Epidemiology of S. dysgalactiae subsp. equisimilis

Phylogenetic tree of emm genes

Fig. 4 shows the phylogeny of the 12 types of M protein in
S. dysgalactiae subsp. equisimilis (n=25) isolated from the
patients with invasive infections. A neighbour-joining tree
was constructed for the M protein pattern using amino
acid sequences corresponding to the complete M protein
together with several M-like proteins in other previously
analysed streptococcal species: seven strains of GAS, four
strains of S. dysgalactiae subsp. equisimilis and one each of
S. dysgalactiae subsp. dysgalactiae, S. equi, S. inige and S.
equi subsp. zooepidemicus.

Although M proteins have a hypervariable region at the N-
terminal end, S. dysgalactiae subsp. equisimilis and GAS
harbour extremely homologous M proteins compared with
those of other Streptococcus species. The phylogenetic tree
suggested that the M protein of S. dysgalactiae subsp.
equisimilis was an orthologue of that of GAS.

We recently determined the complete genomic sequence of
S. dysgalactiae subsp. equisimilis GGS_124 (stG480.0)
isolated from patients with STSS (GenBank accession no.
AP010935). The genome size was 2.1 Mbp, and sequence
coverage with GAS genomes (Ferretti et al, 2001) was 61—
63 % identity. Interestingly, many genes encoding virulence
factors in GAS were identified in S. dysgalactiae subsp.
equisimilis. The occurrence of serious infections caused by S.
dysgalactiae subsp. equisimilis in elderly persons with
underlying diseases is likely to involve both compromised
host defences and GAS-like virulence factors. However, it is
unknown how this micro-organism invades deep tissues and
vessels. Further investigation is needed to clarify this issue.
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SUMMARY

Invasive pneumococcal disease (IPD) is of concern in Japan, where the heptavalent pneumococcal
conjugate vaccine (PCV7) is unavailable. We determined serotypes, genotypes indicating §-lactam
resistance, and antibiotic susceptibilities of 496 isolates from normally sterile sites in patients

(193 children, 303 adults) from 186 institutions between August 2006 and July 2007. Disease
presentations included sepsis (46-2 %), pneumonia (31-5 %), and meningitis (17-5%). Mortality
was 1:4 % in children and 22-1 % in adults, many of whom had underlying diseases. In children,
serotype 6B (22-5 %) was followed by 19F (14-1 %), and 14 (13-1 %); potential coverages of PCV7
and PCV13 were 75-4% and 93-7 %, respectively. In adults, serotype 12F (14:3%) was followed by
3 (11-3%), and 6B (10-3 %); 23-valent polysaccharide vaccine (PPV23) coverage was 85-4%. Most
serotype 12F strains were gPISP, with pbp2b gene alteration; carbapenem had an excellent MICyq.
PCV7 is recommended for children and PPV23 for adults to increase prevention against IPD.

Key words: Antibiotic resistance, molecular epidemiology, Streptococcus preumoniae

(pneumococcus), surveillance, vaccines.

INTRODUCTION

Streptococcus pneumoniae is a leading cause of invas-
ive infections such as lobar pneumonia, septicaemia,
and meningitis, which are major contributors to
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morbidity and mortality in children and adults. Since
the discovery of pneumococcal strains resistant to
penicillin G (PEN) [1], these strains have spread
rapidly worldwide [2, 3] and have been the subject of
several epidemiological surveillance studies of capsule
serotype distribution and antibiotic susceptibility in
many countries {4-8].

In Japan, the prevalence of PEN-resistant S. pneu-
moniae (PRSP) and PEN-intermediate S. preumoniae
(PISP) in clinical isolates has increased rapidly since
the late 1990s, especially in younger children [9, 10].
Characteristically, PRSP strains show simultaneous
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resistance to cephalosporin antibiotics used in ambu-
latory practice [9]. In PRSP and PISP, genotypic ab-
normalities in three penicillin-binding protein (PBP)
genes, pbpla, pbp2x, and pbp2b, which encode the
PBP1A, PBP2X, and PBP2B enzymes, respectively,
have been identified by polymerase chain reaction
(PCR) using primers to detect mutations in these
genes [9, 11]. The prevalence of PRSP possessing the
three abnormal pbp genes currently exceeds 50% in
Japan [12].

Given this background, therapeutic choices for
patients with invasive pneumococcal disease (IPD)
in Japan have been gradually eroded. A carbapenem
antibiotic such as panipenem (PAM), which has been
used only in Japan, Korea, and China, was adminis-
tered in preference to intravenous third-generation
cephalosporins such as cefotaxime (CTX) and ceftri-
axone (CRO). Additionally, rapid increases in num-
bers of adults and elderly persons with various
underlying diseases, is thought to increase the threat
of IPD.

A heptavalent pneumococcal conjugate vaccine
(PCV7) for children has been introduced in many
countries [13], beginning with the USA [14]. This
vaccine has been reported to contribute to a decrease
in IPD when causative strains are covered [15-18].
In contrast, IPD caused by non-PCV7 serotypes of
S. pneumoniae, such as 19A, continues to increase
[19-21]. As a result, a second-generation pneumo-
coccal conjugate vaccine such as PCV13 is now being
developed to cover a wider range of serotypes.

We therefore focused on understanding the sero-
type distribution and antibiotic susceptibility of iso-
lates from IPD in children and adults throughout
Japan, where clinical trials of PCV7 for children have
been concluded and approval is expected. Here we
describe the serotype distribution and antibiotic sus-
ceptibility of the isolates according to their pbp geno-
type by PCR. We also extrapolate from the data the
expected PCV7 and PCV13 coverage rates for chil-
dren and those of PPV23 and PCV13 for adults.

