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Abstract Background/purpose: Streptococcus pneumoniae is an important human pathogen
that causes invasive infections in adults and children. Accurate serotyping is important to study
its epidemiological distribution and to assess vaccine efficacy.
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Methods: Invasive S. pneumoniae isolates (n Z 300) from 27 teaching hospitals in China were
studied. The Quellung reaction was used as the gold standard to identify the S. pneumoniae
serotypes. Subsequently, multiplex PCR and cpsB gene-based sequetyping methods were used
to identify the serotypes.
Results: Based on the Quellung reaction, 299 S. pneumoniae isolates were accurately identified
to the serotype level and 40 different serotypes were detected. Only one strain was non-
typeable, and five most common serotypes were identified: 23F (43, 14.3%), 19A (41, 13.7%),
19F (41, 13.7%), 3 (31, 10.3%), and 14 (27, 9.0%). Overall, the multiplex PCR method identified
73.3 and 20.7% of the isolates to the serotype and cluster levels, respectively, with 1.7% of the
isolates misidentified. In contrast, the cpsB sequetyping method identified 59.0 and 30.3% of
the isolates to the serotype and cluster levels, respectively, and 7% were misidentified.
Conclusions: The cpsB gene sequetyping method combined with multiplex PCR, can greatly
improve the accuracy and efficiency of serotyping, besides reducing the associated costs.
Copyright ª 2022, Taiwan Society of Microbiology. Published by Elsevier Taiwan LLC. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
Introduction

Streptococcus pneumoniae, also known as pneumococcus,
is a gram-positive extracellular pathogen. It is mainly
transmitted through the respiratory tract into the nasal
cavity where it colonizes the epithelial cells of the nasal
mucosa. When human immunity declines, S. pneumoniae
can cause non-invasive pneumococcal disease (NIPD), such
as otitis media and sinusitis, which can then spread to the
lungs and cause pneumococcal pneumonia.1,2 S. pneumo-
niae also can cause serious invasive pneumococcal diseases
(IPD), such as sepsis and meningitis, with high morbidity
and mortality rates of 18 and 33%, respectively, especially
in developing countries.3 A recent study has shown that
COVID-19 has a poor prognosis when patients are co-
infected with S. pneumoniae.4 Because of the organism’s
recognized clinical pathogenicity, the rapid identification
and differentiation from closely related commensal species
is essential. In our previous study, we systematically
compared the ability of different MALDI-TOF systems to
distinguish species within the viridans group streptococci
(VGS) and proposed an algorithm based on MALDI-TOF
analysis combined with 16S rRNA and gyrB gene
sequencing to identify common VGS species.5 Based on this
identification algorithm we could differentiate S. pneumo-
niae from other VGS species rapidly and efficiently. How-
ever, simply identifying S. pneumoniae is not sufficient, as
different S. pneumoniae serotypes are associated with
geographical prevalence, attack rate, age distribution,
tendency to cause outbreaks, and propensity to acquire
antimicrobial resistance genes.6 The capsular poly-
saccharide (CPS) of S. pneumoniae is the most important
factor involved in its pathogenesis, which facilitates the
organism evade host immune killing and complement-
mediated modulation of phagocytosis in vivo. The CPS
contributes to bacterial survival in the host and promotes
the development of IPD. The CPS is also the basis of S.
pneumoniae serotyping.7,8 To date, more than 90 S. pneu-
moniae serotypes have been identified based on differ-
ences in pneumococcal capsular polysaccharides.9 The
2

administration of vaccines covering common serotypes is an
effective measure to prevent S. pneumoniae infection.10

However, the proportion of IPD caused by uncovered sero-
types of vaccines is gradually increasing, commonly
referred to as “serotype replacement” in S. pneumoniae.9

Therefore, accurate identification of S. pneumoniae sero-
types and monitoring their distribution are of great signif-
icance for the control of invasive infections caused by this
organism.

