapeutic agent for treating M. preu-
moniae infections in children, as well as in adults. We isolated
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FIG. 4. Restriction analysis of 210-bp {A) and 108-bp (B) amplicons from the peptidyltransferase region (domain V) in 235 rRNA of M.
pneumoniae. (A) Restriction profile for detection of the A2063G, A2063C, and A2064G mutations. Lanes: 1, DNA size marker (25-bp DNA step
ladder; Promega); 2, 4, and 6, M. prieumoniae M129 (susceptible strain) weated with BbsI (fane 2, 124-, and 86-bp products) and BeeAl and Bsal
(lanes 4 and 6, respectively; uncut 21-bp product); 3, strain 375 (A2063G) treated with Bbsl (124-, 57-, and 52-bp products); 5, strain 376 {A2063C)
treated with BoeAl (158- and 52-bp products); 7, strain 1020 (A2064G) treated with Bsal (141- and 69-bp products). (B) Restriction profile for
detection of C2617 mutation with BsmFI digestion. Although M. pneumoniae M129 and strain 375 (A2063G) produced two fragments of 81 and
27 bp (fanes 1 and 2}, the 108-bp fragment remained vwncut in strains 377 and 1020-EMR3 (C2617G) as a result of loss of the restriction site for
BsmF1 (lanes 3 and 4). Lane 5, DNA size marker (25-bp DNA step ladder; Promega). ’

76 M. pnewmoniac strains from three geographically distant

" regions in Japan (Hokkaido in the northern island, Kanagawa
in the ceatral region, and Kochi in south) and found that 13
strains (17%) were ERY resistant. Although resistance to
ERY was observed many years ago in a few M. preumoniae
strains (16, 20), when we investigated the ERY MICs for 296
M. pnetunoniae strains isolated in Japan from 1983 to 1998, no
ERY-resistant strain was found among them (data not shown).
Thus, we concluded that ERY-resistant M. preurmnoniae had
appeared in 2000 and spread rapidly in Japan. We applied our
established RFLP analysis to ca. 1,000 sputum samples taken
from patients with respiratory infections from 2000 to 2002 and
found that 23 (24%) of 94 PCR-positive samples for M. pneu-
moniae DNA had the ERY resistance-inducing point mutation
A2063G (unpublished data), Whether or not the prevalence of
ERY-resistant M. pneumoniae and the predominance of
A2063G among the isolates are peculiar to Japan needs to be
clarified by future studies outside Japan.

The mechanisms of resistance to MLS antibiotics in various
microorganisms have been reviewed and include modification
of the warget site, active efflux, or inactivation (13, 24-26). The
MLS antibiotics inhibit protein synthesis by binding to domains
1l and V of 238 rRNA (3, 26). In particular, it has been clearly
shown that ribosomal mutations in domains II and V of 238
rRNA and mutations in ribosomal protein L4 (pfI}) and L22
(i} arc related to resistance to MLS antibiotics (2, 4). In14
and L22 ribosomal proteins, no mutation that clearly contrib-
uted to resistance to macrolide antibiotics was found, although
one strain (strain 1253} cxhibited mutations of the 122 protein,
such as C62A and C341T, in vitro. We found secveral point
mutations in domain V of 235 rRNA in ERY-resistant M,
preumoniae but none in domain IT of 235 IRNA. Among them,
the point mutations at position 2063 or 2064 in domain V have

been reported in several pathogens such as E. coli, H. pylori,
Mycobacterium spp., and §. preumoniae (24) and generated
strong resistance to macrolide antibiotics. Transversions of C
to G and C to A at position 2617 of domain V were observed
in a clinical isolate (strain 377) and ERY-induced strains
{1020-EMR3 and 1552), respectively. On the other hand, it has
been reported that C-to-U transition at position 2611 (corre-
sponding to 2617 in M. pneumoniae numbering) in clinical
pathogens such as Neisseria gonorrhoeae (15), Streptococcus
pyogenes (11}, Mycoplasma hominis (18), Chlamydia trachoma-
tis (12), and E. coli (23) was associated with macrolide resis-
tance. M. pneumoniae strain 1552, derived by incubation with
ERY in vitro, showed A2064C transversion and C2617A trans-
version. The mutation at position 2617 produced less resis-
tance to macrolide antibiotics than did the mutation at position
2063 or 2064 of domain V., Based on our results, it is consid-
ered that transition is the predominant type of mutation in
M. pneumoniae. This may be due to the structural difference
between purine and pyrimidine. These results support the ob-
servation in E. colf that the apparent dissociation constant (K;)
for ERY of C2611U (corresponding to 2617 in M. pneu-
moniae) [K; = (4.4 = 0.9) X 1077} is ca. 480 times higher than
that of the A2058G (2063 in M. preumoniae) E. coli strain
[K; = (19 = 0.3) X 107*] (3). As mentioned above, macrolide
resistance of M. pneumoniae has been explained thus far in
terms of mutation of 235 rRNA. However, M. hominis was
associated with an absence of intracellular accumulation and
ribosomal binding of macrolide antibiotics (18). These results
suggest that several different mechanisms of macrolide resis-
tance exist in Mycoplasma species,