MATERIALS AND METHODS

We examined 496 S. pneumoniae isolates from pa-
tients with IPD [22]. Isolates were cultured from
clinical samples processed in the laboratories of 186
medical institutions from August 2006 to July 2007
throughout Japan and then sent to our laboratory
with an anonymous application form written by the
reporting doctor. All isolates were from normally

sterile samples such as cerebrospinal fluid (CSF),
blood, or pleural or joint fluid.

Haematological tests in IPD patients

To statistically determine risk factors in adults, we
requested an anonymous report including patient’s
age, disease presentation, underlying disease, white
blood cell count (WBC), C-reactive protein (CRP),
and platelet count (PLT); and outcome, including
presence or absence of neurological sequelae.

Serotype and antimicrobial susceptibility

Serotypes of all S. pneumoniae isolates were deter-
mined by the capsule swelling reaction using anti-
serum purchased from the Statens Serum Institute
(Denmark) {23]. Minimal inhibitory concentrations
(MICs) of penicillin (PEN), ampicillin (AMP), cefo-
taxime (CTX), meropenem (MEM) and vancomycin
(VAN) were determined by agar dilution methods
using Muller-Hinton II agar (MH; Becton Dickin-
son, USA) supplemented with 5% defibrinated sheep
blood [24]. S. pneumoniaze ATCC49619 was used as
a quality control strain.

Genotypic identification of resistance by PCR

To confirm that isolates were S. pneumoniae, the
IytA gene encoding the autolysin enzyme specific to
S. pneumoniae [25] was amplified simultaneously with
the three PBP genes. Each primer set used for detec-
tion of the three PBP genes was designed to amplify
a part of the normal pbpla, pbp2x, and pbp2b genes
detected only in susceptible strains [9]. Portions of
each gene corresponding to the primers were posi-
tioned in blocks of highly divergent sequences within
or near conserved amino-acid motifs. Each reaction
tube for PCR contained two primer sets, for detecting
IytA and pbplain tube A; pbp2x and pbp2b in tube B;
and mef{A) and erm(B) in tube C. These tubes con-
tained 30 ul reaction mixture as previously described
[9, 22, 26].

One colony was chosen from sheep blood agar and
suspended in 30 ul lysis solution [11]. The tube then
was placed in a thermal cycler (Gene Amp PCR
System 9600R ; PerkinElmer Cetus, USA) and heat-
treated for 10 min at 60 °C and for 5 min at 94 °C to
obtain template DNA. Next, 2 ul template DNA was
added to each of the three tubes marked A, B, and
C containing 30 x4l reaction mixture. PCR cycling
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Table 1. Outcome based on presence or absence of underlying disease™

Children Adults

Underlying disease Underlying disease
Outcome (+) (=) Subtotal (+) (=) Subtotal
Fatality 2 0 2(14) 37 6 43 (22°1)
Sequelae (+) 1 3 4(29) 13 4 17 (8:7)
Sequelae (—) 17 115 132 (95'7) 85 50 135 (69-2)
Total 20 118 138 (100-0) 135 60 195 (100-0)

* Patients with unknown status concerning underlying disease and outcome were excluded from analysis.

conditions consisted of 30 cycles at 94 °C for 155,
53 °C for 15 s, and 72 °C for 15 s and amplified using
a Takara PCR Thermal Cycler (Model TP600;
Takara Bio, Japan). Amplified DNA fragments were
analysed by electrophoresis on a 3% agarose gel.
In the presence of all three DNA fragments corre-
sponding to pbpla, pbp2x, and pbp2b, the PBP genes
were regarded as having essentially the same se-
quences as the sensitive R6 strain (PEN-susceptible
S. pneumoniae, PSSP). We regarded the absence of
DNA fragments as indicative of sequences other than
those in PSSP. Genotypic determination is indicated
by adding ‘g’ to designations as follows: gPSSP,
gPISP (pbp2x), gPISP (pbp2b), gPISP (pbpla+ 2x),
gPISP (pbp2x + 2b), and gPRSP (pbpla+2x+2b).

Pulsed-field gel electrophoresis (PFGE)

PFGE was performed using a modification of a
method described previously [12]. For digestion,
DNA plugs were incubated in 1 ml restriction enzyme
buffer with 100 U of Apal at 37 °C for 16 h. Electro-
phoresis was performed with a CHEF Mapper (Bio-
Rad Laboratories, USA) at 57 V/em at 14 °C for
18 h.

RESULTS
IPD

IPD was classified into five groups as follows: septi-
caemia and bacteraemia (including two cases of bac-
terial endocarditis); pneumonia, where S. pneumoniae
was isolated from blood cultures; meningitis diag-
nosed by clinical findings, where S. pneumoniae was
isolated from CSF or blood; suppurative arthritis or
osteomyelitis; and others. In 193 children aged <17

years, septicaemia was predominant with 114 (59-1 %)
cases, followed by pneumonia with 44 (22-8 %) cases,
and meningitis with 30 (15-5%) cases; other diseases
were rare. Almost 92 % of IPD cases in children were
aged <4 years. In the 303 adults, septicaemia and
pneumonia predominated with 115 (38-0 %) cases and
112 (37-0%) cases, respectively, followed by menin-
gitis with 57(18-8 %) cases. The median age of adults
with septicaemia and meningitis was 66 years, but
was somewhat higher in patients with pneumonia
(73 years).