At present, the Quellung reaction remains the gold
standard for S. pneumoniae serotyping, which is based on
the antigenic specificity of different CPSs. The capsular-
specific antibody binds to the corresponding capsular poly-
saccharide, resulting in capsular swelling, which can be
observed under a microscope. Although this method has high
sensitivity and specificity, it requires specific antisera, which
are very expensive and have a longer delivery period,
limiting its use in less economically developed areas.
Meanwhile, the use of molecular and immunological typing
techniques has gained prominence. In 2012, the United
States Centers for Disease Control and Prevention (CDC)
published a protocol for the detection of S. pneumoniae
serotypes using multiplex PCR technology.11 This method is
economical, fast, and flexible, with eight reactions in total
and can detect more than 40 serotypes. Many researchers
have developed customized combinations based on this
method as an alternative to the capsular swelling test.12e14

The CPS regulatory gene cpsA is relatively conserved across
all serotypes, while the presence of serotype-associated
polymorphisms in cpsB is the basis for a molecular biology-
based approach to serotyping.7 The DNA sequencing
method based on the cpsB gene established by Leung et al.15

could putatively amplify 84 serotypes and differentiate 46
serotypes. This method is simple and cost-effective and can
potentially identify more serotypes in the future. However,
the method is not sufficiently accurate and comprehensive
as the data are derived from the uncurated GenBank data-
base. In 2016, Jin et al.16 improved the cpsB gene sequence
database corresponding to different serotypes. In that
study, combining cpsB sequetyping and selective multiplex
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PCR resulted in 98.9% (191/193) of the isolates being accu-
rately identified to the serotype/cluster level. The cpsB
sequetyping database developed by Jin et al. has more
serotype sequences, leading to more accurate serotype
prediction, compared to that developed by Leung et al.
However, this database has not been evaluated by other
researchers.

In this study, a total of 300 invasive S. pneumoniae iso-
lates from 27 teaching hospitals in China (2010e2015) were
studied. Using the Quellung reaction as a gold standard, we
evaluated and compared the accuracy of multiplexed PCR
and cpsB gene-based sequetyping in S. pneumoniae
serotyping.

Materials and methods

Bacterial strain collection

A total of 300 invasive S. pneumoniae isolates were ob-
tained from 27 teaching hospitals in China between January
2010 and October 2015. Only one strain per patient was
included in this study. The isolates were identified by
morphology, optochin tests, and MALDI-TOF-MS analysis. All
isolates were confirmed as S. pneumoniae by Vitek MS
(bioMérieux, France) and Bruker Biotyper (Daltonics, Ger-
many). The single identification result showed a confidence
value of 99.9% for Vitek MS and a confidence score of �2.0
for Bruker Biotyper.

Latex agglutination test

The latex agglutination test was performed using the S.
pneumoniae detection emulsion kit (National Serum Insti-
tute, Copenhagen, Denmark) according to the manufac-
turer’s instructions. The main groups were distinguished by
a simple checkerboard typing system.17 A bacterial sus-
pension of 0.5 McFarland was prepared using fresh cultured
pure colonies with normal saline, and 10 mL of bacterial
droplets was added to clean slides. The same amount of
latex reagent was then added and mixed evenly, and
agglutination was immediately observed visually. The
Quellung reaction was then performed to further determine
the serotypes.

Quellung reaction

A 0.5 McFarland bacterial suspension was prepared for each
isolate, and 1.5 mL of the bacterial suspension was added to
a clean glass slide. An equal volume of antiserum (National
Serum Institute in Copenhagen, Denmark) was added and
mixed with the bacterial suspension. The bacterial size,
capsular swelling, and aggregation were observed using an
oil immersion microscope.

DNA extraction

The isolates were cultured on blood agar plates (Columbia
II agar base supplemented with 5% horse blood) and
incubated overnight at 35 �C in a 5% CO2 atmosphere.
DNA was extracted using the AxyGenamp DNA Mini
3

Extraction Kit (Axygen, USA) according to the manufac-
turer’s instructions. The final pure DNA was stored at
�20 �C until use.

Multiplex PCR

Sequential eight-step multiplex PCR was performed ac-
cording to the protocol18 recommended by the US CDC to
identify the serotypes based on the specific amplicon
length size. Ten microliters of each reaction mixture were
separated by 1.5% agarose gel electrophoresis and visual-
ized with ethidium bromide staining and UV illumination.
The primers used for multiplex PCR serotyping are listed in
Table S1.

cpsB gene-based sequetyping

The S. pneumoniae capsule-specific gene cpsB was ampli-
fied using PCR. The primer pairs used were as follows: 50-
GCA ATG CCA GAC AGT AAC CTC TAT-30 and 50-CCT GCC TGC
AAG TCT TGA TT-3’. The PCR product was sequenced and
aligned with the GenBank database (http://blast.ncbi.nlm.
nih.gov). If the obtained sequences matched with any one
or more sequences in GenBank at �98%, the cpsB
genotype and relevant serotype of the isolate were
determined by referring to the cpsB genotype-serotype
database established by Jin et al.16 Otherwise, amplifica-
tion, sequencing, and BLASTn were performed again to
eliminate detection errors. If the matching consistency of
the repeated test results was still less than 98%, the
sequence was considered a likely new cpsB gene sequence
type, which needs to be further confirmed by PCR or the
Quellung reaction.

