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The molecular mechanisms of reduced susceptibility to cefixime in clinical isolates of Neisseria gonorrhoeae,
particularly amino acid substitutions in mosaic penicillin-binding protein 2 (PBP2), were examined. The
complete sequence of ponA, penA, and por genes, encoding, respectively, PBP1, PBP2, and porin, were deter-
mined for 58 strains isolated in 2002 from Japan. Replacement of leucine 421 by proline in PBP1 and the
mosaic-like structure of PBP2 were detected in 48 strains (82.8%) and 28 strains (48.3%), respectively. The
presence of mosaic PBP2 was the main cause of the elevated cefixime MIC (4- to 64-fold). In order to identify
the mutations responsible for the reduced susceptibility to cefixime in isolates with mosaic PBP2, penA genes
with various mutations were transferred to a susceptible strain by genetic transformation. The susceptibility
of partial recombinants and site-directed mutants revealed that the replacement of glycine 545 by serine
(G545S) was the primary mutation, which led to a two- to fourfold increase in resistance to cephems.
Replacement of isoleucine 312 by methionine (I312M) and valine 316 by threonine (V316T), in the presence of
the G545S mutation, reduced susceptibility to cefixime, ceftibuten, and cefpodoxime by an additional fourfold.
Therefore, three mutations (G545S, I312M, and V316T) in mosaic PBP2 were identified as the amino acid
substitutions responsible for reduced susceptibility to cefixime in N. gonorrhoeae.

The increase in the number of Neisseria gonorrhoeae isolates
resistant to multiple antimicrobial agents is now a serious prob-
lem in Japan. Fluoroquinolones are no longer recommended
for the treatment of gonococcal infections in Japan because of
a dramatic increase in the incidence of drug-resistant strains
(8, 16). Recently, the emergence and spread of strains with
reduced susceptibility to oral cephems have been reported (1,
9). Furthermore, clinical failures after treatment of patients
with cefixime, which should be a highly effective agent for
gonococcal infections, have also been observed (5). Therefore,
the treatment guideline in Japan recommends parenteral an-
tibacterials, such as ceftriaxone and spectinomycin, as the first-
line treatment for uncomplicated gonococcal infections. Iso-
lates with decreased susceptibility to cefixime have also been
reported outside Japan (18).

The mechanisms of chromosomally mediated resistance to
�-lactams in N. gonorrhoeae have been studied. One such
mechanism involves the mutation of penicillin-binding pro-
teins, PBP1 and PBP2, which decrease the affinity to �-lactams.
The replacement of leucine 421 by proline in PBP1, encoded
by the ponA gene, is implicated in high-level resistance to
penicillin (13). PBP2, encoded by the penA gene, has a greater
affinity for penicillin than PBP1. Insertion of an additional
amino acid at position 345 in PBP2 is associated with penicillin
resistance (4). Recent studies have indicated that in Japan N.
gonorrhoeae strains with reduced susceptibility to oral cephems
have a mosaic-like structure in the penA gene (2, 7). An alter-

native mechanism of �-lactam resistance involves mutation of
the por gene, which encodes a porin, leading to reduced outer
membrane permeability (11). Furthermore, mutation of the
mtrR gene can cause overexpression of the MtrCDE efflux
pump (17). Overexpression of the pump is required for the
porin mutants harboring amino acid substitutions at positions
120 and 121 to confer increased resistance to penicillin (12).

The mosaic-like structure of the penA gene in N. gonor-
rhoeae has evolved by intragenic recombination with penA
genes of commensal Neisseria species (15). Mosaic PBP2 has
approximately 60 amino acid alterations from the PBP2 of
susceptible strains. Although mosaic PBP2 is known to be
associated with reduced susceptibility to cefixime and other
cephems, the amino acid substitutions responsible for the de-
velopment of resistance have not been defined. Moreover,
the contribution of other mechanisms to resistance against
cephems is unclear. The aim of this study was to identify the
mutations essential for the increased MICs of cefixime for
clinical isolates of N. gonorrhoeae and, particularly, the muta-
tions in mosaic PBP2.