Outcomes and underlying diseases

Table 1 shows outcomes and underlying diseases in
138 children (715 % of those studied), and 195 adults
(64-4%), according to reports returned by collab-
orating institutions. In children, 20 (14-5%) had
underlying diseases, mostly congenital abnormalities.
Adverse outcomes for children included death in two
(1-4%) cases and neurological sequelae in four
(2:9 %) cases.

In adults, 135 (69-2 %) had underlying diseases, the
most common being cancer surgery (38), diabetes
(30), cardiovascular disease (18), hepatic disease (16),
kidney disease (9), immunological deficiency (3), and
splenectomy (2). Deaths were numerous [43 (221 %)),
but 37 of those patients had underlying diseases, and
the cause of death was not considered in detail. The
median hospital stay in adults who did not survive
was 2 days. Seventeen patients, including 13 with
underlying disease, had severe neurological sequelae.
When outcomes in cases with underlying diseases
and those without underlying diseases were com-
pared separately for children and adults, the mor-
tality and sequelae rates were statistically higher
in both children and adults having underlying
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Table 2. Clinical laboratory findings associated with fatal outcome in adults with invasive pneumococcal disease

Median or % (25/75 percentiles) and [no./total]

Univariate analysis

Non-survivors (n=43) Survivors (n=147) OR (95% CI) P value

WBC (10° cells/l) 5-1(2-3-8:8) [37/43] 13-2 (8-2-19-1) [136/147]

<50 x 10° cells/1 486 % [18/37] 11-0% [15/136] 7-64 (3-:30-17-68) P <0-0001
C-reactive protein (mg/dl) 24-8 (16:3-31-7) [36/43] 20-6 (8:9-33-6) [131/147]

=15 mg/dl 77-8 % [28/36] 65-6% [86/131] 1-83 (0-77- 4-35) P=01661
PLT (10° cells/l) 119 (69-171) [36/43] 197 (130-262) [134/147]

<130 x 10%/1 556 % [20/36] 23-1% [31/134] 415 (1-92-8:97) P=0-0002
OR, Odds ratio; CI, confidence interval, WBC, white blood cell count; PLT, platelet count.
Table 3. MICy, and resistance genes identified by PCR in S. pneumoniae

MICyy (ug/ml)

Resistance class n PEN AMP CTX MEM PAM VAN
gPSSP 101 0-031 0-03t 0-125 0-016 0-004 0-5
gPISP (pbp2b) 38 0-125 0-031 0-063 0-031 0-008 05
gPISP (pbp2x) 124 0-063 0-125 0-5 0016 0-008 0-5
gPISP (pbpla+ 2x) 54 0-5 0-5 1 0-125 0-031 05
gPISP (pbp2x + 2b) 35 0-5 0-5 2 0-125 0-031 0-5
gPRSP (pbpla+2x+2b) 140 2 4 2 05 0-125 0-S

Each pbp gene alteration detected by PCR appears within parentheses.
MICs were determined for the following antibiotics: PEN, penicillin; AMP, ampicillin; CTX, cefotaxime; MEM, mero-

penem; PAM, panipenem; VAN, vancomycin.

Strains tested MICs: 492 isolates grown on sheep blood agar plate from stock at —80 °C.

diseases (Fisher’s test: children, P=0-0395; adults,
P=0-0043).

Haematological findings and outcomes in adults

We compared WBC, CRP, and PLT at time of ad-
mission between the non-surviving and surviving
adults. Analysis was carried out using a non-
parametric Kruskal-Wallis test and the results are
shown in Table 2. The median WBC in non-survivors
and survivors was 5-1 x 10° and 13-2 x 10° cells/l, re-
spectively; the odds ratio between patients with WBC
below and above 5-0 x 10% cells/l was calculated as
7-64. A clear difference in the PLT was also noted
between the two groups; and the odds ratio for mor-
tality between patients with PLT below and above
130 x 10° cells/l was 4-15. No significant difference in
CRP was evident between non-survivors and sur-
vivors. In addition, no significant difference in resist-
ance type of gPSSP, gPISP, and gPRSP or in serotype
(PPV23) was found between the non-survivors and
survivors (P=0-1200, P=0-9891, respectively).

PBP gene alterations and f-lactam susceptibility

Table 3 shows results of MIC,y of PEN, AMP, CTX,
MEM, and VAN. Genotype was based on PCR re-
sults for the pbpla, pbp2x, and pbp2b genes. PEN sus-
ceptibility declined according to addition of altered
pbp genes, from a MICy, of 0-063 ug/ml for gPISP
(pbp2x) to 2ug/ml for gPRSP (pbpla+2x+2b).
In particular, susceptibility to CTX was affected by
alterations of pbp2x, a pattern markedly different
from that of susceptibility to PEN. In contrast, al-
though susceptibility to MEM was affected by the
gene alterations, the effect was much less. The MICy,
of VAN for all S. pneumoniae strains was 05 pg/ml.