Table 1 summarizes information about the patients from
whom ERY-resistant M. pneumoniae strains were isolated. Al-
though these paticnts were actually infected with ERY-resis-
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tant M. pueumoniae, macrolides were apparently effective after
their first administration in six (ERY in cases 383 and 384,
CLR in case 350, and AZM in cascs 377, 378, and 381) of the
ten patients for whom the clinical course was known. One
possible explanation may be the anti-inflammatory eflects of
macrolides, which inhibit the production of cytokines such as
proinflammatory tumot necrosis factor alpha, interleukin-18
(IL-1B), IL-6, IL-8, and so on rather than the antimicrobial
cffect (1, 7, 8, 21). Much more information is available about
the immunopathological mechanisms of M. preumoniae pneu-
moria, particularly with regard to a wide variety of cytokines.
Among them, Thl-type cytokines (22) and IL-8 (14) might play
significant roles in the pathomechanism. In this context, recent
investigations have revealed that macrolides modulate the ac-
tions of these cytokines (3, 9). It is therefore a reasonable
propositton that macrolides, particularly 14- and 15-membered
macrolides, exert their clinical efficacy in the treatment of M.
preumoniae pneurmonia through immunomodulation. Our re-
sults obtained for patients with ERY-resistant M. preumoriae
infection strongly suggest that the beneficial effects of macro-
lides in the treatment of M. pneumoniae pneumonia are not
solely due to direct antimicrobial activity and support the idea

that immunomodulatory effects of macrolides play an impor-.

tant role int recovery from the illness.

In conclusion, we found 13 strains of macrolide-resistant
M. pnewnoniae among 76 clinical isolates obtained during the
period from 2000 to 2003, despite the fact that oo resistant
strain was found among 296 isolates from 1983 1o 1998. The
predominant mutation was A2063G in domain V of 235 TRNA
(10 of 13 resistant strains), and mutations involving either
A2063 or A2064 resulted in high MICs to macrolide antibiot-
ics. On the other hand, mutations involving C2617 in domain V
of 238 rRNA generated less resistance to ERY than mutations
involving A2063 or A2064. Our results indicate that macrolide-
resistant M. preumoniae is spreading in Japan, and it will be
neccessary to reconsider the effectiveness of macrolides in the
treatment of patients with M. preumoniae pneumonia,
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Inactivation of Macrolides by Producers and Pathogens
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Abstract: Inactivation, one of the mechanisms of resistance to macrolide, lincosamide and streptogramin (ML$)
antibiotics, appears to be fairly rare in clinical isolates in comparison with target site modification or eflux. However,
inactivation is one of the major mechanisms through which macrolide-producing organisms avoid self-damage during
antibiotic biosynthesis.

The inactivation mechanisms for MLS antibiotics in pathogens are mainly hydrolysis, phosphorylation, glycosylation,
reduction, deacylation, nucleotidylation, and acetylation. The ere {erythromycin resistance esterase) and mph (macrolide
phosphotransferase) genes were originally found in Escherichia coli. Subsequently, Wondrack et o/, (Wondrack, L.
Massa, M., Yang, B.V.; Sutcliffe, . Antimicrob. Agemts Chemother., 1996, 40, 992) reported ere-like activity in
Staphylococcus aurens. In addition, a variant of erythromycin esterase was found in Pseudomonas sp. from aquaculture
sediment by Kim et af. (Kim, Y.H.; Cha, CJ.; Cemiglia, C.E. FEMS Microbiol. Lett., 2002, 210, 239). Although the mph
genes, including mph(K), were first characterized in E. coli, a recent study revealed that S. aureus and Stenotrophomonas
maltophilia have mph(C). The mph(C) has a low G+C content, like mph(B), and has high homology with mpk(B), but not
with mph{A) or mph(K). Consequently, the mph(C) and ere(B) genes seem to have originated from Gram-positive bacteria
and been transferred between Gram-positive and Gram-negative bacteria.