MATERIALS AND METHODS

Bacterial strains. Antimicrobial susceptibility testing and nucleotide sequenc-
ing of ponA, penA, and por genes were performed on 58 clinical isolates of N.
gonorrhoeae collected in Japan during 2002. Isolates were collected at Kotobiken
Medical Laboratories Inc. (Tokyo, Japan), from patients with urethritis attend-
ing hospitals located in and around Tokyo. �-Lactamase production was negative
for all strains. Strains FA1090 (ATCC 700825) and ATCC 49226 were obtained
from the American Type Culture Collection. Strain FA1090 was used as the
recipient strain for genetic transformation, and strain ATCC 49226 was used as
a quality control for susceptibility testing.

Antimicrobial susceptibility testing and antibacterial agents. MICs were de-
termined by the agar dilution method according to the Clinical and Laboratory
Standards Institute (formerly the National Committee for Clinical Laboratory
Standards) (10). The following antibiotics were used in this study: penicillin and
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cephalexin (Sigma-Aldrich Co., St. Louis, MO), cefotiam (Takeda Pharmaceu-
tical Company Limited, Osaka, Japan), ceftriaxone (Nippon Roche Co., Ltd.,
Tokyo, Japan),cefixime and cefdinir (Astellas Pharma Inc., Tokyo, Japan),
ceftibuten (Shionogi and Co., Ltd., Osaka, Japan), and cefditoren (Meiji
Seika Kaisha, Ltd., Tokyo, Japan). Cefpodoxime was prepared from the
commercial prodrug (Sankyo Co., Ltd., Tokyo, Japan) at the Pharmaceutical
Research Center of Meiji Seika Kaisha, Ltd. (Yokohama, Japan). Cefcapene
and levofloxacin were synthesized at the Pharmaceutical Research Center of
Meiji Seika Kaisha, Ltd.

Nucleotide sequencing of ponA, penA, and por genes. Full-length ponA, penA,
and por genes were amplified from genomic DNA by PCR using Ex Taq poly-
merase (Takara Bio Inc., Otsu, Japan) with the primers listed in Table 1. In cases
where the por gene could not be amplified with the standard primer set, an
alternative forward primer was used (shown in parentheses in Table 1). PCR
amplifications for the ponA and penA genes were performed as follows: 2 min
denaturation at 94°C and 30 cycles of denaturation at 94°C for 30 s, annealing at
52°C for 30 s, and extension at 72°C for 3 min. Amplification of the por gene was
performed as follows: 30 s denaturation at 98°C and 30 cycles of denaturation at
98°C for 10 s, followed by annealing and extension at 68°C for 2 min. The cycling
reaction was performed with a GeneAmp PCR System 9700 (Applied Biosys-
tems, Foster City, CA). Sequencing was carried out with a BigDye Terminator
v1.1 cycle sequencing kit and 3730 DNA analyzer (Applied Biosystems).

Cloning of the penA gene and site-directed mutagenesis. The penA DNA
fragment from the FA1090 strain was amplified by PCR and then cloned into the
pCR2.1-TOPO vector (Invitrogen Corp., Carlsbad, CA). Site-directed mutagen-
esis was carried out with a QuikChange Site-Directed Mutagenesis Kit (Strat-
agene, La Jolla, CA) and the primer sets shown in Table 1.

Genetic transformation. The penA gene amplified from a strain with reduced
susceptibility to cefixime (MSC02236) and recombinant penA genes obtained by
site-directed mutagenesis were transformed into a susceptible strain of N. gon-
orrhoeae (FA1090) as described previously (13). Briefly, cells grown on chocolate
II agar (Becton Dickinson, Sparks, MD) were suspended in prewarmed GC
broth containing 10 mM MgCl2, 10 mM NaHCO3, and 1% IsoVitaleX (Becton
Dickinson) at a cell density of 108 CFU/ml. Following the purification using a
MinElute PCR Purification Kit (QIAGEN), donor DNA was added at a final
concentration of 1 to 2 �g/ml, and the cells were incubated at 37°C for 5 h in a
humidified 5% CO2 atmosphere. Recombinants were selected on GC agar base
containing 1% IsoVitaleX and an appropriate concentration of antibiotics (6, 8,
or 16 �g/ml cephalexin and 0.09 �g/ml ceftibuten). Nucleotide sequencing of the
penA genes from recombinants was performed as indicated above.