Relationship between serotype and resistance
genotype for f-lactams

The serotypes of S. pneurnoniae isolates from children,
classified as either PCV7 or non-PCV7 types, in de-
creasing order of prevalence are shown in Figure 1
and the percentage rate of resistance genotypes for
B-lactams is also given for each serotype. Serotype 6B
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Fig. 1. Serotype distribution and resistance genes identified by PCR in S. pneumoniae isolated from children. ‘Other’ category

includes serotypes 15B, 23A, 8, 24, 34, 35, and 38.
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20 O gPISP (pbp2x): 28-6%
0 gPISP (pbp2x+2b): 7-6%

8 gPISP (pbp2b): 12.0%
gPISP (pbpla+2x): 10-0%
0 gPRSP (pbpla+2x+2b): 17-3%

Percent

23F 9V

12F 3 6B 14 4

10A 22F 19F 19A 15B

1 Other-1 6A 23AOther-2 NT
4

PPV23

Fig. 2. Serotype distribution and resistance genes identified by PCR in S. pneumoniae isolated from adults. *Other-1° category
includes serotypes 9N, 11A, 33, 18C, 20, 2, 7F, 8. *Other-2’ category includes serotypes 35, 7C, 154, 38, 15C, 31, 16, and 36.

predominated in the PCV7 types, followed in order
by 19F, 14, and 23F. Coverage by PCV7, to which
types 9V, 4, and 18C were added, was calculated as
75-4%. PCV7 covered types 6B, 19F, 14 and 23F, all
of which showed high rates of gPRSP. In addition,
coverage by PCV13 was calculated as 93-7%. The
resistance rate of gPRSP (pbpla+ 2x+ 2b) was high-
est, at 46-1%, followed by gPISP (pbp2x) at 19-9%,
gPISP (pbpla+ 2x) at 12:6 %, gPISP (pbp2x+2b) at
6:3%, and gPISP (pbp2b) at 1-0%. The rate of gPSSP
was only 14-1%.

The serotypes of S. pneumoniae isolates from adults
that were covered by PPV23 are shown in Figure 2, in
decreasing order of prevalence. These results differed
markedly from those for children. The most prevalent
type, 12F, accounted for 14:3% of the total; inter-
estingly, almost all had gPISP (pbp2b). Serotype 3
(11-3%), with a high incidence of gPISP (pbp2x), was
second only to 12F. Other common serotypes were,
type 6B (10:3%), with a high frequency of gPRSP
(pbpla+ 2x+ 2b), while type 14 (7-6 %) showed a high
frequency of gPISP (pbpla+2x). PPV23 and PCV13
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Fig. 3. PFGE patterns of Apal digests of chromosomal
DNA from serotype |2F isolates. A, gPISP (php2bh) (lanes
1-19); B, gPSSP (lanes 20-24); C, gPISP (php2x + 2b) (lanes
25, 26): D, gPRSP (phpla+ 2x+ 2b) (lane 27).

provided coverage in 854 % and 61-5%, respectively.
Non-survivors and patients with sequelae had devel-
oped IPD involving strains of various serotypes. The
predominant resistance genotype in adults was gP1SP
(pbp2x) at 28:6%, followed by gPSSP at 24:6%,
gPRSP (phpla+2x+2b) at 17-3%. gPISP (pbp2b) at
12:0%, gPISP (pbpla+2x) at 10:0%, and gPISP
(pbp2x+ 2b) at 7-6 %. The serotype and the resistance
genotype of strains differed significantly between
children and adults (both P<0-0001).

PFGE pattern of strains serotyped 12F

Figure 3 shows PFGE patterns of Apal DNA digests
of serotype 12F strains. The 27 strains pictured,
namely five gPSSP, two gPISP (pbp2x-+2b), one
gPRSP, and 19 gPISP (php2b), were selected ran-
domly from 38 strains which were isolated from
patients throughout Japan. DNA restriction patterns
of strains with the same resistance genotype were
homogeneous, suggesting that S. preumoniae strains
possessing the same pbp alterations had spread wide-
ly. There has been a rapid increase in the prevalence of
serotype 12 in Japan and this serotype is present in
18% of cases with a poor prognosis in adults. This
increase is therefore considered to be of clinical sig-
nificance.

DISCUSSION

S. pneumoniae is a major causative agent of diseases
such as pneumonia, meningitis, and acute otitis media
(AOM), as well as various other serious invasive

infections. In the USA, the PCV7 vaccine was devel-
oped for children and approved in 2000, and has been
incorporated into the paediatric vaccination schedule
[14). Immunization programmes using PCV7 have
spread widely, and are presently conducted in almost
70 countries worldwide [27]. The incidence of IPD
involving vaccine-type S. pneumonice has been re-
ported to have decreased significantly [15, 17, 18], and
a related decrease in IPD in adults has been noted
[16]. However, the incidence of IPD caused by non-
vaccine-type S. pneumoniae has increased; particu-
larly type 19A [19-21]. In order to provide increased
coverage, a new vaccine, PCV13, is being developed,
which will include types 19A, 6A, and 3 [28].

Much clinical attention has been drawn to a rapid
increase in PRSP in S. pneumoniae isolates. These
strains have been causative agents of paediatric AOM
[29] and meningitis [22] in Japan since 1990 and this
increase is strongly related to a shift from prescribing
oral penicillins for outpatients to using oral cephalo-
sporins. The increase may also be related to use of
macrolides, considering that most PRSP are multi-
drug-resistant S. preumoniae (MDRSP) also resistant
to macrolides [30]. In addition, Japan’s high popu-
lation density tends to accelerate increases in resistant
organisms.

We previously compared pbp gene alterations in
S. pneumoniae strains that had been isolated in the
same time period from the USA and Japan [10]. In the
USA, where use of penicillins predominated, increases
were evident in resistant strains with the pbp2b gene
alteration whereas in Japan, where cephalosporins
predominated, many strains characteristically had the
pbp2x gene alteration. As shown in this study, the
latter pattern still persists in Japan.

