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Abstract We examined associations of serotypes with
multilocus sequence typing (MLST) data for 7 house-
keeping genes and the genotype concerning penicillin
resistance based on penicillin-binding protein (PBP) alter-
ations in Streptococcus pneumoniae isolates from children
with meningitis. From throughout Japan, we collected 115
pneumococcal isolates from the cerebrospinal fluid of
patients 15 years old or younger from January 2007 to
December 2009. We then carried out serotyping, MLST,
and genotypic classification. Isolates included 24 serotypes
and 52 sequence types (STs) according to MLST, of which
18 were novel. The 4 predominant serotypes included a
variety of STs: 14 STs in serotype 6B (n = 24), 2 STs in
19F (n = 17), 6 STs in 23F (n = 14), and 5 STs in 14
(n = 11). Resistance genotypes included 6 types: 44.3%
for gPRSP (pbpla + 2x + 2b), 13.9% for gPISP
(pbpla + 2x), 9.6% for gPISP (pbp2x + 2b), 19.1% for
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ePISP (pbp2x), 3.5% for gPISP (pbp2b), and 9.6% for
¢PSSP. Interestingly, the most prevalent serotype of 6B
included 7 newly identified STs and a variety of genotypes
for resistance. STs in serotypes 23F and 14 were highly
diverse, but not in 19F. These results suggest that various
genetic elements in S. pneumoniae might be intrinsically
susceptible to genetic mutations and recombination, with
acceleration of emergence reflecting selection pressures
such as antibiotic overuse.

Keywords Streptococcus pneumoniae - Meningitis -
Child - Serotype - Multilocus sequence typing - Genotypic
resistance - Penicillin-binding protein

Introduction

Streptococcus pneumoniae is a major pathogen causing
community-acquired infection, including respiratory tract
infections, acute otitis media, septicemia, and meningitis.
This agent remains a leading cause of morbidity and
mortality worldwide, especially among children and the
elderly [1, 2].

In particular, penicillin (PEN)-resistant S. pneumoniae
(PRSP) emerged in the 1980s and spread rapidly to many
countries, posing several difficult clinical problems.

In Japan, meningitis caused by this PRSP in children
was first reported by Arimasu et al. [3] in 1988. According
to an active Nationwide Surveillance for Bacterial Men-
ingitis (NSBM) program organized by Sunakawa and
Ubukata et al. [4], which has been operating since 1999,
the prevalence of PEN-intermediate resistant S. pneumo-
niae (PISP) and PRSP is frequent, accounting for 43.1 and
39.7% of S. pneumoniae isolates from meningitis patients,
respectively.
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Resistance to fi-lactam antibiotics in PISP and PRSP is
mediated mainly by abnormalities in 3 pbp genes encoding
the PEN-binding proteins (PBP) 1A [5], PBP2X [6], and
PBP2B [7], which are enzymes involved in peptideglycan
synthesis. PCR-based genotypic identification to demon-
strate the presence or absence of abnormalities in the 3 pbp
genes was designed by Ubukata et al. [8] in order to rapidly
and accurately identify these sites of resistance in S. pneu-
moniae isolates. PCR results, designated by expressions such
as gPRSP (pbpla + 2x + 2b) and gPISP (pbp2x), corre-
spond well to the susceptibilities determined by bioassay [9].

Serotyping using antiserum raised against polysaccha-
ride capsule, a virulence factor of S. pneumoniae, has
received emphasis in worldwide epidemiologic studies
concerning this agent [10, 11]. Heptavalent pneumococcal
conjugate vaccine (7-PCV) or 13-valent PCV (13-PCV)
has been developed based on a great abundance of capsule-
type data collected worldwide [12, 13]. However, infor-
mation about pneumococcal serotypes is less than fully
informative concerning individual clones causing invasive
illnesses, because a given serotype includes some clones
representing horizontal transfer of capsular genes into
newly identified lineages [14].

To clarify the clonality of S. pneumoniae strains show-
ing the same capsule type that were isolated in different
areas and countries in recent years, multilocus sequence
typing (MLST) that determines 7 allelic genes was devel-
oped [15]. In Japan, Imai et al. [16] first described MLST
data relating to pneumococcal isolates from adults with
community-acquired pneumonia. However, similar data for
isolates from pediatric-age invasive pneumococcal infec-
tions have been lacking in Japan.