Statistical analysis

Sensitivity, specificity, positive predictive value (PPV), and
negative predictive value (NPV) were calculated using
MedCalc (version 19.6.4, MedCalc Software Ltd, Belgium)
software.

Results

Clinical data

A total of 300 non-duplicate invasive S. pneumoniae isolates
were collected from 27 teaching hospitals in 20 cities and 13
provinces in China, during 2010e2015. Of the 300 patients,
the majority (197/300; 65.7%) were males. The median age
of the patients was 49 years (range, 1e91 years). Children
less than 18 years of age dominated, accounting for 56.7%
(170/300) of the total population, among which children
aged 5 years or less were the most represented, accounting
for 47% (141/300) of the isolates (Table 1). Adults aged
18e65 years accounted for 30.7% (92/300), while those aged
65 years and above accounted for 12.7% (38/300) of the
isolates. The most common specimen type was blood, ac-
counting for 72.7% (218/300), followed by cerebrospinal fluid
(19.0%, 57/300) and pleural effusion (n Z 17, 5.7%). Other
specimen types, such as ascetic fluid (n Z 4), joint tissue
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Table 1 Characteristics of 300 patients with Strepto-
coccus pneumoniae isolation by patient sex, age, and
specimen types.

Characteristics No. of
isolates

Percentage (%) of
isolates

Patient sex
Male 197 65.7
Female 103 34.2
Patient age, years
<5 141 47.0
5e18 29 9.7
18e65 92 30.7
>65 38 12.7
Specimen type
Blood 218 72.7
Cerebrospinal fluid 57 19.0
Pleural effusion 17 5.7
Othersa 8 2.7
a Includes ascetic fluid (nZ 4), joint tissue (nZ 2), empyema

(n Z 1), and lung tissue (n Z 1).

Table 2 Serotype distribution among 300 invasive Strep-
tococcus pneumoniae isolates from different sources as
determined by the Quellung reaction.

Serotype No. (%) of
isolates

Serotype No. (%) of
isolates

Serotype No. (%) of
isolates

23F 43 (14.3) 15B 4 (1.3) 6C 2 (0.7)
19A 41 (13.7) 23A 4 (1.3) 7C 2 (0.7)
19F 41 (13.7) 13 3 (1.0) 7F 2 (0.7)
3 31 (10.3) 29 3 (1.0) 9A 2 (0.7)
14 27 (9.0) 10A 3 (1.0) 9N 2 (0.7)
6A 12 (4.0) 15A 3 (1.0) 2 1 (0.3)
6B 11 (3.7) 24F 3 (1.0) 4 1 (0.3)
20 7 (2.3) 28F 3 (1.0) 17 1 (0.3)
34 7 (2.3) 9V 3 (1.0) 17A 1 (0.3)
15C 6 (2.0) 5 2 (0.7) 18C 1 (0.3)
1 5 (1.7) 15F 2 (0.7) 22F 1 (0.3)
8 4 (1.3) 25A 2 (0.7) 25F 1 (0.3)
11A 4 (1.3) 28A 2 (0.7) NT 1 (0.3)
12F 4 (1.3) 33B 2 (0.7)
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(n Z 2), empyema (n Z 1), and lung tissue (n Z 1),
accounted for less than 2.0% (Table 1). All 300 S. pneumo-
niae isolates were isolated from sterile specimens and were
considered invasive S. pneumoniae isolates.

Serotype distribution

The S. pneumoniae isolates were serotyped using the latex
agglutination test and the Quellung reaction as the gold
standard. The results were used as a reference standard for
assessing the performance of multiplex PCR serotyping and
cpsB gene sequetyping. Overall, 299 of the 300 isolates
were accurately identified to serotype level by the latex
agglutination test and the Quellung reaction, and only one
strain did not agglutinate with any of the antisera and thus
was deemed non-typeable. A total of 40 serotypes were
identified, including 23F (n Z 43, 14.3%), 19F (n Z 41,
13.7%), 19A (n Z 41, 13.7%), 3 (n Z 31, 10.3%), 14 (n Z 27,
9.0%), 6A (n Z 12, 4.0%), 6B (n Z 11, 3.7%), 20 (n Z 7,
2.3%), 34 (nZ 7, 2.3%) and 15C (nZ 6, 2.0%), etc (Table 2).

