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Abstract

Objective

Streptococcus pneumoniae is a common pathogenic cause of pediatric infections. This

study investigated the serotype distribution, antimicrobial susceptibility, and molecular epi-

demiology of pneumococci before the introduction of conjugate vaccines in Shanghai,

China.

Methods

A total of 284 clinical pneumococcal isolates (270, 5, 4,3, and 2 of which were isolated from

sputum, bronchoalveolar lavage fluid, blood, cerebral spinal fluid, and ear secretions,

respectively) from children less than 14 years of age who had not been vaccinated with a

conjugate vaccine, were collected between January and December in 2013. All isolates

were serotyped by multiplex polymerase chain reaction or quellung reactions and antimicro-

bial susceptibility testing was performed using the broth microdilution method. The molecu-

lar epidemiology of S.pneumoniae was analyzed by multilocus sequence typing (MLST).

Results

Among the 284 pneumococcal isolates, 19F (33.5%), 19A (14.1%), 23F (12.0%), and 6A

(8.8%) were the most common serotypes and the coverage rates of the 7-, 10-, and 13-

valent pneumococcal conjugate vaccines (PCV7, PCV10, and PCV13) were 58.6%, 59.4%

and 85.1%, respectively. Antimicrobial susceptibility showed that the prevalence rates of S.
pneumoniae resistance to penicillin were 11.3% (32/284). Approximately 88.0% (250/284)

of the isolates exhibited multi-drug resistance. MLST analysis revealed a high level of diver-

sity, with 65 sequence types (STs) among 267 isolates. Specifically, the four predominant
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STs were ST271 (24.3%, 65/267), ST320 (11.2%, 30/267), ST81 (9.7%, 26/267), and

ST3173 (5.2%, 14/267), which were mainly associated with serotypes 19F, 19A, 23F, and

6A, respectively.

Conclusions

The prevalent serotypes among clinical isolates from children were 19F, 19A, 23F, and 6A

and these isolates showed high resistance rates to β-lactams and macrolides. The Tai-

wan19F-14 clone played a predominant role in the dissemination of pneumococcal isolates

in Shanghai, China. Therefore, continued and regional surveillance on pneumococcal iso-

lates may be necessary.

Introduction
Streptococcus pneumoniae, an encapsulated Gram-positive bacterium, represents a prominent
pathogen associated with various illnesses, ranging from self-limiting infections to life-threat-
ening invasive diseases. Worldwide, approximately 1 million patients die of pneumococcal
infections annually, especially children less than 5 years old [1–2]. Based on differences in the
capsular polysaccharide (cps), more than 90 serotypes of S. pneumoniae have been identified,
but only a limited number of serotypes cause the majority of severe pneumococcal infections
[3].

Considering the high incidence and severity of pneumococcal diseases, researchers are dedi-
cated to exploring new and effective methods to prevent the dissemination of S.pneumoniae.
Since 2000, three pneumococcal conjugate vaccines including 7-, 10-, and 13-valent conjugate
vaccines (PCV7, PCV10, and PCV13), which target some serotypes of pneumococci, have been
successively introduced for preventing invasive pneumococcal disease in numerous countries
[4–6]. As a result, there has been a remarkable decrease in the incidence of pneumococcal dis-
eases including invasive and noninvasive infections [6–7].

Although PCV7 was firstly introduced into the market in 2008 in mainland China, it has
still not been taken into the standard childhood immunization program. People who want to
be vaccinated with PCV7 must do so at their own expense and PCV7 is very rarely adminis-
tered to children. At the time this study was conducted, PCV10 and PCV13 had not yet been
introduced into the market in mainland China, thus people there were unable to be vaccinated
with these two vaccines. Hence, systematic surveillance of the serotype distribution of S,pneu-
moniae is required to assess the necessity of these vaccines.

β-lactam antibiotics are recommended as the primary treatment for pneumococcal infec-
tions. The first strain of penicillin-nonsusceptible S.pneumoniae (PNSSP) was originally
detected in 1967 in Australia [8], and subsequently the β-lactam antibiotic-resistant rates of S.
pneumoniae have continued to increase and have become a worldwide concern. Recent reports
indicated that the rates of PNSSP in the United States in 2011 and in Asian countries in 2012
were 14.8% and 4.8%, respectively [9–10]. Similarly, the emergence of multidrug-resistant
(MDR) S.pneumoniae isolates has also made the treatment of pneumococcal illnesses even
more difficult.

Long-term regional surveillance of pneumococcal isolates is beneficial for developing the
right measures to prevent and control pneumococcal infections. Although several reports have
monitored the serotype distribution and antimicrobial resistance of S.pneumoniae in various
locations of China, there are few data regarding the overall prevalence of S.pneumoniae in
Shanghai. Therefore, this study aimed to conduct a multicenter surveillance of the serotype
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distribution, antimicrobial susceptibility, and molecular epidemiology of S.pneumoniae isolates
isolated from children in Shanghai, China.