RESULTS

Mutations of PBP1, PBP2, and porin in the clinical isolates.
The complete sequences of the ponA, penA, and por genes

were determined for the 58 clinical isolates of N. gonor-
rhoeae. Potentially important amino acid substitutions were
identified by comparing the obtained sequences with those
from a cefixime-susceptible strain of N. gonorrhoeae (FA1090)
(Table 2). Only four alterations were identified in PBP1. A
total of 48 out of 58 strains (82.8%) had the point mutation
L421P in PBP1. All of the alterations after position 501 in
PBP2 are shown in Table 2. Most strains carried some mu-
tations in PBP2, particularly after position 504. Twenty-
eight out of 58 strains (48.3%) harbored a mosaic-like struc-
ture in the penA gene. Interestingly, every strain with mosaic
PBP2 had the L421P mutation in PBP1. Fifty-eight strains
were classified into three groups according to the mutations
in PBP1 and PBP2. Strains classified into group I (n � 10;
17.2%) had no alteration at amino acid 421 in PBP1 nor a
mosaic mutation in PBP2. Isolates in group II (n � 20;
34.5%) possessed the L421P mutation in PBP1, i.e.,
PBP1(L421P), but no mosaic PBP2. Isolates in group III
(n � 28; 48.3%) had both PBP1(L421P) and mosaic PBP2.
The nucleotide sequences of the por genes were diverse
among the 58 strains under investigation (42 distinct amino
acid sequences). The major porin type was PIB and most
strains possessed G120K and A121D mutations in putative
loop 3. Figure 1 shows the high genetic diversity of the
strains based on the sequences of porin, PBP1, and PBP2.
Clinical isolates consisted of 47 individual strains typed from
the sequences of porin, PBP1, PBP2 and the susceptibility to
antibiotics (Table 2).

�-Lactam susceptibilities and mutations in PBPs. The
MICs of various �-lactams against the 58 strains revealed that
resistance was associated with mutations in PBP1 and PBP2
and not with that of the porin. The MIC50s and MIC90s for
isolates categorized into three groups on the basis of mutations
in PBPs (groups I, II, and III) to various �-lactams are shown
in Table 3. While the susceptibility to penicillin was reduced
for strains in group II and III, which all possess PBP1(L421P),
the MICs of the oral cephems toward isolates in group III were

TABLE 1. Primers used for PCR amplification of the ponA, penA, and por genes and for site-directed mutagenesis

Use Forward primer Reverse primer

Amplification of complete ponA gene 5�-ACAAGCGCATGATGAAAGTTC-3� 5�-GACAGGCAAAACATCAGCG-3�
Amplification of complete penA gene 5�-TTTGGCGAATCACGAAGCG-3� 5�-CCGGACAGGCAACGAAAATA-3�
Amplification of complete por gene 5�-GCACATCGGATTCCACACAA-3�

(5�-CTCGGCGGTAAATGCAAAGC-3�)
5�-TATGGATAGATTCGTCATTCCCGC-3�

Cloning of penA gene 5�-CGGGATCCAATGTTGATTAAAAGC
GAATATAAGC-3�

5�-CGGAATTCTTAAGACGGTGTTTTGA
CGGC-3�

Introduction of F504L in penA gene 5�-CACGGCGCGCAAGTTGGTCAACG
GGCGTTATG-3�

5�-CATAACGCCCGTTGACCAACTTGCG
CGCCGTG-3�

Introduction of A510V in penA gene 5�-GTCAACGGGCGTTATGTCGACAAC
AAACACGTC-3�

5�-GACGTGTTTGTTGTCGACATAACGC
CCGTTGAC-3�

Introduction of N512Y in penA gene 5�-GGGCGTTATGCCGACTACAAACAC
GTCGCTAC-3�

5�-GTAGCGACGTGTTTGTAGTCGGCAT
AACGCCC-3�

Introduction of H541N in penA gene 5�-GACGAACCGACTGCCAACGGCTAT
TACGGCG-3�

5�-CGCCGTAATAGCCGTTGGCAGTCGG
TTCGTC-3�

Introduction of G545S in penA gene 5�-GCCCACGGCTATTACAGCGGCGTA
GTGGCAG-3�

5�-CTGCCACTACGCCGCTGTAATAGCC
GTGGGC-3�

Introduction of I312M in penA gene 5�-CCTGGTTCGGCAATGAAACCGTTC
GTGATTG-3�

5�-CAATCACGAACGGTTTCATTGCCGA
ACCAGG-3�

Introduction of V316T in penA gene 5�-GTTCGGCAATCAAACCGTTCACGA
TTGCGAAGGCATTGG-3�

5�-CCAATGCCTTCGCAATCGTGAACGG
TTTGATTGCCGAAC-3�
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significantly elevated in comparison to those isolates in group
II. For example, the MICs of cefixime, ceftibuten, and cefpod-
oxime were 4- to 64-fold, 16- to 256-fold, and 1- to 256-fold
greater for group III isolates compared to group II isolates.
Importantly, all strains with reduced susceptibility to ce-
fixime (MIC of �0.12 �g/ml) had a mosaic-like structure in
PBP2 (Table 2). In contrast to cefixime (16-fold), ceftriax-
one and cefditoren had only a four- and twofold increase in
the MIC for strains with mosaic PBP2 (MIC90 ratio for
group III to group II).

Susceptibility of transformants with full and partial recom-
bination of mosaic penA gene. The mosaic-like structure of
PBP2 was classified into four groups (mosaic-1 to mosaic-4)
based on their amino acid sequences (Fig. 2). Nineteen out of
28 strains (67.9%) possessed mosaic-1 sequence, followed by 6
strains with mosaic-2 (21.4%). Mosaic-3 and mosaic-4 se-
quences were detected in 1 and 2 isolates, respectively. In
order to identify the mutations responsible for the reduced
susceptibility to cefixime among mosaic PBP2 (mosaic-1), the
penA gene from MSC02236 (cefixime MIC of 0.5 �g/ml) was
transformed into FA1090 (cefixime MIC of 0.008 �g/ml). The
full-length recombinant (TF1) had reduced susceptibility to all
the cephems tested (Table 4), and the susceptibility to cefixime
was reduced by 16-fold (MIC of 0.12 �g/ml). Transformants
with partial recombination were also obtained, and their sus-
ceptibilities to �-lactam antibiotics were determined. The ab-
sence of a mutation downstream of position 545 did not nec-
essarily affect the susceptibility to all the �-lactams (TF1 to
TF4). As anticipated, the loss of mutations upstream of the
transpeptidase domain had no effect on susceptibility to the
antibiotics (TF5 and TF6). Comparison of the susceptibilities
of TF7 and TF8 suggests that mutations between amino acids
312 and 322 (i.e., I312M and V316T) may increase resistance
to cefixime, ceftibuten, and cefpodoxime by at least fourfold. A
comparison of the various transformants with N-terminal re-
version of mosaic penA (TF5 to TF11) found that mutations
between 504 and 575 were important for the increase in
cephem MICs. Moreover, a recombinant with mutations from
amino acids 504 to 545 (TF12), including F504L, A510V,
N512Y, H541N, and G545S, had a significantly reduced sus-
ceptibility to cephems, despite being the shortest recombinant
to be isolated.

Identification of the mutations associated with reduced sus-
ceptibility to cefixime. Five mutations between positions 504
and 545 were individually introduced into penA from the
FA1090 strain by site-directed mutagenesis. After transforma-
tion, only the recombinant with the G545S mutation in PBP2
was recovered. Two mutations, I312M and V316T, were intro-
duced into penA containing the mutation G545S, because no
transformant with a single mutation of either I312M or V316T
was obtained. A recombinant with all three of these mutations
could not be isolated. We therefore investigated the antibiotic
susceptibility of the three recombinants (with amino acid sub-
stitutions G545S, G545S and I312M, and G545S and V316T)
(Table 5). Acquisition of the G545S mutation resulted in a
two- to fourfold increase in the MICs of cephems. In addition
to the G545S mutation, the I312M or V316T mutation led to a
further fourfold increase in the MICs of cefixime, ceftibuten,
cefpodoxime, and cefdinir. Thus, two substitutions in PBP2,
G545S plus I312M or V316T, were found to confer an eight-

c
M

SC
02

26
2

0.
25

2
.