In this chapter, the penes and the mechanisms involved in the inactivation of MLS antibiotics by antibiotic-producing

bacteria arg reviewed,

Key Words: Macrolide antibiotics, macrolide resistance, inactivation, erythromycin esterase, phosphotransferase,

glycosylransferase, acetylation, hydrolysis.

(A) PRODUCERS

Most macrolides are produced by Streptomycete species,
and inevitably the biosynthesis of a potentially lethal
antibiotic in these microorganisms requires self-defence
mechanisms to avoid suicide. To date, three distinct self-
defence mechanisms have been reported in macrolide-
producing organisms. The first mechanism is modification of
the ribosome (the antibiotic target site} by monormethylation
or dimethylation of a single adenine residue in the 23S rRNA
gene; this results in resistance to erythromycin [1], tylosin [2,
3] and carbomycin [4]. The second mechanism is active
efllux. Some macrolide producers have ABC (ATP-binding
cassette) transporters that pump out macrolides through
ATP-dependent pathways, thereby providing resistance to
these macrolides [5-8]. The third is the existence of
antibiotic-modifying enzymes. Streptomyces antibioticus, an
oleandomycin (OL) producer, possesses a glycosyltrans-
ferase that inactivates OL by glycosylation of a hydroxyl
group of the sugar desosamine attached to the aglycone [9,
10]. It also possesses a glycosidase that converts inactive
glycosylated OL into the active antibiotic [9, 11].
Streptomyces lividans is a non-macrolide producer [12], but
can inactivate macrolides by glycosylation [13].
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The resistance mechanisms of MLS antibiotic-producing
microorganisms are summarized in Table 1.

1. Macrolide Antibiotics

The study of bacterial ability to modify or degrade
macrolide antibiotics started in 1964. The disappearance of
erythromycin  (EM) in the culture media of steroid-
transforming strains of Streptomyces or Nocardia and EM-A
inactivation by Pseudomonas in soil were reported by
Feldman et al. [14] and Flickinger ef ai. [15], respectively.
Nakahama et al. [16-18] then reported the deacylation and
the hydroxylation of maridomycin, spiramycin, and
josamycin (16-membered macrolides).

I-1. Phosphorylation

Phosphorylation of antibiotics by microorganisms is a
well-known inactivation mechanism in vivo, Phosphorylating
enzymes are widely distributed among Streptomyces spp.
and are also found in other genera. Crude phosphorylating
enzyme of Strepromyces coelicolor in the presence of ATP
and Mg®" catalyzes the conversion of oleandomycin, tylosin,
and spiramycin to inactive 2’-O-phosphates. Under the same
conditions, erythromycin was converted to anhydroerythro-
mycin 2°-O-phosphate [19, 20]. Fig. (1) shows the structures
of the subsirate antibiotics and phosphorylation products.

1-2. Glycosylation

Microbial glycosylation of erythromycin A (EM-A) was
observed in Streptomyces vendargensis [21] and the inacti-
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Table 1. Inactivation of MLS-antibiotics by Antibiotic Producers and Other Organisms.
MLS antibiotics Organism Inactivated antibiotics Gene GenBank Reference
Resistance profite number
Macrolide

Phosphorylation Streptomyces coelicolor Muller EM-A, OL, TL, LMA;, SPM MM4717 [19, 20]

Glycosylation Streptomyees lividans TK21 EM, TL, RSM, AZM, TL mgt AF055579 [12, 22, 23]
Streptomyces antibioticus ATCC11891 OL, RSM, MET, LAN olef Z22577 [9-11, 29, 30]
Streptomyces vendargensis UC5315 EM Al223970 [2E]
Streptomyees antibioticus OL oleD [24]
Succharopolyspora erythraea ATCC11635 | AVE [31]
Streptomyces ambofuciens ATCC23877 RSM, OL,CHA,TL gimA {32