Materials and Methods

Participating centers and clinical isolates
This study was conducted from January to December 2013 in four hospitals: Shanghai Chil-
dren’s Hospital, Shanghai Children’s Medical Center, Shanghai Ruijin Hospital, and Shanghai
Sixth Hospital. All pneumococcal isolates collected in the four hospitals in 2013 were included
in this study, and a total of 284 isolates were collected from children aged 0 to 14 years. No chil-
dren enrolled in this study had been vaccinated with PCVs prior to or during the study. Only
one isolate per patient was included. Of the isolates, 270 were isolated from sputum, 5 from
bronchoalveolar lavage fluid, 4 from blood, 3 from cerebral spinal fluid (CSF), and 2 from ear
secretions. This study was approved by the Ethics Committee of Shanghai Children’s Hospital.
Written informed consent was obtained from the patients’ guardians on behalf of the children
enrolled in this study.

Microbiological methods
Sputum samples were collected by using suction and other samples were collected by conven-
tional methods which were recommended in the clinic. All samples were transported to the
department of clinical microbiology within 2h and inoculated onto agar plates supplemented
with 5% sheep blood. These plates were incubated at 37°C in 5% CO2 atmosphere for 18–24 h.
Suspected colonies were identified on the basis of typical colony morphology, the presence of
alpha hemolysis and Gram positive diplococci. Presumptive isolates were finally confirmed by
the optochin sensitivity test (Oxoid, Basingstok, UK) and the bile solubility test [11]. All iso-
lates were stored at -80°C in 40% sterilized glycerin bouillon for further analysis.

Serotyping
Pneumococcal isolates were serotyped by multiplex polymerase chain reaction (MP-PCR) as
described previously [12]. If isolates could not be typed by MP-PCR, they were further ana-
lyzed by capsule-quellung reaction [13] with a set of antisera from the Statens Serum Institute
(Copenhagen, Denmark). Serotypes that could not be identified by MP-PCR and capsule-quel-
lung reaction were classified as non-typeable. The coverage rates of the PCV7 (serotype 4, 6B,
9V, 14, 18C, 19F, and 23F), PCV10 (PCV7 plus serotypes 1, 5, and 7F), and PCV13 (PCV10
plus serotypes 3, 6A, and 19A) vaccines were also estimated.

Antimicrobial susceptibility test
Susceptibility test of all isolates against penicillin (PEN), cefuroxime (CXM), ceftriaxone
(CRO), erythromycin (ERY), azithromycin (AZM), clindamycin (CLI), levofloxacin (LEV),
moxifloxacin (MXF), vancomycin (VAN) and trimethoprim-sulfamethoxazole (SXT) were
conducted by determining the minimum inhibitory concentrations (MICs) using the broth
microdilution method. The breakpoints used for interpretation were recommended by the
Clinical and Laboratory Standards Institute (CLSI) 2014 [14]. S.pneumoniae ATCC 49619 was
used as the control strain. Isolates that were resistant to three or more classes of antimicrobial
agents were defined as MDR S.pneumoniae.
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Multilocus sequence typing (MLST)
To determine the relationships between sequence types (STs) and serotypes, a total of 267 iso-
lates with certain serotypes were investigated by MLST analysis. Briefly, the pneumococcal
MLST scheme used the internal fragments of seven housekeeping genes (aroE, gdh, gki, recP,
spi, xpt, and ddl), which were amplified by PCR as previously described [15]. The STs were
obtained by sequencing and submitting the sequences to the S.pneumoniaeMLST database
(http://pubmlst.org/spneumoniae/) for identification. Then the STs were compared with Pneu-
mococcal Molecular Epidemiology Network (PMEN) clones (http://www.pneumogen.net/
pmen/).

Statistical analysis
The antimicrobial susceptibility data were analyzed using WHONET 5.6 software. The chi-
square test or Fisher’s exact test o in the Statistical Package for Social Science (SPSS) for Win-
dows, Version 16.0 (SPSS Inc., Chicago, IL, USA) were performed to test the significance of the
data. A two-tailed cutoff of P<0.05 was considered to be statistically significant.

Results

Serotype distribution
Among the 284 pneumococcal isolates, 267 isolates (94.0%) were properly serotyped. The
remaining 17 isolates were classified as non-typeable. The most common serotypes were 19F
(33.5%), 19A (14.1%), 23F (12.0%), 6A (8.8%), 15B/C (7.7%), 6B (6.7%), and 14 (6.0%), which
accounted for 88.8% of the isolates. The coverage rates of PCV7, PCV10, and PCV13 were
58.6%, 59.4%, and 85.1%, respectively.

Antimicrobial susceptibility
The rates of susceptible, intermediate, and resistance of S.pneumoniae isolates are listed in
Table 1. The prevalent rates of penicillin-resistant S.pneumoniae (PRSP) were 10.7% and
66.7% in non-meningitis and meningitis isolates, respectively. The proportions of ceftriaxone
resistance were 28.1% in non-meningitis isolates and 33.3% in meningitis isolates. All isolates
showed high resistant rates to cefuroxime, erythromycin, azithromycin, clindamycin, and tri-
methoprim-sulfamethoxazole. However, most isolates were susceptible to levofloxacin, moxi-
floxacin, and vancomycin.