P
.

.
M

os
ai

c-
2

.
L

V
Y

.
N

.
S

T
.

V
Q

V
V

N
V

PI
B

K
D

d
M

SC
02

24
4

0.
25

4
.

P
.

.
M

os
ai

c-
3

.
L

V
Y

.
N

.
S

T
.

V
Q

V
V

N
V

PI
B

N
D

e
M

SC
02

25
6

0.
12

2
.

P
.

.
M

os
ai

c-
4

V
L

V
.

.
N

.
.

T
.

V
Q

V
V

N
V

PI
B

K
D

e
M

SC
02

24
5

0.
25

8
.

P
.

.
M

os
ai

c-
4

V
L

V
.

.
N

.
.

T
.

V
Q

V
V

N
V

PI
B

K
D

a
G

ro
up

s
w

er
e

su
bd

iv
id

ed
on

th
e

ba
si

s
of

th
e

am
in

o
ac

id
se

qu
en

ce
s

of
PB

P1
an

d
PB

P2
.

b
D

ot
s,

id
en

tic
al

am
in

o
ac

id
s.

c
A

ll
of

th
e

m
ut

at
io

ns
fo

un
d

in
PB

P1
ar

e
sh

ow
n.

d
A

ll
th

e
m

ut
at

io
ns

af
te

r
po

si
tio

n
50

1
in

PB
P2

ar
e

sh
ow

n.
E

ve
ry

su
bs

tit
ut

io
n

is
pr

es
en

te
d

in
F

ig
.2

fo
r

m
os

ai
c

PB
P2

.
e

O
nl

y
th

e
m

ut
at

io
ns

at
po

si
tio

n
12

0
an

d
12

1
ar

e
sh

ow
n

fo
r

po
ri

n.

VOL. 50, 2006 GONOCOCCAL PBP2 MUTATIONS CONFERRING RESISTANCE 3641



fold reduction in susceptibility to cefixime. Ceftriaxone and
cefditoren differed from the other cephems in that the suscep-
tibility of the strains to these two antibiotics was not greatly
affected by mutations in mosaic PBP2.

DISCUSSION

Recently, there has been a marked decrease in the suscep-
tibility of N. gonorrhoeae strains to cefixime throughout Japan.

FIG. 1. Genetic relationship among the 58 clinical isolates. The dendrogram was constructed from the amino acid sequence of porin using the
neighbor-joining method. Classification of the strains based on the sequences of PBP1 and PBP2 are shown in parentheses. Strains that were
indistinguishable based on the sequences of porin, PBP1, and PBP2 and also on their susceptibilities to antibiotics are boxed. Bar, 0.1 genetic
distance.

3642 TAKAHATA ET AL. ANTIMICROB. AGENTS CHEMOTHER.



These bacterial strains were previously shown to possess a
mosaic-like structure of PBP2. Although earlier investigations
have reported mutations of either PBP1 or PBP2 for numerous
isolates (7, 14), there has been no systematic study of PBP
sequences from various clinical isolates. In this study, the com-
plete sequence of the genes encoding PBP1, PBP2, and porin
were determined from 58 isolates. We found that the presence
of mosaic PBP2 was strongly correlated with reduced suscep-
tibility to cefixime and other cephems. Interestingly, all the
strains with a mosaic PBP2 carried the L421P mutation in
PBP1. The L421P substitution in PBP1, together with overex-
pression of MtrCDE and mutations in porin and PilQ, are
reported to be involved in high-level resistance to penicillin
(19). Our transformation experiments demonstrate that re-
combination of full-length mosaic PBP2 could not fully explain
the observed resistance of the clinical isolates (MSC02236) to
cephem antibiotics, such as cefotiam, ceftriaxone, and cefpod-
oxime (Table 4). Therefore, the amino acid substitution in

PBP1 could be involved not only in the high-level resistance to
penicillin (13) but also in resistance to the cephem antibiotics.
Indeed, the PBP1(L421P) mutation was found in all the strains
with reduced susceptibility to cefixime, suggesting that it might
partly contribute to the increase in MIC. However, further
study is needed to clarify the association of the PBP1(L421P)
mutation and resistance to cephems. As reported previously
(6), extensive sequence variability was identified for the porin,
with 42 different amino acid patterns determined from 58
strains. Although most of the strains possess mutations at po-
sitions 120 and 121 of the porin protein, there is no clear
correlation with increased resistance to cefixime.