According to USA guidelines [31], the use of third-
generation cephalosporins — CTX, CRO, or either of
these in combination with VAN —is recommended
for meningitis caused by PRSP. In Japan, however,
carbapenems such as PAM and MEM are rec-
ommended as first-choice antibiotics in this situation.
A major reason for this practice is that 60% of
Japanese paediatric meningitis cases are caused by
Haemophilus influenzae type b (Hib), of which about
36-2% show resistance to AMP and CTX, reflect-
ing B-lactamase non-producing and AMP-resistant
H. influenzae as the causative pathogens [32]. There-
fore, in Japan, the preferred paediatric treatment in-
creasingly involves concomitant use of a carbapenem,
with its superior bactericidal effect against S. pneu-
monige, plus CTX or CRO, with superior activity
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against H. influenzae; treatment now is basically the
same for adults.

As for vaccines against S. pneumoniae, PPV23 has
been introduced in Japan, where it is used mainly on a
voluntary basis for elderly people as well as adults and
children with underlying diseases. The PCV7 vaccine
is currently under review by the Japanese Ministry
of Health, Labour and Welfare, and approval is
expected soon. Nevertheless, one needs to know the
extent to which PCV7 covers IPD. According to our
epidemiological surveillance in the current study,
PCV7 covers 75:4 % of strains isolated from children
with IPD. However, the incidence of types 6A and
19A, which are non-vaccine types, is significant, so the
introduction of PCV13 will be beneficial.

In Japan, a recent rapid increase in IPD in adults
may reflect the rapid ageing of society and an increase
of lifestyle-related diseases in the adult population.
The current situation whereby PPV23 vaccination is
voluntary, limits its effectiveness against this increase.
Development of disease caused by S. prneumoniae
in adults with underlying disease often triggers dis-
seminated intravascular coagulation (DIC), leading
to death or serious sequelae for which the prognosis
is extremely poor. Also of concern is the poor prog-
nosis for adults who develop IPD caused by S. preu-
moniae with intermediate PEN resistance. In addition,
serotype 12F was very rare in 2000, but in the cur-
rent study accounted for 12-0% of IPD cases and
strains show essentially the same PFGE pattern as
¢PISP (pbp2b). The reason why this type of S. preu-
moniae has increased so rapidly in adults is unknown,
and requires further investigation. Finally, but im-
portantly, the impact of the forthcoming intro-
duction of PCV7 will need to be assessed by continued
epidemiological surveillance of IPD throughout
Japan.
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Abstract To clarify molecular changes in fS-lactamase-
nonproducing, ampicillin-resistant (BLNAR) Haemophilus
influenzae, which is increasing in pediatric patients with
acute otitis media (AOM) in Japan, we identified amino
acid (aa) substitutions in penicillin-binding protein 3 for
the BLNAR strains. Of 191 H. influenzae strains isolated
from middle ear fluid of pediatric AOM patients between
October 2005 and March 2008, BLNAR strains determined
by PCR accounted for 49.2%. Of the BLNAR strains,
91.5% possessed 4 aa substitutions: Met3771le, Ser385Thr,
Leu389Phe, and either Asn526Lys or ArgS17His. Addi-
tionally, the emergence of BLNAR strains possessing a
new aa substitution of Val329Ala in the conserved aa motif
of Ser327-Thr-Val-Lys, or Val511Ala adjacent to the
conserved aa motif of Lys512-Thr-Gly, was noted. Trans-
formation of the ftsI gene into the Rd reference strain
(ATCC 51907) demonstrated that these two aa substitu-
tions reduced susceptibility to amoxicillin more than to
cephalosporins. Pulsed-field gel electrophoretic profiles of
BLNAR strains were highly diverse. These results sug-
gested that inadequate antibiotic use may increase BLNAR
strains by selecting mutations in the fts/ gene and that such
use may have favored the new aa substitutions.
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Introduction

Haemophilus influenzae is an important pathogen causing
respiratory tract infection, pneumonia, acute otitis media
(AOM), and meningitis. Two well-known mechanisms are
implicated in the resistance of H. influenzae to ampicillin
(AMP). One is the enzymatic hydrolysis of f-lactam agents
resulting from the production of TEM-1 and ROB f-lacta-
mases [1—4]; the other is decreased affinity of penicillin-
binding protein (PBP) 3 for f-lactam antibiotics reflecting
amino acid substitutions in the enzyme [3, 5]. Strains with
alterations in PBP3 are termed f-lactamase-nonproducing,
AMP-resistant (BLNAR) H. influenzae. In addition, strains
demonstrating both mechanisms are termed f-lactamase-
producing, amoxicillin-clavulanic acid-resistant (BLPACR)
H. influenzae.

Amino acid substitutions in PBP3 surrounding the con-
served Lys512-Thr-Gly (KTG) and Ser379-Ser-Asn (SSN)
motifs are responsible for f-lactam resistance {5-9]. Single
substitution of AsnS26Lys or Arg517His was commonly
found in BLNAR isolates with intermediate resistance to
AMP (low-BLNAR). Additional amino acid substitutions,
Met3771le, Ser385Thr, and/or Leu389Phe, were characterized
by higher than intermediate resistance to AMP (BLNAR).