As depicted in Table 2, serotypes 14, 15B/C, and 19F showed higher resistant rate to penicil-
lin. The highest resistant rate of ceftriaxone was observed in serotype 19F. Furthermore, all
serotypes exhibited high resistant rates to ceftriaxone, macrolides and trimethoprim-sulfa-
methoxazole. The isolates covered by PCV7 showed a significantly higher rate of cefuroxime
resistance than those not covered by this vaccine (90.6% vs 68.9%, respectively; χ2 = 21.098,
P<0.01). A similar phenomenon was observed for ceftriaxone (43.0% vs 11.1%, respectively;
χ2 = 35.765, P<0.01), but there was no significant difference between the PCV7 and non-PCV7
groups regarding penicillin resistance (12.7% vs 9.6%, respectively; χ2 = 0.691, P = 0.406).

The resistance patterns of the pneumococcal isolates from the current study are shown in
Table 3. About 88.0% (250/284) of the isolates were defined as MDR and the resistance pattern
of CXM-ERY-AZM-CLI-SXT was commonly identified (49.6%, 124/250). Of the 250 MDR
isolates, 19F (n = 93, 37.2%), 19A (n = 39, 15.6%), 23F (n = 33, 13.2%), and 6A (n = 23, 9.2%)
were the most common serotypes. The most common resistance patterns of serotypes 19F and
19A were CXM-CRO-ERY-AZM-CLI-SXT and CXM-ERY-AZM-CLI-SXT, respectively.
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PCV13 covered 86.4% (216/250) of the MDR isolates, which was higher than that for PCV7
(60.4%, 151/250).

MLST
Among the 267 serotyped isolates, 65 STs were identified by MLST analysis. The four predomi-
nant STs were ST271 (24.7%, 66/267), ST320 (11.2, 30/267), ST81 (9.7%, 26/267), and ST3173
(5.2%, 14/267). Most of the ST271 isolates were serotyped as 19F, and all ST320, ST81 and
ST3173 isolates were related to serotypes 19A, 23F and 6A, respectively. Finally, all the isolates

Table 1. Antimicrobial susceptibility of the 284 pneumococcal isolates to 10 common antimicrobial agents.

Antimicrobial agents1 Isolates Susceptibility (%) MIC(μg/mL)

S I R MIC50 MIC90 Range of MIC

PEN

Meningitis 3 33.3 0 66.7 0.5 2 0.06–2

Non-meningitis 281 80.0 9.3 10.7 1 8 <0.06–16

CXM 284 12.7 6.3 81.0 8 >32 <0.06 to >32

CRO

Meningitis 3 66.7 0 33.3 0.25 4 0.25–4

Non-meningitis 281 55.5 16.4 28.1 1 16 <0.06–32

ERY 284 2.8 0 97.2 >32 >32 <0.06 to >32

AZM 284 2.8 0.4 96.8 >32 >32 <0.06 to >32

CLI 284 3.5 0 96.5 >32 >32 <0.06 to >32

LEV 284 99.3 0.4 0.4 0.25 1 <0.06–8

MXF 284 100 0 0 0.125 0.5 <0.06–1

VAN 284 100 - - <0.06 0.25 <0.06–0.5

SXT 284 12.7 7.4 79.9 8/152 16/304 0.06/1.2-16/304

1 PEN: penicillin, CXM: cefuroxime, CRO: ceftriaxone, ERY: erythromycin, AZM: azithromycin, CLI: clindamycin, LEV: levofloxacin, MXF: moxifloxacin,

VAN: vancomycin, SXT: trimethoprim-sulfamethoxazole

doi:10.1371/journal.pone.0142892.t001

Table 2. Antimicrobial resistance of S.pneumoniae against antimicrobial agents among different serotypes.

Number of isolates PEN1 CXM1 CRO1 ERY1. AZM1 CLI1. LEV1 SXT1

No. (%) No. (%) No. (%) No (%) No. (%) No (%) No. (%) No. (%)

19F 95 17 (17.9) 91 (95.8) 57 (60) 93 (97.9) 93 (97.9) 92 (96.8) 0 (0) 92 (96.8)

19A 40 3 (7.5) 39 (97.5) 6 (15.0) 40 (100) 40 (100) 40 (100) 1 (2.5) 39 (97.5)

23F 34 0 (0) 30 (88.2) 2 (5.9) 34 (100) 34 (100) 34 (100) 0(0) 32 (94.1)

6A 25 0 (0) 17 (68.0) 0 (0) 25(100) 25(100) 25(100) 0 (0) 14 (56.0)

15B/C 22 4 (18.2) 18 (81.8) 4 (18.2) 20 (90.9) 19 (86.4) 20 (90.9) 0 (0) 16 (72.7)

6B 19 2 (10.5) 15 (78.9) 5 (26.3) 19 (100) 19 (100) 19 (100) 0 (0) 11 (57.9)