Four different mosaic PBP2 sequences, designated mosaic-1 to
mosaic-4, were detected from 28 isolates. Mosaic-1 sequence, the
most frequently identified in this study, was identical in the iso-
lates from Kitakyushu, Japan (strains SNG32, SNG33, SNG46
and SNG50; GenBank accession no. AY146782 to 146785), and
also from the central region of Japan (47 strains of pattern X) (7,
9). Twelve out of 22 isolates with reduced susceptibility to ce-
fixime (MIC of �0.25 �g/ml) from the Kinki area of Japan also
possessed the mosaic-1 mutation in PBP2 (unpublished data).
These observations suggest that isolates with mosaic-1 are
spreading nationwide and comprise the strains with reduced
susceptibility to cefixime.

We have identified three amino acid substitutions in mosaic-
1 (G545S, I312M, and V316T) associated with reduced sus-
ceptibility to cefixime and other oral cephems. While full-
length recombination of mosaic-1 led to a 16-fold reduction in
susceptibility to cefixime, the mutation G545S plus either
I312M or V316T conferred an eightfold reduction, suggesting
that these substitutions are important for the resistance mech-
anism. The primary mutation G545S is located downstream of
the conserved K497TG motif. The mutations conferring addi-
tional resistance to cephems, I312M and V316T, are associated
with the conserved S310AIK motif. Mosaic-2 and mosaic-3 se-
quences differ from the sequence of mosaic-1 by a single amino
acid change at position 101 or 214, respectively. Because these
amino acid substitutions are not located in the transpeptidase
domain, which constitutes the �-lactam binding site, the same
three mutations found in mosaic-1 are likely to be crucial for
conferring resistance to the mosaic-2 and -3 isolates. By con-
trast, the mosaic-4 sequence does not contain the G545S al-
teration. However, during the transformation experiments a
spontaneous mutant with a single A501V mutation in PBP2,
which was found in mosaic-4 sequence, was selected with
cephalexin. Analysis of this transformant revealed that the
A501V mutation in PBP2 led to a two- to fourfold increase in
the MICs of cefixime and other cephems. This increase in
resistance is similar to that observed for the PBP2(G545S)
mutation. We assume that A501V complements the G545S
substitution and is the primary mutation in mosaic-4 isolates.

It has been proposed that horizontal genetic exchange of the
penA genes between commensal Neisseria species, such as Neis-
seria cinerea, Neisseria perflava and Neisseria flavescens, re-
sulted in the mosaic-like structure of PBP2 in N. gonorrhoeae
and Neisseria meningitidis (3, 15). Analysis of the amino acid
sequences of PBP2 from various Neisseria species indicated
that PBP2 from N. perflava/sicca 1654/1659 (GenBank acces-
sion no. X76422) and N. flavescens NCTC8263 (GenBank ac-
cession no. M26645) had methionine 312 and threonine 316, as

TABLE 3. Association between mutations in PBPs and
antimicrobial susceptibility

Antibiotics and
strain groups

testeda

MIC (�g/ml)

50% 90% Range

Penicillin
I 0.12 0.25 0.12–0.25
II 1 2 0.25–2
III 2 4 0.25–4

Ceftriaxone
I 0.004 0.008 0.004–0.016
II 0.03 0.03 0.004–0.06
III 0.06 0.12 0.016–0.12