Multiplex PCR

The 300 isolates were serotyped according to the eight-step
PCR typing method recommended by the US CDC, and the
results are shown in Table S2. Overall, 220 (73.3%) isolates
were accurately identified to the serotype level, and 62
(20.7%) isolates could only be identified to the group/
cluster level due to the limitations of the multiplex PCR
primers. Incorrect serotype results were obtained in 5
(1.7%) isolates. Notably, due to the genetic similarity of the
different serotype S. pneumoniae isolates, some isolates’
serotypes were identified as just a combination of sero-
types, e.g., 7C/7B/40. Specifically, one isolate of serotype
15B was misidentified as 15A/15F, one of serotype 15C as
7C/7B/40, one of serotype 17 as 34, and two of serotype 29
as 35B. Additionally, 13 isolates (4.3%) were non-typeable
4

after all eight reactions, including 3 of serotype 28F, 1 of
serotype 29, 3 of serotype 24F, 2 of serotype 28A, 2 of
serotype 33B, 1 of serotype 17A, and 1 as non-typeable.

cpsB gene-based sequetyping

Among the 300 S. pneumoniae isolates, no cpsB gene was
detected in four (1.3%) isolates, and the remaining 296
isolates were successfully amplified and sequenced. As
shown in Table S3, based on the cpsB genotype-serotype
database, 177 (59.0%) isolates were accurately identified
to the serotype level, 91 (30.3%) isolates to the group/
cluster level due to their similarity in the cpsB gene, and 21
(7.0%) isolates were incorrectly serotyped. There is a high
degree of homology in the cpsB genes of different serotype
isolates, in some isolates, their serotypes can only be
identified as a combined form of serotypes, for example,
13-20A-20B or 6C-6D. Among the 21 misidentified serotype
isolates, there was 100% agreement between the cpsB gene
sequence of 10 of these isolates and the reference
sequence in the genotype-serotype database used. The
alignment of the cpsB gene sequence between the refer-
ence sequence in the genotype-serotype gene bank and the
remaining 11 isolates ranged from 98.2 to 99.9%, with 1e13
bp base differences (Table 3).

Additionally, 11 (3.7%) isolates could not be genotyped
based on the existing cpsB genotype-serotype database. The
cpsB gene was not amplified in four of the isolates, including
two strains of serotype 25A, one of serotype 25F, and one
non-typeable (Table 4). Furthermore, in seven of the iso-
lates, the cpsB gene was amplified and subsequently
sequenced, but no corresponding gene sequences of any
serotype matched any of the sequences in the genotype-
serotype database. Three of these isolates were of sero-
type 11A and two each of serotypes 9V and 9A. The cpsB
gene sequences of the three serotype 11A isolates were
identical to the reference sequence MF140335 (serotype 11A
according to GenBank), and the cpsB gene sequences of the



Table 3 Summary of serotype misidentification of Streptococcus pneumoniae isolates by cpsB sequetyping.
aSerotype No. of isolates Inconsistency

cpsB sequetyping results bReference sequence cSimilarity (%) dBase difference

23F 1 23A CR931683 100 None
14 1 13-20A-20B JQ653094 100 None
6A 1 28F-28A CR931693 98.9 8 bp

1 6C-6D JN660130 100 None
6B 3 6A KT164779 100 None
20 4 9N JN660134 99.9 1 bp
29 2 35Be35C JN660114 100 None
24F 3 13-20A-20B JQ653094 98.2 13 bp
33B 2 33D CR931701 100 None
15F 1 23F KT164778 98.2 13 bp
22F 1 17Fe33C JN660137 99.7 2 bp
17A 1 41F CR931714 99.9 1 bp

a Serotype: as determined by the gold standard (Quellung reaction).
b Reference sequence: reference sequence in GenBank database.
c Similarity: Similarity between cpsB amplicon nucleotide sequence of S. pneumoniae isolate in this study and reference sequence in

GenBank database.
d Base difference: Base difference between cpsB amplicon nucleotide sequence of S. pneumoniae isolate in this study and reference

sequence in GenBank database.

