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Abstract

Objective To establish and modify quantitative real-time polymerase chain reaction (qPCR)-based
serotyping assays to distinguish 97 pneumococcal serotypes.

Methods A database of capsular polysaccharide (cps) loci sequences was generated, covering 97
pneumococcal serotypes. Bioinformatics analyses were performed to identify the cps loci structure and
target genes related to different pneumococcal serotypes with specific SNPs. A total of 27 novel qPCR
serotyping assay primers and probes were established based on gPCR, while 27 recombinant plasmids
containing serotype-specific DNA sequence fragments were constructed as reference target sequences
to examine the specificity and sensitivity of the gPCR assay. A panel of pneumococcal reference strains
was employed to evaluate the capability of pneumococcal serotyping.

Results A total of 97 pneumococcal serotyping assays based on qPCR were established and modified,
which included 64 serotypes previously reported as well as an additional 33 serotypes. Twenty-seven
novel qPCR serotyping target sequences were implemented in the pneumococcal qPCR serotyping
system. A total of 97 pneumococcal serotypes, which included 52 individual serotypes and 45 serotypes
belonging to 20 serogroups, could not be identified as individual serotypes. The sensitivity of qPCR
assays based on 27 target sequences was 1-100 copies/pL. The specificity of the gPCR assays was 100%,
which were tested by a panel of 90 serotypes of the pneumococcal reference strains.

Conclusion A total of 27 novel gPCR assays were established and modified to analyze 97
pneumococcal serotypes.
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INTRODUCTION serotypes of pneumococcus can coexist at the site of
the naso-oropharynx. Pneumococcus is a bacterium
treptococcus pneumoniae (or that has been linked to a wide range of
pneumococcus) is a respiratory pathogen pneumococcal diseases (PD), ranging from non-
that affects humans. More than two invasive PD (NIPD), such as sinusitis, otitis media,
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and pneumonia, to serious invasive PD (IPD),
particularly in children of age < 5 years and
individuals aged > 65 years. Pneumococcus is the
primary pathogen of community-acquired
pneumonia, lower respiratory tract infections, and
childhood pneumonia“'a]. Capsular polysaccharide
(CPS) is the most critical virulence factor of
pneumococci, and > 100 serotypes of it have been
identified and reported based on the biochemical
and antigenic properties of the pneumococcal
cpss™?. The pneumococcal conjugate vaccine (PCV)
is highly effective in preventing IPD caused by
vaccine serotypes (VTs). PCV vaccination can reduce
the carriage rate as well as the transmission route of
pneumococci among populations, which is referred
to as herd immunity[e’gl. As the carriage rate of
pneumococci VTs decreases, other serotypes (such
as non-VTs [NVTs]) become prevalent, which is
referred to as "serotype replacement"”. A multicenter
study conducted in the United States revealed a 66%
decrease in the overall (all serotypes) numbers of
IPD cases among children aged < 2 years from the
baseline (1994-2000) until 2002. However, the
number of IPD cases involving NVT increased by 66%
from the baseline (NVTs onIy)“O]. In the United
States, dramatic reductions (45% and 94%,
respectively) have been recorded in overall and
PCV7-type IPD after PCV7 introduction in children
aged < 5 years between 1998-1999 and 2007.
However, the rate of IPD caused by NVTs increased
by 128%®. Between 2001 and 2017, the cases of
major NVTs in France increased from 10.5% to 41.8%
for the overall IPD cases, with the numbers of cases
increasing from 5.3% to 58.3% in children aged < 2
years and serotype 24F becoming the most
predominant serotype of IPD in children aged < 2
years”m]. The protective effect of PCV is
significantly compromised by an increase in NVTs
resulting from  "serotype replacement"[s'w’m.
"Serotype replacement" advocates the creation and
application of next-generation pneumococcal
vaccines and implies that serotype surveillance is
essential for preventing and controlling PD.
Serotype-based  serological approaches (or
phenotypic methods) that rely on serotype-specific
antisera or monoclonal antibodies (mAbs), molecular
technologies based on cps loci such as sequential
multiplex PCR (mPCR), multiplex qPCR (mqPCR), and
whole-genome sequencing are already being used for
bacterial serotyping in the age of genome sequencing,
which includes pneumococcal serotyping[l?"ZG]. Based
on the reaction between antibodies against the
pneumococcal capsule, the Quellung reaction is