14 17 3 (17.6) 9 (52.9) 2 (11.8) 17 (100) 17 (100) 17 (100) 0 (0) 5 (29.4)

Others 15 1 (6.7) 2 (13.3) 1 (6.7) 11 (73.3) 11 (73.3) 10 (66.7) 0 (0) 6 (40.0)

NT2 17 2 (11.8) 9 (52.9) 3 (17.6) 17 (100) 17 (100) 17 (100) 0 (0) 12 (70.6)

Total 284 32 (11.3) 230(81.0) 80 (28.2) 276(97.2) 275(96.8) 274(96.5) 1(0.4) 227(79.9)

1 PEN: penicillin, CXM: cefuroxime, CRO: ceftriaxone, ERY: erythromycin, AZM: azithromycin, CLI: clindamycin

LEV: levofloxacin, SXT: trimethoprim-sulfamethoxazole
2 NT: non-typeable

doi:10.1371/journal.pone.0142892.t002
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with ST3397 were serotyped as 15B/C, and all the isolates with ST90 were serotyped as 6B
(Table 4).

A comparison of the isolates with the PMEN clones (at least six of seven MLST alleles in
common) revealed that 47.2% (126/267) of the isolates were assigned to international clones or
their single locus variants (SLVs).The four international antibiotic-resistant clones were Tai-
wan19F-14, Spain23F-1, Spain6B-2, and Taiwan23F-15. Furthermore, the Taiwan19F-14 clone
comprised 5 STs, including ST236 (n = 10), ST271 (n = 66), ST283 (n = 2), ST2116 (n = 2), and
ST8227 (n = 2). Spain23F-1clones were also frequently identified in this study and this group of
isolates included 2 STs, the original Spain23F-1 clone ST81 (n = 26) and SLV ST83 (n = 5). Iso-
lates related to antibiotic-resistant PMEN clones accounted for 55.2% of PNSSP, including
53.1% of PRSP and 57.7% of penicillin-intermediate S.pneumoniae (PISP).

Discussion
S.pneumoniae is one of the important pathogens causing pediatric infections, especially in low-
income countries. The serotype distribution and rates of antimicrobial resistance vary across

Table 3. Antimicrobial resistance pattern of 284 pneumococcal isolates.

Resistance patterns1 NO. Proportion (%) Related serotypes (no.)

— 6 2.1 15B/C(2), 19F(1), 3(1), 1(1), 18(1)

SXT 2 0.7 19F(1), 3(1)

ERY-AZM 1 0.4 3(1)

ERY-AZM-CLI 25 8.8 14(8), 6B(4), 6A(2), 15B/C(2), 3(2), 19A(1), 23F(1), 7F(1), 33F(1), untyped(3)

ERY-AZM-CLI-SXT 20 7.0 6A(6), 23F(3), 19F(2), 3(2), 9V(1), 34(1), untyped(5)

CXM-ERY-AZM-CLI 23 8.1 6A(9), 6B(4), 14(3), 19F(2), 23F(1), 15B/C(1), 15A(1), untyped(2)

CXM-ERY-CLI-SXT 1 0.4 15B/C(1)

PEN-CXM-ERY-AZM-CLI 1 0.4 14(1)

CXM-ERY-AZM-CLI-SXT 124 43.7 19F(32), 19A(32), 23F(27), 15B/C(12), 6A(8), 6B(6), 14(3), untyped(4)

CXM-CRO-ERY-AZM-SXT 1 0.4 19F(1)

PEN-CXM-CRO-ERY-AZM-CLI 1 0.4 15B/C(1)

CXM-CRO-ERY-AZM-CLI-SXT 48 16.9 19F(39), 19A(3), 6B(3), 23F(2), untyped(1)

CXM-ERY-AZM-CLI-LEV-SXT 1 0.4 19A (1)

PEN-CXM-CRO-ERY-AZM-CLI-SXT 30 10.6 19F(17), 19A(3), 15B/C(3), 6B(2), 14(2), 3(1), untyped(2)

1 PEN: penicillin, CXM: cefuroxime, CRO: ceftriaxone, ERY: erythromycin, AZM: azithromycin, CLI: clindamycin, LEV: levofloxacin, SXT: trimethoprim-

sulfamethoxazole

doi:10.1371/journal.pone.0142892.t003

Table 4. Sequence types of 267 pneumococcal isolates among different serotypes.

Serotypes No. Sequence types (no.)