We therefore applied MLST analytic approaches to S.
pneumoniae isolates from children with meningitis from
2007 through 2009 to identify linkages between serotypes,
genotypic resistance types, and MLST data.

Materials and methods
Strains and serotyping

The active program for NSBM (research representative:
Prof. K. Sunakawa, Kitasato University) has been carried
out by participating pediatricians since 2000.

Bacterial strains first isolated from cerebrospinal fluid
(CSF) were sent to the Laboratory of Molecular Epidemi-
ology for Infectious Agents (Graduate School of Infection
Control Sciences, Kitasato University), together with
anonymous information concerning patient characteristics
provided by attending pediatricians.

Pneumococcal strains (n = 115) isolated from the CSF of
patients 15 years old or younger at 70 participating hospitals

from January 2007 through December 2009 were included in
this study. These hospitals were located in 6 areas of Hokkaido-
Tohoku, Kanto, Chubu, Kinki, Chugoku-Shikoku, and Kyushu.
Strains were immediately grown on sheep blood agar (Nippon
Becton-Dickinson, Tokyo, Japan) at 37°C in an atmosphere
with 5% CO,. After single-colony purification and recultiva-
tion, isolates were stored in 10% skim milk (Difco Laborato-
ries, Detroit, MI, USA) at —80°C until use. The pneumococcal
species from all subjects were confirmed by PCR as described
previously, based on amplification of the lyfA gene encoding
the autolysin enzyme specific to S. pneumoniae [17].

After speciation, we determined serotypes of S. pneumoniae
strains with the Quellung reaction, using antiserum purchased
from the Statens Serum Institute (Copenhagen, Denmark).

Identification of genotypic classes based on PBP
alterations

A single colony of S. pneumoniae grown on a sheep blood
agar plate was suspended in a microcentrifuge tube
(0.5 ml) containing 30 pl of lysis solution [18]. To prepare
template DNA solution, the tube was placed in a thermal
cycler (Gene Amp PCR System 9600 R; PerkinElmer
Cetus, Waltham, MA, USA), heat-treated for 10 min at
60°C, and then for 5 min at 94°C. Each primer set for the
detection of the 3 targeted PBP genes was designed to
amplify normal pbpla, pbp2x, and pbp2b that existed
among PEN-susceptible strains [4, 17].

Next, we added the 2 pl template DNA to each of 4
tubes containing 30 pl of PCR reaction mixture. Each
reaction tube for real-time PCR contained a specific
molecular beacon probe and primer set to detect each of the
genes pbpla, pbp2x, and pbp2b (abstr. no. 2074, Chiba
et al.; 50th Interscience Conference on Antimicrobial
Agents and Chemotherapy, Boston, USA, 2010).

Cycling conditions for real-time PCR consisted of 40
cycles at 95°C for 15 s, 50°C for 20 s, and 75°C for 15 s using
Stratagene Mx3000P (Agilent Technologies, La Jolla, CA,
USA). Based on the presence of all 3 DNA fragments corre-
sponding to pbpla, pbp2x, and pbp2b, the genotype was
assigned to the PEN-susceptible class. When any of the tar-
geted DNA fragments were absent, we assigned the strain to a
PEN-nonsusceptible class, since it had sequence(s) at variance
with those in PSSP. Six genotypic classes were indicated by
adding “g” to the designation as follows: gPSSP, gPISP
(pbp2x), gPISP (pbp2b), gPISP (pbpla + 2x), gPISP
(pbp2x + 2b), and gPRSP (pbpla + 2x + 2b) [19].

MLST and analysis of clonal complexes (CCs)
using the eBURST database

MLST of all strains was performed using methods descri-
bed by Enright et al. [20]. The same template DNA used
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for the genotypic identification of PEN resistance was
subjected to MLST.

Internal fragments of 7 housekeeping genes were ana-
lyzed: aroE (shikimate dehydrogenase), gdh (glucose-6-
phosphate dehydrogenase), gki (glucose kinase), recP
(transketolase), spi (signal peptidase I), xpt (xanthine
phosphoribosyltransferase), and ddl (p-alanine-p-alanine
ligase). The corresponding 7 primer sets found on the MLST
website and the CDC homepage (http://spneumoniae.mlst.
net/misc/info.asp, http://www.cdc.gov/ncidod/biotech/strep/
alt-MLST-primers.htm) were used. A ddl forward primer
(5-AGGATTCTTGGAAGTTTTGAAAATG-3') was newly
constructed for this study.