Table 4 Summary of non-typeable Streptococcus pneumoniae isolates by cpsB sequetyping.
aSerotype No. of isolates % of isolates

cpsB sequetyping result bReference sequence cSimilarity (%) dBase difference

11A 3 NT MF140335 100 none
9V 2 NT LR216062 100 none
9A 2 NT LR216062 100 none
25A 2 NT none none none
25F 1 NT none none none
NT 1 NT none none none

a Serotype: as determined by the gold standard (Quellung reaction).
b Reference sequence: reference sequence in GenBank database.
c Similarity: Similarity between cpsB amplicon nucleotide sequence of S. pneumoniae isolate in this study and reference sequence in

GenBank database.
d Base difference: Base difference between cpsB amplicon nucleotide sequence of S. pneumoniae isolate in this study and reference

sequence in GenBank database.
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four strains of serotype 9V and 9A strains were identical to
the reference sequence LR216062 (serotype 9V according to
GenBank), but neither MF140335 nor LR216062 was included
in the existing cpsB gene sequence type database (Table 4).
Comparison of multiplex PCR and cpsB sequetyping

Using the Quellung reaction as the gold standard, the
sensitivity, specificity, PPV, NPV, and accuracy of the two
methods are shown in Table 5. Overall, multiplex PCR
showed 100% sensitivity and 100% specificity for the ma-
jority of the serotypes identified, except for serotypes 6A/
B/C (0%) and 15A/B/C/F (0%). However, at the serogroup
level, sensitivities of 100 and 93.3% were achieved for
serogroups 6 and 15, respectively (Table 5).

Compared to the gold standard, the cpsB gene sequetyping
methodhad 100% identification accuracy for serotypes 19A, 3,
5

and 1. However, for serotypes 19F, 6B, 20, 34, and 15C, cpsB
gene sequetyping could only identify these to the serogroup
level. For example, due to the high similarity in the cpsB gene
sequences of serotypes 19F and 19A, serotype 19F can only be
identified as serotype 19A-19F. Interestingly, cpsB gene
sequetyping could differentiate serotype 6A among the
serogroup 6 strains, with an 83.3% (95% confidence interval
[CI]: 51.6e97.9%) sensitivity and a 99.0% (95%CI: 97.0e99.8%)
specificity rate, whilemultiplex PCR could only identify to the
serogroup6A-6B level. Thediscrepancies in the sensitivity and
specificity rates of some serotypes occurred due to different
serotypecombinations (e.g., serotypes 13-20A-20B, serotypes
17A-34) sharing the same cpsB gene sequence in the cpsB
genotype-serotypedatabase. For instance, all seven strains of
serotype 34 were identified as serotypes 17A-34 through cpsB
gene sequetyping. At the single serotype level, cpsB gene
sequetyping exhibited a 0% (95% CI: 0e41.0%) sensitivity and
100.0% (95% CI: 98.8e100.0%) specificity for serotype 34.



Table 5 Comparison of serotyping accuracy between multiplex PCR and cpsB gene sequetyping.

aSerotype No. of
isolates

% of isolates cpsB sequetyping

Sensitivity (%) Specificity (%) PPV (%) NPV (%) Sensitivity (%) Specificity (%) PPV (%) NPV (%)

23F 43 100.0
(91.8e100.0)

100.0 (98.6e100.0) 100.0
(100.0e100.0)

100.0 (100.0e100.0) 97.7 (87.7e99.9) 99.6 (97.9e99.9) 97.7
(85.6e99.7)

99.6 (97.4e99.9)

19 82 100.0
(95.6e100.0)

100.0 (98.3e100.0) 100.0
(100.0e100.0)

100.0 (100.0e100.0) 100.0 (95.6e100.0) 100.0 (98.3e100.0) 100.0
(100.0e100.0)

100.0 (100.0e100.0)

19F 41 100.0
(91.4e100.0)

100.0 (98.6e100.0) 100.0
(100.0e100.0)

100.0 (100.0e100.0) 0 (0e8.6) 100.0 (98.6e100.0) NA 86.3 (86.3e86.3)

19A 41 100.0
(91.4e100.0)

100.0 (98.6e100.0) 100.0
(100.0e100.0)

100.0 (100.0e100.0) 100.0 (91.4e100.0) 100.0 (98.6e100.0) 100.0
(100.0e100.0)