considered the gold standard for pneumococcal
serotyping[13’14]. However, due to the high costs,
experience dependency, and isolation of pure
colonies, this method cannot be readily applied to
most laboratories and is considered more appropriate
for quality control in reference laboratories'*®.
Owing to its practicality and instrument independency,
the latex agglutination reaction has been suggested as
the most practicable technique for pneumococcal
serotyping™®. Briefly, equal quantities of latex
reagent and bacterial culture are mixed, and the
resultant agglutination reaction is read within 5-10 s.
However, there are numerous pneumococcal
serotypes. According to the chessboard scheme, a
single isolate should be typed by pool antisera first
and then be further typed by type and factor antisera.
However, due to the high costs of the pneumococcal
latex agglutination kit (only 14 pools antisera kit up to
$10,000, 75 tests/bottle), not all laboratories can
afford it. Due to its simplicity, affordability, and lack of
dependency on culture-based techniques, the
PCR-based pneumococcal serotyping approach is
frequently employed for pneumococcal
surveillance™?" Sequential mPCR and sequential
mgPCR methodologies have been developed for the
most prevalent serotypes in Active Bacterial Core
Surveillance (ABCs) to track the dynamics of
pneumococcal serotypes. The 64 serotypes identified
using the sequential mgPCR so far include 34
individual serotypes and 13 minor serogroupsm].
Based on the prevalence of IPD serotypes across
different countries and regions, similar strategies were
studied, optimized, and applied in regions such as
Latin America, Africa, and Asia®?. However,
previously reported PCR- or  qPCR-based
pneumococcal serotyping methods cover only limited
serotypes, many of which have not yet been reported.

Currently, there is no national surveillance
system for PD or IPD in China[m, and most
information on pneumococcal serotype prevalence
comes from individuals or regional hospital IPD
patients”®?”). Moreover, the serotype prevalence
reported to guide the development of pneumococcal
serotype strategies may be biased. Therefore, there
is a need for systematic analysis of the cps loci in
different pneumococcal serotypes for rapid and easy
typing with a high serotype coverage.

In this study, we downloaded the reported cps
loci sequences of pneumococcus and analyzed the
structure and sequence of different serotypes by
bioinformatics technology. A qPCR-based
pneumococcal serotyping assay was developed and
modified to cover 97 serotypes, which included 64
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serotypes that have been previously reported and an
additional 33 serotypes. A total of 27 novel
serotyping target sequences were added to the
previous serotyping system, which contained 46
serotyping target sequences. In addition, a total of
97 pneumococcal serotypes were typed into 52
individual serotypes and 20 serogroups. Here, we
expounded on the process of sequence analysis and
serotyping assay establishment and proved their
feasibility in  typing serotypes caused by
S. pneumoniae using pure strain cultures. This
approach is expected to facilitate the monitoring of
the prevalence trend of pneumococcal serotypes
and guide the development of pneumococcal
vaccines and immunization strategies.

METHODS

Strains and DNA Extraction

A panel of pneumococcal reference strains
containing 90 pneumococcal serotypes was applied
to evaluate the capability of pneumococcal
serotyping (Supplementary Table S1, available in
www.besjournal.com). All pneumococcal reference
strain serotypes are already known. These strains are
stored at the Department of Respiratory Infectious
Diseases, National Institute of Communicable
Disease Control and Prevention, Chinese Center for
Disease Control and Prevention.

An overnight culture was prepared in Columbia
agar plate supplemented with sheep blood
(PB0123A, Thermo Fisher Oxoid, Basingstoke, UK)
and incubated under 5% CO, at 37 °C. The genomic
DNA of the pneumococcal reference strains was
extracted using the "Wizard" Genomic DNA
Purification Kit (A1120, Promega Corporation,
Madison, USA). In order to extract the DNA better,
the culture products were pre-treated as follows:
overnight colonies from the Columbia agar plate
supplemented with sheep blood were collected and
resuspended in 200 uL of the TE buffer with 10-uL
inoculation loops. Then, a 100-yL mixture of
lysozyme (RT401, TIANGEN, Beijing, China) and
mutanolysin  (M9901, Sigma-Aldrich, Darmstadt,
Germany) was added and digested at 37 °C for 1 h.
The lysozyme  and mutanolysin reaction
concentrations were 40 mg/mL and 75 U/mL,
respectively. All extracted DNA was stored at -20 °C
until further use.

Reference Sequence and Bioinformatic Methods

The sequences of cps loci were downloaded from

GeneBank (https://www.ncbi.nlm.nih.gov/). A
database of cps loci sequences was generated, which
covered 97 pneumococcal serotypes (Supplementary
Table S2, available in www.besjournal.com). Based on
the database, multiple sequence alignment was
performed using the MAFFT v7.505. The maximum
likelihood phylogenetic tree was generated with
Fasttree 2.1.11%, which contained 94 serotypes with
a complete sequence of cps loci in the reference
database. The tree is annotated as graphics using the
iTol programlzg]. Combined with the cps loci sequence
annotation information, the gene structure diagrams
were drawn with the RStudio 4.2.1. For potentially
typed targets, multiple sequence alignment was
performed with DNAMAN v9.0.