Cefixime
I 0.008 0.016 0.008–0.03
II 0.03 0.03 0.008–0.03
III 0.25 0.5 0.12–0.5

Ceftibuten
I 0.03 0.06 0.03–0.12
II 0.06 0.12 0.03–0.12
III 8 8 2–8

Cefpodoxime
I 0.03 0.06 0.016–0.12
II 0.12 0.25 0.016–0.5
III 2 4 0.5–4

Cefdinir
I 0.008 0.03 0.008–0.03
II 0.03 0.06 0.008–0.06
III 1 1 0.5–1

Cefcapene
I 0.016 0.06 0.008–0.06
II 0.12 0.25 0.008–0.25
III 1 2 0.12–4

Cefditoren
I 0.03 0.06 0.008–0.12
II 0.12 0.25 0.004–0.5
III 0.25 0.5 0.016–0.5

a Strains were classified into three groups according to the mutations in PBP1
and PBP2 (Table 2). Group I, n � 10; group II, n � 20; group III, n � 28.
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FIG. 2. Amino acid sequences of mosaic PBP2 from clinical isolates. The amino acid sequences of the mosaic PBP2 (mosaic-1 to mosaic-4) are
aligned with those of penicillin-susceptible strains, LM306 and FA1090. Dashes indicate amino acid residues identical to those of LM306
(GenBank accession no. M32091).

TABLE 4. MICs of �-lactams for donor strain (MSC02236), recipient strain (FA1090), and various penA recombinants

Strain Substitutions in
PBP2 (aa)a

MIC (�g/ml)

Penicillin Cephalexin Cefotiam Ceftriaxone Cefixime Ceftibuten Cefpodoxime

MSC02236 101–575 4 512 16 0.12 0.5 8 8
FA1090 None 0.12 4 0.06 0.004 0.008 0.03 0.016
TF1 101–575 0.25 128 1 0.016 0.12 4 0.5
TF2 101–556 0.25 128 1 0.008 0.12 2 0.25
TF3 101–552 0.25 128 1 0.016 0.12 2 0.25
TF4 101–545 0.25 64 1 0.016 0.06 2 0.25
TF5 201–575 0.25 128 1 0.016 0.12 4 0.5
TF6 279–575 0.25 128 1 0.016 0.12 4 0.5
TF7 312–575 0.25 256 1 0.016 0.12 4 0.5
TF8 323–575 0.25 128 0.5 0.004 0.03 0.5 0.06
TF9 406–575 0.25 64 0.5 0.008 0.03 0.5 0.06
TF10 437–575 0.25 128 0.5 0.016 0.06 1 0.12
TF11 504–575 0.25 64 0.5 0.016 0.06 1 0.12
TF12 504–545 0.12 32 0.5 0.008 0.03 0.25 0.06

a MSC02236 had alterations in PBP2 between amino acid (aa) positions 101 and 575 (each substitution is shown in Fig. 2, mosaic-1 sequence). The region that was
acquired from MSC02236 through homologous recombination is indicated for recombinants.
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does mosaic PBP2 in N. gonorrhoeae. These observations sug-
gest that the I312M and V316T substitutions originated from
N. perflava/sicca or N. flavescens through horizontal gene trans-
fer. However, no commensal Neisseria species was found to
possess serine 545. Therefore, the G545S alteration is probably
the result of antibiotic selective pressure.

The results of our study suggest that the extensive use of
cefixime, or other cephems with reduced affinity to mosaic
PBP2, will select the resistant N. gonorrhoeae strains harboring
mosaic PBP2. The antibacterial activity of ceftriaxone and
cefditoren was only slightly reduced for strains with mosaic
PBP2. Both these cephalosporins possess a long side chain at
the C-3 position of the cephem skeleton, which might result in
a strong affinity for the altered PBP2. Continued surveillance
of antimicrobial susceptibility and genetic studies to identify
the mechanisms of resistance will be needed to establish ap-
propriate treatments. The results from such studies may also
assist in the development of new antibiotics of therapeutic
utility.
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Mutations in
PBP2
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Penicillin Cephalexin Cefotiam Ceftriaxone Cefixime Ceftibuten Cefpodoxime Cefdinir Cefcapene Cefditoren

None (FA1090) 0.12 4 0.06 0.004 0.008 0.03 0.016 0.016 0.008 0.008
G545S 0.12 16 0.25 0.008 0.016 0.12 0.03 0.03 0.016 0.016
G545S, I312M 0.12 32 0.5 0.016 0.06 0.5 0.12 0.12 0.06 0.03
G545S, V316T 0.06 32 0.5 0.016 0.06 0.5 0.12 0.12 0.03 0.03
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