19F 95 271(65), 236(10), 2648(6), 1464(4), 283(2), 2116(2), 8227(2), 876(1), 983(1), 9822(1),
9877(1)

19A 40 320(30), 9630(2), 276(1),416(1), 3111(1), 7964(1), 9878(1), 9879(1), 9880(1), 9881(1)

23F 34 81(26), 242(3), 271(1), 342(1), 802(1), 880(1), 6942(1)

6A 25 3173(14), 8916(3), 982(2), 855(1), 2912(1), 6918(1), 9819(1), 9820(1), 9821(1)

15B/C 22 3397(10), 83(5), 199(2), 2760(1), 6011(1), 8905(1), 9882(1), 9883(1)

6B 19 90(11), 902(2), 386(1), 2757(1), 4757(1), 8616(1), 9776(1), 9777(1)

14 17 876(9), 200(4), 143(2), 7964(1), 875(1)

Others 15 6875(3), 180(2), 166(1), 191(1), 505(1), 673(1), 1902(1), 2296(1), 3058(1), 7964(1),
8173(1), 9778(1)

Total 267

doi:10.1371/journal.pone.0142892.t004

Epidemiology of Pneumococcal Isolates in Children

PLOS ONE | DOI:10.1371/journal.pone.0142892 November 16, 2015 6 / 10



different affected populations and change over time [16]. This multicenter surveillance study
demonstrated that the most common serotypes in the pre-vaccine area covered in this study
were 19F, 19A, 23F, 6A, 15B/C, 6B, and 14 and the coverage rate of PCV7 was 58.6%, which
was similar to other reports about invasive and non-invasive pneumococcal infections in 2010
[17–18]. Thus it can be seen that serotype19F which is included in PCV7 is still responsible for
the highest number of pneumococcal infections in mainland China, even though non-vaccine
serotypes make up a large proportion of infection isolates. The prevalence of serotype 19F iso-
lates might be the result from the fact that PCV7 has not been widely used and children are
vaccinated with it on a voluntary basis.

In the present study, the rate of PNSSP in non-meningitis isolates in 2013 in Shanghai was
20.0%, which was still higher than that reported in Beijing (0.7%) in 2010 [19] and in Asia
(4.6%) from 2008 to 2009 [10] using the same CLSI criteria. Furthermore, the ceftriaxone non-
susceptible rate was higher than that of penicillin and the resistance rates of some serotypes
(especially for 19F) to ceftriaxone were higher than those to penicillin as well. This phenome-
non may be the result of the widespread use of third-generation cephalosporins. A cross-sec-
tional study conducted in 2013 showed that the antibiotics commonly used by decreasing
frequency were macrolides, third generation cephalosporins, second-generation cephalospo-
rins, first generation cephalosporins, and β-lactams in Chinese hospitals [20]. In fact, the situa-
tion of inappropriate use and abuse of cephalosporins has been reported in China [21–22].
Macrolides are another choice for the treatment of pneumococcal infections, but current data
showed that resistance to erythromycin was very high in Asia in 2012 (72.7%) and the highest
rates were observed in China (96.4%), Taiwan (84.9%), and Vietnam (80.7%) [10]. A similar
result (>95%) was also detected in this study, which suggested that macrolides are not suitable
for the clinical treatment of pneumococcal disease in China. As mentioned above, in mainland
China, macrolides are frequently prescribed to children with infectious diseases. This practice
has not been curbed despite a growing awareness of antimicrobial resistance, which may pro-
vide an explanation for the reason why the high resistant rates of macrolides remain high
among isolates from children [23].

MDR, which threatens the treatment of pneumococcal diseases, is of considerable concern.
In an Asian Network for Surveillance of Resistant Pathogens (ANSORP) study of clinical iso-
lates obtained from 2008 to 2009, the overall MDR rate was 59.3%, with the highest MDR rate
being 83.3% in China, followed by 75.5% in Vietnam [10]. In 2010, a previous study of invasive
pneumococcal isolates in China demonstrated that 89.5% of the isolates were MDR [18]. In
our study, 88.0% of the isolates were defined as MDR, which was similar to the reports above.
Here, PCV7, PCV10, and PCV13 covered 60.4%, 60.4%, and 86.4% of the MDR isolates,
respectively, which illustrated that PCV13 could be useful for controlling the spread of MDR
pneumococcal isolates.

A molecular analysis of these pneumococcal isolates showed that ST271, ST320, and ST81
were commonly isolated in this study. This finding was similar to other reports about invasive
and non-invasive isolates in other regions of China [24–25]. In this study, four international
antibiotic-resistant clones responsible for the spread of antimicrobial resistance were identified
and they accounted for 55.2% of PNSSP. Of the four identical clones, the Taiwan19F-14
(ST236) clone, an international MDR S.pneumoniae clone, was the predominant clone among
all serotyped isolates. As was reported, the Taiwan19F-14 clone was firstly isolated from a Tai-
wanese hospital in 1993 [26] and then spread internationally [27]. Since the late 1990s in
China, the Taiwan19F-14 clone has become prevalent prior to the introduction of PCV7 and
clonal spread has played an important role in the emergence of antimicrobial resistance in
Shanghai [28]. However, long-term monitoring data suggested that ST271 and ST320 replaced
ST236, an original Taiwan19F-14 clone, as the cause of disease in children and contributed to
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antimicrobial resistance [25, 29–30]. Further analysis of this study demonstrated that the Tai-
wan19F-14 clone had a 34.1% penicillin non-susceptible rate, which was lower than the 60.8%
rate in Suzhou, China [24]. ST271 was a SLV of ST236, and constituted the majority of STs
included in the Taiwan19F-14 clone. This may be associated with the low nonsusceptibility rate
to penicillin, but Taiwan19F-14 clone still comprised 48.3% of PNSSP isolates, which was
mainly responsible for penicillin -resistance. Therefore, given this phenomenon, the need for
continued molecular surveillance should be emphasized.