In the United States, the prevalence of BLNAR strains
was reported to be less than 5% in a recent study [10].
Another recent study reported a relatively constant preva-
lence of BLNAR strains, about 9%, in most of Europe [11].
In Japan and Spain, however, a marked increase in the
number of BLNAR isolates has been observed [12-14].
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Currently, an increase in intractable or recurrent AOM
caused by BLNAR has become a great concern in pediat-
rics and otolaryngology in Japan [15, 16]. Despite the high
reported prevalence of BLNAR strains from AOM, their
evolutionary molecular changes in the fts gene have not
been clarified. In this study, we characterized amino acid
substitutions in PBP3 and their correlation with antibiotic
susceptibilities in H. influenzae isolated from pediatric
patients with AOM.

Materials and methods
Strains

In Japanese medical institutions, 191 clinical H. influenzae
strains were isolated from middle ear fluid collected from
pediatric patients with AOM by puncture or incision of the
tympanic membrane between October 2005 and March
2008. The middle ear fiuid samples were sent to our lab-
oratory, where we immediately carried out bacterial culture
and species identification based on the requirement of
B-NAD (V factor) and hemin (X factor). Additionally, PCR
was performed on all isolates, as described below, to
identify species, f-lactamase genes, and frs/ mutations.

Polymerase chain reaction (PCR)

We performed PCR for H. influenzae using six sets of
primers described previously [7]. The six targets were the
16S rRNA gene identifying species [17], the TEM-1 f-lac-
tamase gene [18], the ROB-1 p-lactamase gene [19], an
amino acid substitution of Asn526Lys in the fts/ gene [20], an
amino acid substitution of Ser385Thr in the fts gene [5], and
the Hib-specific capB locus [21]. PCR cycling conditions
using lysates extracted from colonies of isolates included 35
cycles at 94°C for 15 s;at 53°C for 15 s;and at 72°Cfor 15 s.
On the basis of the PCR results, the resistance class was
described by attaching “g” to indicate genetic identification
as opposed to other biologic assays, yielding designations
such as gBLNAR, glLow-BLNAR, gBLPAR, and gBLNAS.

Serotyping

Serotypes of H. influenzae strains, except for type b, were
determined by the agglutination test using antiserum pur-
chased from Becton—-Dickinson (Franklin Lakes, NJ, USA).
Antibiotic susceptibility

Susceptibility testing was performed by an agar dilution

method [22]. Antibiotics used in this study were AMP,
amoxicillin (AMX), cefditoren (CDN), and tebipenem
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(TBM, a new oral carbapenem; Meiji Seika Kaisha, Tokyo,
Japan); cefdinir (CDR; Astellas Pharma, Tokyo, Japan);
cefotaxime (CTX; Aventis Pharma, Tokyo, Japan); and
meropenem (MEM; Dainippon Sumitomo Pharma, Osaka,
Japan). H. influenzae ATCC 49247 and ATCC 49766 were
used as quality control strains.

Sequencing

The 1.0-kb DNA region of the ftsI gene corresponding to
the transpeptidase domain of PBP3 was amplified from
the chromosomal DNA of H. influenzae by PCR using a
sense primer, 5'-GTTGCACATATCTCCGATGAG-3/, and
a reverse primer, 5'-CAGCTGCTTCAGCATCTTGC-3’, as
described previously [5]. Amplified DNA fragments were
purified using a QIAquick PCR purification kit (Qiagen,
Tokyo, Japan) and used as templates. Sequencing reactions
were carried out using a BigDye Terminator cycle sequenc-
ing kit, version 3.1 (Applied Biosystems, Foster City, CA,
USA). DNA sequencing was performed with an ABI Prism
3130/3130x1 genetic analyzer (Applied Biosystems).

Transformation

The Rd strain (ATCC 51907) was transformed with an open
reading frame corresponding to the fts gene, which was PCR-
amplified. Transformation was carried out using a cuvette
with a 0.1-cm electrode gap and a MicroPulser electropora-
tion apparatus (Bio-Rad Laboratories, Hercules, CA, USA),
as described previously [5]. Conditions for electroporation
were 1.8 kV/cm with time constants of 5.8 to 5.9 ms. Colo-
nies grown on selective agar plates containing CTX at 0.016,
0.063, and 0.25 mg/l were selected at random, and antibiotic
susceptibilities for the colonies were determined by the agar
dilution method as described above. The ftsI gene of the
colonies was sequenced to confirm gene transfer.

Pulsed-field gel electrophoresis (PFGE)

PFGE was carried out according to the method described
previously, with some modifications [23]. Chromosomal
DNAs extracted from each H. influenzae strain were digested
with Smal. Electrophoresis was performed using CHEF Map-
per (Bio-Rad Laboratories). Separation of DNA fragments was
achieved at 6 V/cm at 14°C for 20 h and 18 min. Pulse time,
which changed in a lineal manner, was 0.47 to 63.08 s.

Results
Resistance classes and susceptibility

The resistance classes of 191 H. influenzae isolates were
identified by PCR. AMP-resistant strains were extremely
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common, representing 60.2% of all isolates; the proportion
of each resistance class was 49.2% for gBLNAR, 6.8% for
gLow-BLNAR, 3.7% for gBLPACR II, and 0.5% for
gBLPAR. Strains without any resistance genes, i.e., gBL-
NAS, AMP-susceptible strains, represented 39.8%.

Of all strains tested, only 6 (3.1%) were serotyped as
type b (n = 5) or type f (n = 1); the remaining strains were
nontypable (NT).