PCR was performed using Thermal Cycler Dice 600
(Takara, Kyoto, Japan) with cycling conditions that inclu-
ded an initial DNA denaturation step at 94°C for 2 min,
followed by 35 cycles at 94°C for 30 s, 50°C for 40 s, and
72°C for 1 min.

Amplified DNA fragments were purified using a QIA
quick® 96 PCR Purification Kit (Qiagen, Valencia, CA,
USA), and sequenced using a BigDye Terminator v3.1 Cycle
Sequencing Kit and an Applied Biosystems 3130 genetic
analyzer (Applied Biosystems, Foster City, CA, USA).

Sequences obtained at each of the 7 loci then were
compared with those of all known alleles at those loci using
the database at the pneumococcal MLST website (http://
spneumoniae.mlst.net). A sequence identical to a known
sequence was assigned the corresponding allele number,
and sequences that were not identical to any known allele
sequence were assigned new allele numbers through the
MLST website. The allelic profile of each strain as well as
its ST designation was determined through the 7 constitutive
numbers.

We also used eBURST to analyze the clonal association
of strains with strains of identical serotype on the website
(http://spneumoniae.mlst.net/eburst/). CCs were established
by the e BURST sets, in which 6 of 7 identical allele numbers
showed commonality with the 1 different number.

Results

Age distributions among children with pneumococcal
meningitis

We analyzed 115 pneumococcal isolates in the CSF of
Japanese children ranging in age from newborns to ado-
lescents. CSF sampling dates ranged from January 2007 to
December 2009. Boys accounted for 67 isolates (58.3%),
while 39 isolates were from girls. The genders of the
remaining patients were unspecified.

@ Springer
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Fig. 1 Age distributions among children (n = 112) with pneumo-
coccal meningitis and genotypic resistance classes among pneumo-
coccal isolates. m month, y years

Figure | shows age distributions for the various geno-
typic resistance types among 112 children with meningitis,
except for 3 patients whose ages were unclear. A number of
patients were 6 months old or younger (11.6%). Isolation
rates were high among infants from 7 to 11 months old
(33.9%), and showed a peak (26.8%) among 1-year-old
infants, with 72.3% of isolations occurring in infancy
(1 year old or younger).

Genotypically resistant strains were predominantly gPRSP
(pbpla + 2x + 2b) (45.5% of all strains), followed by
gPISP (pbp2x) (19.6%), gPISP (pbpla + 2x) (13.4%), gPISP
(pbp2x + 2b) (9.8%), and gPISP (pbp2b) (3.6%). Isolates of
gPSSP with the 3 normal PBP genes accounted for only 8.0%.
Importantly, gPRSP (pbpla + 2x + 2b) strains were espe-
cially prevalent among patients 7 months old or older.

This chronology might reflect a decrease in immuno-
globulins transferred from the mother to the newborn.

Serotype distributions and genotypic resistance classes

Figure 2 shows serotype prevalences for all S. pneumoniae
isolates (n = 115) in decreasing order. Types represented
numbered 24. Serotype 6B (20.9%, n = 24) was most
prevalent, followed by 19F (14.8%, n = 17), 23F (12.2%,
n = 14), and 14 (9.6%, n = 11). Serotypes 6A (n = 5) and
6C (n = 6) also were observed in our study. Coverage rates
of 7-PCV and 13-PCV by age group were: 70.6 and 82.4%
in infants (younger than 1 year old); 72.5 and 80.4% in
preschool children (1-5 years old); and 20.0 and 30.0% in
school children (older than 5 years old). Except for 6
strains (serotypes 6A, 23A and 35), we found that 88.2% of
gPRSP was distributed among the 4 serotypes above,
especially 19F, 6B, and 23F. Infrequent serotypes tended to
be gPSSP, gPISP (pbp2x), or gPISP (pbpla + 2x).
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Fig. 2 Serotype distributions (n = 115) and genotypic resistance
classes among pneumococcal strains

Association of serotype with sequence types (STs)
and genotypes

Table 1 shows 52 STsidentified by MLST performed on 115
pneumococcal strains, together with information concerning
reference strains. We identified 8 novel allele sequences
(recP148, recP149, xpt336, xpt337, ddI382, ddi383, ddi384,
and ddI385). Thirty-four of the STs had already been
assigned according to the MLST website, and the remaining
ones were found to represent 18 new STs identified in our
study. Eight ST profiles (STs 5231, 5238, 5239, 5242, 5230,
5234, 5241, and 5244) contained the new allele sequences,
and others included novel allelic profiles (STs 5232, 5233,
5235, 5236, 5237, 5240, 5243, 5245, 5246, and 5247) con-
sisting of known allele sequences.