100.0 (100.0e100.0)

3 31 100.0
(88.8e100.0)

100.0 (98.6e100.0) 100.0
(100.0e100.0)

100.0 (100.0e100.0) 100.0 (88.8e100.0) 100.0 (98.6e100.0) 100.0
(100.0e100.0)

100.0 (100.0e100.0)

14 27 100.0
(87.2e100.0)

100.0 (98.7e100.0) 100.0
(100.0e100.0)

100.0 (100.0e100.0) 96.3 (81.0e99.9) 100.0 (98.7e100.0) 100.0
(100.0e100.0)

99.6 (97.6e100.0)

6 25 100.0
(86.3e100.0)

100.0 (98.7e100.0) 100.0
(100.0e100.0)

100.0 (100.0e100.0) 96.0 (79.7e99.9) 100.0 (98.7e100.0) 100.0
(100.0e100.0)

99.6 (97.6e100.0)

6A 12 0 (0e26.5) 100.0 (98.7e100.0) NA 96.0 (96.0e96.0) 83.3 (51.6e97.9) 99.0 (97.0e99.8) 77.0
(51.3e91.4)

99.3 (97.6e99.8)

6B 11 0 (0e28.5) 100.0 (98.7e100.0) NA 96.3 (96.3e96.3) 0 (0e28.5) 100.0 (98.7e100.0) NA 96.3 (96.3e96.3)
6C 2 0 (0e84.2) 100.0 (98.8e100.0) NA 99.3 (99.3e99.3) 0 (0e84.2) 100.0 (98.8e100.0) NA 93.3 (93.3e93.3)
15 15 93.3

(68.1e99.8)
100.0 (98.7e100.0) 100.0

(100.0e100.0)
99.7 (97.7e100.0) 93.3 (68.1e99.8) 100.0 (98.7e100.0) 100.0

(100.0e100.0)
99.7 (97.7e100.0)

15A 3 0 (0e70.8) 100.0 (98.8e100.0) NA 99.0 (99.0e99.0) 0 (0e70.8) 100.0 (98.8e100.0) NA 99.0 (99.0e99.0)
15B 4 0 (0e60.2) 100.0 (98.8e100.0) NA 98.7 (96.6e99.6) 0 (0e60.2) 100.0 (98.8e100.0) NA 98.7 (96.6e99.6)
15C 6 0 (0e45.9) 100.0 (98.8e100.0) NA 98.0 (98.0e98.0) 0 (0e45.9) 100.0 (98.8e100.0) NA 98.0 (98.0e98.0)
15F 2 0 (0e84.2) 100.0 (98.8e100.0) NA 99.3 (97.6e99.9) 50.0 (1.3e98.7) 100.0 (98.8e100.0) NA 99.7 (98.2e100.0)
20 7 100.0

(59.0e100.0)
100.0 (98.8e100.0) 100.0

(100.0e100.0)
100.0 (100.0e100.0) 0 (0e41.0) 100.0 (98.8e100.0) NA 97.7 (97.7e97.7)

b20 7 42.9 (9.9e81.6) 97.6 (95.1e99.0) 30.0
(12.2e56.9)

98.6 (97.4e99.3)

34 7 100.0
(59.0e100.0)

99.7 (98.1e100.0) 87.5
(49.7e98.0)

100.0 (100.0e100.0) 0 (0e41.0) 100.0 (98.8e100.0) NA 97.7 (97.7e97.7)

c34 7 100.0 (59.0e100.0) 99.7 (98.1e100.0) 87.5
(49.7e98.0)

100.0 (100.0e100.0)

1 5 100.0
(47.8e100.0)

100.0 (98.8e100.0) 100.0
(100.0e100.0)

100.0 (100.0e100.0) 100.0 (47.8e100.0) 100.0 (98.8e100.0) 100.0
(100.0e100.0)

100.0 (100.0e100.0)

a Serotype: as determined by the gold standard (Quellung reaction).
b 20: Three isolates of serotype 20 were identified as serogroup 13-20A-20B by the sequetyping method.
c 34: Seven isolates of serotype 34 were identified as serogroup 17A-34 by the sequetyping method.

PPV, positive predictive value; NPV, negative predictive value; NA, not available.
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Table 6 Comparison between sequential MULTIPLEX PCR serotyping and cpsB gene sequetyping.