Table 1 shows the MIC ranges, MICsgs, and MICggs of
seven fS-lactam antibiotics for H. influenzae strains classi-
fied into four resistance groups, excluding gBLPAR, which
consisted of 1 strain. The MICqyq of the standard antibiotic
AMP for gBLNAR, 8 mg/l, was 16 times higher than the
value for gBLNAS, 0.5 mg/l. In contrast, the MICqgs of
most cephalosporin antibiotics (CDR, CDN, and CTX) for
gBLNAR were markedly increased; the MICy, values of
CDR, CDN, and CTX were 64, 8§, and 32 times higher than
the value for gBLNAS, respectively. The ftsI gene muta-
tions affected the MICs of cephalosporin antibiotics more
than those of AMP. The MICs of TBM and MEM for
AMP-resistant strains were affected slightly by fisI gene
mutations. The MICggs of TBM and MEM for gBLNAR
were increased 4 to 8 times relative to those for gBLNAS.

Amino acid substitutions in PBP3

Table 2 shows the deduced amino acid substitutions in
PBP3 in gLow-BLNAR (n = 13), gBLNAR (n = 94), and
gBLPACR II (n = 7) strains. These strains were classified
into groups based on the eight amino acid substitutions
reported by Hasegawa et al. [24]. Of these eight amino acid
substitutions, three substitutions (Arg517His, Asn526Lys,
and Ser385Thr) were considered to importantly affect
resistance.

All gLow-BLNAR strains commonly possessed
Asn526Lys without Ser385Thr, which had been identified
frequently among AMP-resistant H. influenzae strains iso-
lated in the late 1990 s. On the other hand, all gBLNAR
and gBLPACR 1I strains possessed Ser385Thr and either
Asn526Lys or ArgS17His. Furthermore, 91.1% (92/101)
of the gBLNAR and gBLPACR II strains possessed
Met3771le and Leu389Phe as well.

The emergence of gBLNAR with a Val329Ala substi-
tution in the conserved amino acid motif of Ser327-Thr-
Val-Lys (STVK) and gBLNAR, with a Val511Ala substi-
tution adjacent to the KTG motif, which had not been
identified in the early 2000 s in Japan, was noted.

Correlation between Val329Ala and Val511Ala
and antibiotic susceptibilities

To investigate the effects of Val329Ala in the STVK motif
and Val511Ala adjacent to the KTG motif in the ftsI gene

Table 1 MIC distributions and resistance classes of Haemophilus
influenzae strains

Antimicrobial agent and MIC (mg/h)
Resistance class Range MICsq MICqq
Ampicillin
gBLNAS? (n = 76) 0.063~1 0.25 0.5
glow-BLNAR (n = 13) 0.5-2 1 1
gBLNAR (n = 94) 0.5-32 2 8
gBLPACR-II (n = 7) 2->64 16 >64
Amoxicillin
gBLNAS 0.125-1 0.5 0.5
glow-BLNAR 0.5-4 2 4
gBLNAR 0.25-64 8 32
gBLPACR-II 2->64 64 >64
Cefdinir
gBLNAS 0.031-1 0.25 0.5
glow-BLNAR 0.5-4 0.5 2
gBLNAR 2-32 8 32
gBLPACR-1I 8-16 16 16
Cefditoren
gBLNAS 0.002-0.063 0.016 0.031
glow-BLNAR 0.016-0.063 0.031 0.063
gBLNAR 0.031-1 0.25 0.25
gBLPACR-II 0.125 0.125 0.125
Cefotaxime
gBLNAS 0.004-0.063 0.016 0.031
glLow-BLNAR 0.016-0.125 0.031 0.125
gBLNAR 0.0634 0.5 1
gBLPACR-II 0.25-0.5 0.5 0.5
Meropenem
gBLNAS 0.008-0.125 0.063 0.125
gLow-BLNAR 0.063-0.5 0.125 0.25
gBLNAR 0.031-0.5 0.25 0.5
gBLPACR-II 0.063-0.25 0.063 0.25
Tebipenem
gBLNAS 0.008-0.25 0.063 0.125
gLow-BLNAR 0.031-0.5 0.25 0.5
gBLNAR 0.031-1 0.25 1
gBLPACR-II 0.25-0.5 0.5 0.5

gBLNAS, gLowBLNAR, low-f-lactamase-nonproducing, ampicillin
(AMP)-resistant; gBLPACR-II, f-lactamase-producing, amoxicillin-
clavulanic acid-resistant-I1

* g in the strain name denotes genetic identification

upon antibiotic susceptibilities, the AMP-susceptible strain
Rd was transformed with PCR-amplified fts/ gene fragments
from gBLNAR with Val329Ala (KU0OO7) and gBLNAR with
Val511Ala (KU026). As controls, PCR-amplified fts gene
fragments from gBLNAR without Val329Ala (KUO0OI1),
gBLNAR without Val511Ala (KU002), and gLow-BLNAR
(KU046) were introduced to Rd as well.

_@_ Springer

—509—



J Infect Chemother

99L6VDOLY ‘[onuo) |,

ADYL-ZISSAT ‘DL

USY-19S-6L£39S ‘NSS

SAT-[BAYL-LTEI2S MALS .