In conclusion, the current data demonstrated that serotype 19F, 19A, 23F, and 6A were
commonly isolated from children and that these isolates were highly resistant to β-lactams and
macrolides. Molecular epidemiological surveillance showed that the Taiwan19F-14 clone played
a predominant role in the dissemination of pneumococcal isolates in Shanghai, China. There-
fore, long-term regional surveillance is essential for providing optimal antimicrobial therapy,
monitoring molecular clones, and formulating an adequate vaccination strategy for S.pneumo-
niae infections.

Acknowledgments
The authors thank all the patients who contributed their specimens to this study. We also
thank the microbiologists and technical staff from the four hospitals (Shanghai Children’s Hos-
pital, Shanghai Children’s Medical Center, Shanghai Ruijin Hospital, and Shanghai Sixth Hos-
pital) for their assistance in completing the procedure. This study was partly supported by a
funding (NO. 20124026) from the Shanghai Municipal Commission of Health and Family
Planning.

Author Contributions
Conceived and designed the experiments: HZ LH. Performed the experiments: FP CWHQ SX
JTWH. Analyzed the data: FP. Contributed reagents/materials/analysis tools: HZ. Wrote the
paper: FP.

References
1. World Health Organization. Pneumococcal conjugate vaccine for childhood immunization: WHO posi-

tion paper. Wkly Epidemiol Rec. 2007; 82: 93–104. PMID: 17380597

2. O’Brien KL, Wolfson LJ, Watt JP, Henkle E, Deloria-Knoll M, McCall N, et al. Burden of disease caused
by Streptococcus pneumoniae in children younger than 5 years global estimates. Lancet. 2009; 374
(9693): 893–902. doi: 10.1016/S0140-6736(09)61204-6 PMID: 19748398

3. Hausdorff WP, Bryant J, Paradiso PR, Siber GR. Which pneumococcal serogroups cause the most
invasive disease: implications for conjugate vaccine formulation and use, part I. Clin Infect Dis. 2000;
30: 100–21. PMID: 10619740

4. Mendes RE, Costello AJ, Jacobs MR, Biek D, Critchley IA, Jones RN. Serotype distribution and antimi-
crobial susceptibility of USA Streptococcus pneumoniae isolates collected prior to and post introduc-
tion of 13-valent pneumococcal conjugate vaccine. Diagn Microbiol Infect Dis. 2014; 80 (1): 19–25. doi:
10.1016/j.diagmicrobio.2014.05.020 PMID: 24974272

5. Navarro Torné A, Dias JG, Quinten C, Hruba F, BusanaMC, Lopalco PL, et al. European enhanced
surveillance of invasive pneumococcal disease in 2010: data from 26 European countries in the post-
heptavalent conjugate vaccine era. Vaccine. 2014; 32 (29): 3644–50. doi: 10.1016/j.vaccine.2014.04.
066 PMID: 24795228

6. Chiba N, Morozumi M, Shouji M, Wajima T, Iwata S, Ubukata K, et al. Changes in capsule and drug
resistance of pneumococci after introduction of PCV7, Japan, 2010–2013. Emerg Infect Dis. 2014; 20
(7): 1132–39. doi: 10.3201/eid2007.131485 PMID: 24960150

7. Pilishvili T, Lexau C, Farley MM, Hadler J, Harrison LH, Bennett NM, et al. Sustained reductions in inva-
sive pneumococcal disease in the era of conjugate vaccine. J Infect Dis. 2010; 201 (1): 32–41. doi: 10.
1086/648593 PMID: 19947881

8. Hansman D, Bullen MM. A resistant pneumococcus. Lancet. 1967; 277: 264–5.

Epidemiology of Pneumococcal Isolates in Children

PLOS ONE | DOI:10.1371/journal.pone.0142892 November 16, 2015 8 / 10

http://www.ncbi.nlm.nih.gov/pubmed/17380597
http://dx.doi.org/10.1016/S0140-6736(09)61204-6
http://www.ncbi.nlm.nih.gov/pubmed/19748398
http://www.ncbi.nlm.nih.gov/pubmed/10619740
http://dx.doi.org/10.1016/j.diagmicrobio.2014.05.020
http://www.ncbi.nlm.nih.gov/pubmed/24974272
http://dx.doi.org/10.1016/j.vaccine.2014.04.066
http://dx.doi.org/10.1016/j.vaccine.2014.04.066
http://www.ncbi.nlm.nih.gov/pubmed/24795228
http://dx.doi.org/10.3201/eid2007.131485
http://www.ncbi.nlm.nih.gov/pubmed/24960150
http://dx.doi.org/10.1086/648593
http://dx.doi.org/10.1086/648593
http://www.ncbi.nlm.nih.gov/pubmed/19947881