Parameters Multiplex PCR cpsB sequetyping

Percentage of serotype
level identified

73.30% 59.0%

Percentage of serogroup
level identified

20.70% 30.30%

Percentage of false
identification

1.70% 7.00%

Percentage of not be
identified

4.30% 3.70%

Identification accuracy 96%e100% 86.33e100%
Operation complex, 8-steps PCR simple and convenient,1-step PCR
Reagent cost high low
Labor cost high low
Room for improvement The primers were recombined according to the distribution

of common serotypes in China.
To update and improve the cpsB
genotype-serotype database
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However, when the combination of serotypes 17A-34 was
considered, cpsB gene sequetyping exhibited 100.0% (95% CI:
59.0e100.0%) sensitivity and a 99.7% (95% CI: 98.1e100.0%)
specificity.
Discussion

In this study, a total of 300 invasive S. pneumoniae isolates
collected from 27 teaching hospitals in 20 cities and 13
provinces in China (2010e2015) were studied. To our
knowledge, this is the largest multicenter study of invasive
S. pneumoniae isolates in China, with the largest number of
participating hospitals. Based on the Quellung reaction re-
sults, 299 isolates were accurately identified to the sero-
type level, with a total of 40 different serotypes detected.
One strain was a non-typeable strain, and the five most
common serotypes were 23F (43, 14.3%), 19A (41, 13.7%),
19F (41, 13.7%), 3 (31, 10.3%), and 14 (27, 9.0%). Our
serotype distribution data are similar to those of several
other studies from China.19,20 In contrast to our study, an
11-year study from India showed that the predominant se-
rotypes were 1, 3, 5, 19F, 8, 14, 23F, 4, 19A, and 6B.21

Notably, only one non-typeable strain was observed in our
study. However, in Taiwan, there is an increasing trend of
respiratory and ophthalmological mucosal infections
caused by non-typeable strains in newborns and young in-
fants.22 This implies that we need to continuously monitor
the changes in non-typeable strains in the future.

The performance of multiplex PCR and cpsB gene
sequetyping in the identification of serotypes was evalu-
ated using the Quellung reaction as the gold standard for
serotype testing. The multiplex PCR method correctly
identified 73.3 and 20.7% of the isolates to the serotype
and serogroup levels, respectively. The overall serogroup
identification accuracy was 94%, which is lower than that
in previous studies (99%).23 Five isolates were incorrectly
serotyped, while 13 isolates could not be typed even after
sequential eight-step PCR reactions. The multiplex PCR
assay is reliable and expeditious, with 75% of our isolates
assigned to a serotype after only three PCRs.6 The main
disadvantage of PCR-based serotyping as per the findings
7

of this study is the inability to discriminate closely related
serotypes, such as 6A-6B, 15A-15Be15Ce15F, and 11A-
11D. Moreover, some primer pairs exhibited cross-
reactivity with other serogroups such as 7Ce7B-40, 38-
25F-25A, and 12F-12A-44e46. There were five instances
where discrepancies between the sequential multiplex
PCR assay and the Quellung reaction results were
observed. In previous studies,23 technical errors were the
most common cause of discordant results. However, in our
case, we carefully double-checked all discordant results
to rule out any technical errors. We speculate that the
discrepancies may be due to genetic variation in the
strains and cross-reactivity between the primers. The
eight-step sequential PCR reaction proposed by the CDC is
primarily based on predominant S. pneumoniae serotypes
in the U.S. However, this has changed over time and dif-
fers by country and even region.24 The primers used in the
US and other countries are not the best choices for use in
Asian countries.14 Therefore, in the future, there must be
flexibility in the selection and combination of primer sets,
based on the characteristics of the main serotype distri-
bution in each country.