Deacylation Buacillus megalerium 31277 MAR, SPM [16]
Streptomyces olivaceus 219 MAR, M (17, 18]
Streptomyces ptistinaespiralis IFO13074 MAR [18)

N.C. Pseudomonas 56 EM-A [15]

Lincosamide

Phosphorylation Streptomyces rochei LCM [36]

Phosphorylation/ Streptomyces coelicolor Muller CLDM, LCM, PIR [37-40]

Ribonucleotidylation

Streptogramin

Hydrolysis Actinoplanes missouriensis DHS-S [42]
Streplomyces mitakaensis MKM-B [43, 44])
Streptomyces diastaticus NRRL2650 VER-A and B, PR-T and I1, [45]
Streptomyces loidensis ATCC11415 OS5T-A and B, VM-1 and M2
Streptomyces olivaceus ATCC12019

Reduction Streptomyces virginiae VIR-M1 [41, 46}

Abbreviations: EM, erythromycm; OL, oleandomyain; TL, tylosin; LMA,;, leucomycin Aj; SPM, spiramycin; RSM, rosamicin; AZM, azithromycin, MET, methymycin; LAN,
lankamycin, AVE, avermectin, CHA, chalcomycin; MAR, maridomycin; JM, rosamycin; LCM, lincomycin; CLDM, clindamycin; PIR, pirlimycin; DHS, dihydrostaphylomyein,

MKM, mikamycin; VER, vernamycin; PR, pristinamycin;, OST, osteogrycin; V, vernamyein; VIR, virginiamycin. N. C,, not clear,

vated product was identified as 2’-(O-[B-D-glucopyranosyl]
EM-A (Fig. 2). This product lacked antibiotic activity when
tested against several Gram-positive pathogens, as well as S.
vendargensis (Table 2), ‘

In 1991, Cundliffe [22, 23] reported an inducible gene,
mgt, in Streptomyces lividans, which inactivates macrolides
by UDP-glucose-dependent glycosylation at the 2°-OH of the
sugar moieties attached to C-5 of 14- and 15-membered
lactones and to C-3 of 12-membered lactones. This enzyme
(Mgt) shows a preference for monosaccharide derivatives
over disaccharide derivatives. The substrates of Mgt are 12-,
14-, and 15-membered macrolides, or 16-membered lactones
(as in methymycin, erythromycin, azithromycin, or tylosin),
although spiramycin and carbomycin were apparently not
modified. This organism expresses another gene, frm that is
linked with mgt, encoding a 238 rRNA methyltransferase
that confers high resistance to lincomycin, together with
lower resistance to macrolides. The deduced Irm product isa
26-kDa protein with considerable similarity to other 23S
rRNA methyltransferases, such as the carB, tird and ermE
gene products. The mgs gene consists of 1257 bp and
encodes a 42-kDa protein. The {rm and mgr genes occur in
tandem in the chromosome, and their expression may be
transcriptionally and translationally coupled, since their
coding sequences overlap.

A 3.3-kb DNA fragment from the oleandomycin (OL)
producer, Streptomyces antibioticus, was found to consist of
the 3° end of a gene (ORF1) and two complete ORFs (ORF2
and OleD) [24, 25]. The deduced product of the sequenced
region of ORFIl contained transmembrane domains
characteristic of transport proteins. The ORF2 product
contained an N-terminal leader peptide region characteristic
of a secretory protein, and a lipid attachment site motif
characteristic of membrane lipoproteins synthesized with a
precursor signal peptide. The oleD gene product showed
clear similarity with several UDP-glucuronosyl and UDP-
glycosyl transferases of various origins and was especially
similar to the 5. lividans mgt gene product, which is thought
to encode a glycosyltransferase capable of inactivating
macrolides. The orfl, orf2, and oleD gene products may
participate in the intracellular glycosylation of OL and the
secretion of glycosylated OL during antibiotic production.

In the study on ofeD, it was reported that cell extracts of
S. antibioticus could inactivate OL in the presence of UDP-
glucose [9-111. This enzyme also inactivated other macrolides
(rosamicin, methymycin and liricomycin) containing a free
2°-OH group in a monosaccharide linked to the lactone ring
{except for erythromycin) (Fig. 3), but not those containing a
disaccharide (tylosin, spiramycin, carbomycin, josamycin,
and neomycin), and seems to function in the biosynthetic