9. Jones RN, Sader HS, Mendes RE, FlammRK. Update on antimicrobial susceptibility trends among
Streptococcus pneumoniae in the United States: report of ceftaroline activity from the SENTRY Antimi-
crobial Surveillance Program (1998–2011). Diagn Microbiol Infect Dis. 2013; 75 (1): 107–9. doi: 10.
1016/j.diagmicrobio.2012.08.024 PMID: 23009730

10. Kim SH, Song JH, Chung DR, Thamlikitkul V, Yang Y, Wang H, et al. Changing trends in antimicrobial
resistance and serotypes of Streptococcus pneumoniae isolates in Asian countries: an Asian Network
for Surveillance of Resistant Pathogens (ASORP) study. Antimicrob Agents Chemother. 2012; 56 (3):
1418–26. doi: 10.1128/AAC.05658-11 PMID: 22232285

11. Wessels E, Schelfaut JJ, Bernards AT, Claas EC. Evaluation of several biochemical and molecular
techniques for identification of Streptococcus pneumoniae and Streptococcus pseudopneumoniae
and their detection in respiratory samples. J Clin Microbiol. 2012; 50 (4): 1171–7. doi: 10.1128/JCM.
06609-11 PMID: 22278834

12. Pai R, Gertz RE, Beall B. Sequential multiplex PCR approach for determining capsular serotypes of
Streptococcus pneumoniae isolates. J Clin Microbiol. 2006; 44 (1): 124–131. PMID: 16390959

13. Sørensen UB. Typing of pneumococci by using 12 pooled antisera. J Clin Microbiol. 1993; 31 (8):
2097–100. PMID: 8370735

14. Clinical and Laboratory Standards Institute (CLSI). Performance Standards for Antimicrobial Suscepti-
bility Testing; 24th Informational Supplement. CLSI document M100-S24. Wayne, PA: Clinical and
Laboratory Standards Institute; 2014.

15. Enright MC, Spratt BG. A multilocus sequence typing scheme for Streptococcus pneumoniae: identifi-
cation of clones associated with serious invasive disease. Microbiology. 1998; 144 (Pt 11): 3049–60.
PMID: 9846740

16. Johnson HL, Deloria-Knoll M, Levine OS, Stoszek SK, Freimanis Hance L, Reithinger R, et al. System-
atic evaluation of serotypes causing invasive pneumococcal disease among children under five: the
pneumococcal global serotype project. PLoS Med. 2010; 7(10): e1000348. doi: 10.1371/journal.pmed.
1000348 PMID: 20957191

17. Yao KH, Wang LB, Zhao GM, Zheng YJ, Deng L, Huang JF, et al. Pneumococcal serotype distribution
and antimicrobial resistance in Chinese children hospitalized for pneumonia. Vaccine. 2011; 29(12):
2296–301. doi: 10.1016/j.vaccine.2011.01.027 PMID: 21276441

18. Xue L, Yao K, Xie G, Zheng Y, Wang C, Shang Y, et al. Serotype distribution and antimicrobial resis-
tance of Streptococcus pneumoniae isolates that cause invasive disease among Chinese children.
Clin Infect Dis. 2010; 50 (5):741–4. doi: 10.1086/650534 PMID: 20113175

19. Zhou L, Yu SJ, GaoW, Yao KH, Shen AD, Yang YH. Serotype distribution and antibiotic resistance of
140 pneumococcal isolates from pediatric patients with upper respiratory infections in Beijing, 2010.
Vaccine. 2011; 29 (44): 7704–10. doi: 10.1016/j.vaccine.2011.07.137 PMID: 21839135

20. Wang XF, Liu JP, Shen KL, Ma R, Cui ZZ, Deng L, et al. A cross-sectional study of the clinical charac-
teristics of hospitalized children with community-acquired pneumonia in eight eastern cities in China.
BMC Complement Altern Med. 2013; 13: 367. doi: 10.1186/1472-6882-13-367 PMID: 24364897

21. Ding H, Yang Y, Chen Y, Wang Y, Fan S, Shen X. Antimicrobial usage in paediatric intensive care units
in China. Acta Paediatr. 2008; 97: 100–4. PMID: 18076718

22. Huang FH, Lin Y, Zhou Y, Zhang CH, Xu X. Antibacterial use by line category in pediatric outpatient
and emergency department of a hospital: a survey. Chin J Nosocomiol. 2010; 20 (1): 87–8.