Eucumzou WEL ‘wouadorawx WAN huﬁ.z.xﬁo.wuu XID rco.ﬁou_vwoo NAdD ,.:Eﬁwoo 8ao .E:Eo_xoam Xy J._::o_mEd dAV

§0 STO SO0 sTlo 91  $9< $9< &1 - - - ayd 1y, 3l - S 1A
- STH - - ayd g, a1 - 1 m
ST0  STO0 S0 STIO 2 ¥9 91 - STH - - - Iy, a[I - I 3 (L = u) I-¥OVd1493
sAT - - TeA sud Ty, 1L - T X1
S&T - eIy - auq I a1l - 1 1108
1 S0 I S0 A4S 91 s - - - aud L i - SL na
sk - - L - yy, - - € 128
sk - - - - Iy, - ey 4 A
I S0 1 szo (A4 ¥ s&g - - - - L - - [ AT
- St - - syd Iy £l - 8 11
- SIH - - - Y, el - 1 n
S0 STO I S0 (A 4 - st - - - L - - 1 ! (¥6 = u) IYN'148
s - - EA = - B - 1
sk - - IEA - - - - €
SAT - - yy, - - - - €
S0 S0 £900 €900 1 ¥ I s&T - - - - - - - 9 (€1 = w) YYN1g-1073
SZTI'0 €90°0 8000 8000 STO SO sT0 - - - - - - - - »SYNT43
WAL WIN XID NAQ ¥aD XV JAV  9T6-USY  LIG-81V  [ISBA TOS-BIV  68E-M9T G8E-I9S  LLE-WIN  6TE-IBA
Suow HILY JHow NSS  MALS
surens $se[0
(1/38ur) 96T uonmsqns proe oy Jo ‘oN  dnoidqng 0ue)SISaY

surens sv2uamyfur ‘I 11 YOVI198 pue YYNT9S woiy s5uss 751/ Yl Ul PIYHUap! SUORMINSNS PIoR OUIWEY T J[qe],

pringer

Qs

—510—




J Infect Chemother

Table 3 MICs of H. influenzae strains transformed with a fis] DNA fragment and donor strains

MIC (mg/l)

Amino acid substitution

Strains

KTG motif®

SSN motif®

STVK?

AMP AMX CDR CDN CrX MEM TBM

Met-377 Ser-385 Leu-389 Ala-502 Val-511 Arg-517 Asn-526

Val-329

0.016 0.063 0.063

0.008

0.5

0.125

Recipient Rd

0.25
0.5

0.25

0.031
0.5

0.016

Lys

Donor KU 046
Donor KU 001
Donor KU 007
Donor KU 002
Donor KU 026

0.5

0.125
0.25
0.25
0.25

16

Lys

Thr
Thr
Thr
Thr

0.25
0.5

0.5

Lys

Ala

0.25
0.5

16
64

Lys

Phe
Phe

Ile

0.5

64

Lys

Ala

Ile

0.125
0.25
0.25
0.25
0.5

0.125
0.25
0.25
0.25
025

0.031

0.5

0.008

0.5

Lys

RdKUM

0.063
0.25

16
64

Lys

Thr
Thr
Thr
Thr

RdKUUUl

32

Lys

Ala

RdKUOO’I

0.125
0.125

16

Lys

Phe
Phe

Ile

R dKU()OZ

Lys

Ala

Tic

R dKU026

TBM tebi

AMP ampicillin, AMX amoxicillin, CDR cefdinir, CDN cefditoren, CTX cefotaxime, MEM merop

* STVK, Ser327-Thr-Val-Lys

b SSN, Ser379-Ser-Asn

¢ KTG, Lys512-Thr-Gly

Table 3 shows the MICs of seven f-lactam antibiotics
for each transformant and donor strains. The MICs of
AMX, CDR, CDN, and CTX for transformant RgKVOY7
were higher than those for transformant Rd¥Y%! Espe-
cially, the AMX MIC of transformant RA¥Y%7 was 16
times higher than that for transformant Rd®Y®!, On the
other hand, the MICs of AMP, MEM, and TBM for
transformant RA¥Y%%7 were same as those for transformant
RAXVY0! The MICs of AMX and CDR for transformant
RdXY926 were 16 and 4 times higher than those for trans-
formant RdXY%2, In contrast, the MICs of AMP, CDN,
CTX, MEM, and TBM for transformant RA¥Y9% were
equal or almost equal to those for transformant R@XV002,

Electrophoretic profiles

Figure 1 shows the PFGE profiles of 20 gBLNAR and 7
gBLPACR 11 strains selected randomly from each amino
acid substitution subgroup. The profiles were extremely
diverse and could not be classified into groups. Interest-
ingly, the strains that shared an amino acid substitution
subgroup and had the same resistance type differed in
PFGE profiles. This diversity represents evidence that the
resistant strains were clonally different from each other.

M1 23456 789101213 1415161718192021 2223 24282627\

R e e |

Fig. 1 Pulsed-field gel electrophoresis (PFGE) profiles of chromosomal
DNA from gLow-f-lactamase-nonproducing, ampicillin-resistant
(BLNAR), gBLNAR, and g f-lactamase-producing, amoxicillin-clavu-
lanic acid-resistant Il (gBLPACR II) strains (n = 27) digested with Smal
restriction enzyme (‘g’ in the strain name denotes genetic identification).
Lanes M, /. Ladder molecular size marker; J, gBLNAR subgroup i
(KU109); 2, gBLNAR subgroup ii (KU158); 3-6, gBLNAR subgroup iii
(KU013, 154, 161, and 152); 7, gBLNAR subgroup iv (KU001); 8-9,
gBLNAR subgroup v (KUQO7 and 076); 10-12, gBLNAR subgroup vi
(KU032, 173, and 157); 13-17, gBLNAR subgroup vii (KU153, 155,
159, 162, and 149); 18, gBLNAR subgroup viii (KU026); 19-20,
gBLNAR subgroup ix (KU029 and 069); 21, gBLPACR-II subgroup ii
(KU060); 22, gBLPACR-1I subgroup iii (KU190); 23-27, gBLPACR-11
subgroup vii (KU108, 187, 188, 189, and191)
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