Based on the cpsB genotype-serotype database, cpsB
gene sequencing accurately identified 177 (59.0%) S.
pneumoniae isolates to the serotype level and 91(30.3%)
isolates to the serogroup level, with the overall serogroup
identification accuracy was 89.3% for all isolates. Twenty-
one isolates (7%) were incorrectly serotyped and 11 (3.7%)
isolates could not be typed using the existing cpsB sequence
type-serotype database, of which 4 isolates were negative
for cpsB gene amplification. In general, cpsB gene seque-
typing is useful for identifying most serogroups. However,
the disadvantage of the sequetyping method is that certain
related (antigenic cross-reaction) and unrelated (no anti-
genic cross-reaction) serotypes share the same cpsB gene
sequence.25 In the present study, 41 serotype 19F isolates
were only identified to the 19F-19A serogroup level. A high
degree of similarity has been reported between serotypes
19F and 19A in the capsular polysaccharide synthesis locus.
Primarily, the difference in the wzy (cpsI ) gene contributes
to the two different serotypes.26 Therefore, the high de-
gree of genetic homology of the cpsB gene may hamper the
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distinction of serotypes 19F and 19A. However, given the
high prevalence of serotype 19F in China, it is reasonable to
use other methods such as multiplex PCR to differentiate
between serotypes 19A and 19F. Serogroup 6 includes se-
rotypes 6A/B/C/D/E, which are difficult to identify accu-
rately by most methods.27 In our study, there were 25
isolates of serogroup 6, including 12 isolates of serotype 6A,
11 of serotype 6B, and two of serotype 6C. The multiplex
PCR method can only identify the isolates to the 6A-6B
serogroup level, while the sequetyping method can identify
most of the 6A isolates with an 83.3% (95% CI: 51.6e97.9%)
sensitivity and a 99.0% (95% CI: 97.0e99.8%) specificity
rate. Specific PCRs are needed to accurately identify se-
rotypes 6A/B/C/D/E when the typing result is unclear.16

Notably, some misidentified and non-typeable strains that
have a high degree of similarity with sequences in NCBI did
not match with sequences in the cpsB genotype database.
This discrepancy highlights the fact that the cpsB gene
sequetyping database needs to be constantly updated.
Otherwise, there is a risk of incomplete data and incorrect
assignment of serotype designations.28 Our findings suggest
Figure 1. Algorithm for serotype identification of Streptococcu
sharing the same cpsB gene sequence in the cpsB genotype-serotyp
same cpsB gene sequence in the cpsB genotype-serotype database

8

that the serotype-specific sequence database still needs to
be continually improved and updated, which will ultimately
improve the accuracy of the cpsB gene sequetyping
method. As per previous findings,29,30 the cpsB gene could
not be amplified in the four isolates in the present study.
We speculate that this may be due to nucleotide variations
or the absence of amplicons in the cpsB gene of these
strains.

Overall, in terms of identification accuracy, multiplex
PCR typing is slightly more accurate than cpsB gene
sequetyping, but the whole procedure is cumbersome, and
rare serotypes may not be identified even after eight
consecutive steps of PCRs. However, cpsB gene sequetyping
is simple to perform, and serotype prediction can be per-
formed by one-step PCR amplification and sequence com-
parison, along with low reagent and labor costs (Table 6).
The average cost of testing per strain for the multiplex PCR
method is approximately US$6, compared to US$2.50 for
the cpsB gene sequetyping method.16,31 However, we can
combine and take full advantage of both methods, that is,
using the cpsB gene sequetyping method for initial
s pneumoniae isolates. a Serotypes from the same serogroup
e database. b Serotypes from different serogroups sharing the
.
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identification and then selecting the reaction of the cor-
responding serotype in multiplex PCR for rechecking.
Although DNA-based PCR methods are fast and accurate,
the Quellung reaction remains the most reliable method for
serotype identification. All conflicting results between the
multiplex PCR method and cpsB gene sequetyping, or cases
where the serotype cannot be identified, should be
confirmed using the Quellung reaction. Whole-genome
sequencing (WGS) can be used for some non-typeable or
unusual strains (Fig. 1).

Our study has several limitations. First, some discrep-
ancies were observed between multiplex PCR/cpsB gene
sequetyping and the Quellung reaction results. This incon-
sistency needs to be resolved using more precise methods,
such as WGS or next-generation sequencing. Second, S.
pneumoniae serotypes can be identified by several methods,
but we have only evaluated two of them, multiplex PCR and
cpsB sequetyping. Finally, in this study, the accuracy of cpsB
gene sequetyping for identification to specific serotypes in
our study still needs to be improved. We hope that in the
future, more researchers can work together to update and
improve the cpsB genotype-serotype database so as to
improve its identification accuracy.

In conclusion, our study showed that the cpsB
gene sequetyping method is more suitable for routine
primary S. pneumoniae serotyping screening. The cpsB
gene sequetyping combined with multiplex PCR and the
Quellung reaction can greatly improve the accuracy and
efficiency of serotyping, in addition to reducing the asso-
ciated costs.
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