Associations of isolation areas with serotypes and STs
are indicated in Table 2. We confirmed that there are no
significant distributions of serotypes and STs in Japan.

A correlation was evident between serotypes and STs,
except for the 6 STs (STs 63, 199, 236, 338, 2923, and
2924) corresponding to the multiple serotypes in our
observations (Tables 1, 2).

Additional eBURST analysis showed the presence of 29
CCs and 7 singletons. Relationships between STs and CCs
for the main serotypes were as follows: 14 STs and 9 CCs in
serotype 6B, 2 STs and 2 CCs in 19F, 6 STs and 4 CCs in
serotype 23F, and 5 STs and 4 CCs in serotype 14 (Table 1).

The serotypes 6B, 6C, and 6A included 10 newly
identified STs and a variety of both CCs and genotypic
resistance types, suggesting that the 6B, 6C, and 6A sero-
types might be susceptible to genetic alterations.

Discussion

Pneumococcal meningitis among young children and the
elderly remains an important cause of morbidity and

mortality in Japan [21]. Treatment of bacterial meningitis
consists primarily of antimicrobial chemotherapy as rec-
ommended in the guidelines edited by the Japanese Society
of Neurological Therapeutics, the Japanese Society for
Neuroinfectious Diseases, and the Japanese Society of
Neurology 2007 [22]. Recommended first-line antibiotics
include a combination of third-generation cephalosporins
and carbapenems for patients older than 4 months.

The aim of this work was an improved understanding of
features such as serotypes, resistance genotypes, and STs
among the pneumococcal strains most often isolated from
children with meningitis. Although 93 serotypes exist
among the strains, serotype 6B is most frequent, since
strains of this serotype do not bear antigens corresponding
to maternal antibodies transferred placentally to newborns.

In this study, we found that the serotypes 6B, 6C, and
6A included 10 newly identified STs and a variety of
resistance genotypes and CCs compared with those asso-
ciated with other serotypes. Our data suggest that strains
with serotypes 6B, 6C, and 6A might be intrinsically sus-
ceptible to mutations and genetic recombination, consid-
ering that infant carriers with the serotypes 6B, 6C, and 6A
seemed prevalent in the community. These genetic changes
might be accelerated by selection pressures such as overuse
of antibiotics and increased human mobility, reflecting
progress in transportation.

In our surveillance study, all isolates recovered from
cerebrospinal fluid were collected through the cooperation
of pediatricians at collaborating medical institutions
nationwide. Strains obtained and patient information would
appear to be unbiased in terms of the specifics of S. pneu-
moniae and meningitis. We confirmed that serotypes 6B,
19F, 23F, and 14 were prevalent as causes of meningitis in
Japanese children. '

The Pneumococcal Molecular Epidemiology Network
(PMEN) characterized 26 multidrug-resistant clones of S.
pneumoniae, which were identified worldwide using MLST
analysis (http://www.sph.emory.edu/PMEN/) [23]. All STs
with allele profiles that were either similar or single- or
double-locus variants within the PMEN clones represented
the same serotypes, except for ST5241. Associations of
serotypes with STs were also evident, except for the 6 STs
(STs 63, 199, 236, 338, 2923, and 2924) corresponding to
multiple serotypes in our study. In addition, multiple STs
were included among the same serotypes (i.e., 6B, 23F, 14,
6A, 6C, and 19A), indicating the diversity of the genetic
elements in the S. pneumoniae strains.

Comparison with the MLST database showed that most
of the clones observed in our study possess allele profiles
similar to reference clones obtained worldwide, especially
in Asian and European countries. Figure 3 shows the
worldwide distribution of ST90/ST2224/ST902 in the
commonly seen serotype 6B, ST343 in serotype 14, ST236
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