23. Hyde TB, Gay K, Stephens DS, Vugia DJ, Pass M, Johnson S, et al. Macrolide resistance among inva-
sive Streptococcus pneumoniae isolates. JAMA. 2001; 286 (15): 1857–62. PMID: 11597287

24. Geng Q, Zhang T, Ding Y, Tao Y, Lin Y, Wang Y, et al. Molecular Characterization and Antimicrobial
Susceptibility of Streptococcus pneumoniae Isolated from Children Hospitalized with Respiratory Infec-
tions in Suzhou, China. PLoS One. 2014; 9 (4): e93752. doi: 10.1371/journal.pone.0093752 PMID:
24710108

25. Zhao C, Zhang F, Chu Y, Liu Y, Cao B, Chen M, et al. Phenotypic and genotypic characteristic of inva-
sive pneumococcal isolates from both children and adult patients from a multicenter surveillance in
China 2005–2011. PLoS One. 2013; 8 (12): e82361. doi: 10.1371/journal.pone.0082361 PMID:
24349263

26. Shi ZY, Enrght MC, Wilkinson P, Griffiths D, Spratt BG. Identification of three major clones of multiply
antibiotic-resistant Streptococcus pneumoniae in Taiwanese hospitals by multilocus sequence typing.
J Clin Microbiol. 1998; 36(12): 3514–9. PMID: 9817864

27. Bean DC, Klena JD. Characterization of major clones of antibiotic-resistant Streptococcus pneumoniae
in New Zealand by multilocus sequence typing. J Antimicrob Chemother. 2005; 55 (3): 375–8. PMID:
15681581

Epidemiology of Pneumococcal Isolates in Children

PLOS ONE | DOI:10.1371/journal.pone.0142892 November 16, 2015 9 / 10

http://dx.doi.org/10.1016/j.diagmicrobio.2012.08.024
http://dx.doi.org/10.1016/j.diagmicrobio.2012.08.024
http://www.ncbi.nlm.nih.gov/pubmed/23009730
http://dx.doi.org/10.1128/AAC.05658-11
http://www.ncbi.nlm.nih.gov/pubmed/22232285
http://dx.doi.org/10.1128/JCM.06609-11
http://dx.doi.org/10.1128/JCM.06609-11
http://www.ncbi.nlm.nih.gov/pubmed/22278834
http://www.ncbi.nlm.nih.gov/pubmed/16390959
http://www.ncbi.nlm.nih.gov/pubmed/8370735
http://www.ncbi.nlm.nih.gov/pubmed/9846740
http://dx.doi.org/10.1371/journal.pmed.1000348
http://dx.doi.org/10.1371/journal.pmed.1000348
http://www.ncbi.nlm.nih.gov/pubmed/20957191
http://dx.doi.org/10.1016/j.vaccine.2011.01.027
http://www.ncbi.nlm.nih.gov/pubmed/21276441
http://dx.doi.org/10.1086/650534
http://www.ncbi.nlm.nih.gov/pubmed/20113175
http://dx.doi.org/10.1016/j.vaccine.2011.07.137
http://www.ncbi.nlm.nih.gov/pubmed/21839135
http://dx.doi.org/10.1186/1472-6882-13-367
http://www.ncbi.nlm.nih.gov/pubmed/24364897
http://www.ncbi.nlm.nih.gov/pubmed/18076718
http://www.ncbi.nlm.nih.gov/pubmed/11597287
http://dx.doi.org/10.1371/journal.pone.0093752
http://www.ncbi.nlm.nih.gov/pubmed/24710108
http://dx.doi.org/10.1371/journal.pone.0082361
http://www.ncbi.nlm.nih.gov/pubmed/24349263
http://www.ncbi.nlm.nih.gov/pubmed/9817864
http://www.ncbi.nlm.nih.gov/pubmed/15681581


28. Yang F, Xu XG, Yang MJ, Zhang YY, Klugman KP, McGee L. Antimicrobial susceptibility and molecular
epidemiology of Streptococcus pneumoniae isolated from Shanghai, China. Int J Antimicrob Agents.
2008; 32 (5): 386–91. doi: 10.1016/j.ijantimicag.2008.05.004 PMID: 18723327

29. Hsieh YC, Lin TL, Chang KY, Huang YC, Chen CJ, Lin TY, et al. Expansion and evolution of Strepto-
coccus pneumoniae serotype 19A ST320 clone as compared to its ancestral clone, Taiwan19F-14
(ST236). J Infect Dis. 2013; 208 (2): 203–10. doi: 10.1093/infdis/jit145 PMID: 23559465

30. Ip M, Ang I, Liyanapathirana V, Ma H, Lai R. Genetic analysis of penicillin binding protein determinants
in multidrug-resistant Streptococcus pneumoniae serogroup 19 CC320/271 clone with high-level resis-
tance to third-generation cephalosporins. Antimicrob Agents Chemother. 2015; 59 (7): 4040–5. doi:
10.1128/AAC.00094-15 PMID: 25918136

Epidemiology of Pneumococcal Isolates in Children

PLOS ONE | DOI:10.1371/journal.pone.0142892 November 16, 2015 10 / 10

http://dx.doi.org/10.1016/j.ijantimicag.2008.05.004
http://www.ncbi.nlm.nih.gov/pubmed/18723327
http://dx.doi.org/10.1093/infdis/jit145
http://www.ncbi.nlm.nih.gov/pubmed/23559465
http://dx.doi.org/10.1128/AAC.00094-15
http://www.ncbi.nlm.nih.gov/pubmed/25918136