Real-time PCR Primers, Fluorescence Probes for
Novel Serotyping Targets, and Real-time PCR Assay

Based on previously reported gPCR-based
pneumococcal serotyping assays' ", novel serotyping
targets sequence were selected to identify more
individual serotypes or divide the strains into smaller
serogroups. The primers and probes were assessed
and selected by Primer Express 3.0.1. The GeneBank
primer blast confirmed the sequence specificity of
the primers and probes, and the probes with
appropriate reporting dyes (FAM) and quenchers
were synthesized at Sangon Biotech (Shanghai) and
DIA-UP (Beijing). The target genes, primers, and
probes sequences, as well as the optimal assay
concentrations selected for serotyping, are shown in
Supplementary Table S3, available in  www.
besjournal.com.

The gPCR reactions were performed in a 20-plL
solution, with each reaction mixture containing the
following: 2x concentration probe gPCR mix
(RR391A, TaKaRa, Beijing, China), forward primer,
reverse primer, probe, sterilized water, and 2-pL
DNA template. The optimal reaction concentrations
of each primer and probe in each reaction are shown
in Supplementary Table S3. The LightCycler 480 Il
(Roche Diagnostics, Switzerland) and Quant
Gene9660 (BIOER, China) were used to amplify and
detect the target genes. Each gPCR run included a
negative control and an external positive control.
The amplification conditions were 95 °C for 600 s,
followed by 40 quantitative cycles of 95 °C for 15 s
and 60 °C for 60 s.

The Recombinant Plasmid Carrying Target Gene
Sequence and A Standard Curve Plot of
Recombinant Plasmids

The pUC57 cloning vectors (Sangon Biotech,
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Shanghai) were used to generate recombinant
reference plasmids containing serotype-specific
DNA sequence fragments for quantification. A
unique recombinant reference plasmid was
constructed for each target gene. A total of 27

recombinant reference plasmids were generated
for this study's 27 novel serotyping assays. Several
plasmid copies were calculated using the value for
the plasmid molecular weight and the following
formula:

Recombinant reference plasmid (copies/uL) =

Avogadros number X Recombinant reference plasmid concentration (ng/uL) x 107

660 X Number of recombinant reference plasmid base pairs

The DNase/RNase-free water (RT121, TIANGEN,
Beijing, China) was used to generate recombinant
reference plasmid serial dilutions, and 10
concentration gradients from 10° to 10° copies/pL of
recombinant reference plasmids were generated.
The  concentration-gradient  generation was
performed in triplicate for standard curve
construction and sensitivity assessment of the
serotyping assay.

Performance of This Pneumococcal Serotyping
Assay

The experimental strains without the target gene
were used as negative strains. Genomic DNA
extracted from pneumococcal reference strains and
27 recombinant plasmids were used to evaluate the
specificity of the gPCR assay.

A mixture of two serotypes in a simulation
sample was used to evaluate the ability of multiple
serotypes co-existing in the same sample of this
pneumococcal serotyping assay. Genomic DNA
(1,000 copies/uL) of serotype 18F and serotype 29
(fluorescent signal marker: FAM) and genomic DNA
(1,000 copies/uL) of serotype 16A and serotype 17F
(different fluorescent signal markers: FAM and HEX)
were mixed at different ratios of 0%, 5%, 25%, 50%,
75%, 95%, and 100%, respectively. Three replicate
analyses were performed using the pneumococcal
serotyping assay established in this study. To
evaluate the ability to detect the rare serotypes in
the presence of multiple serotypes.

Statistical Analyses and Graphing

LightCycler®480 software (version 1.5.0), Quant
Gene 9600 software and WPS office (version
11.1.012763) were used to calculate the standard
curve, efficiency (%), and R% respectively. R Studio
(version 4.2.1) was used for graphics drawing, which
included the gene structure of pneumococcal cps loci
and serotyping interpretation of pneumococcal cps
loci, as annotated with Adobe lllustrator (version
25.2.1).

RESULTS

Genetic Basis of Pneumococcal cps loci

The phylogenetic tree and gene structure of 94
serotype pneumococcal cps loci sequences were
constructed (Figure 1). All serotypes (except
serotype 3) have polymerase (wzy) and flippase
(wzx). The SNP-based phylogenetic tree was
constructed for wzy and wzx to discriminate the
capacity as pneumococcal serotyping targets
(Supplementary Figure S1, available in www.
besjournal.com). In addition to the previously
reported PCR-based pneumococcal serotyping
targets using wzy, 17 novel serotyping target
fragments by wzy, 7B/7C/40, 7B/7C/24F/24B/40,
16A, 17A, 19B/19C, 25F/25A/38, 27, 29, 32F/32A,
33C, 33B/33D, 35A/35C/42, 36, 41A/4A1F, 43, 45, and
47A, were added for pneumococcal serotyping. For
serotypes that could not be distinguished by wzy and
wzx, potential serotyping targets were selected
based on the presence or absence of serotype-
specific genes and sequence identity in different
serotype cps loci. A total of 10 novel serotyping
targets were added for 10B(wcrG), 10A/10C/34/

35F/43(werC), 11F/15A/15B/15C/15F(wchd), 12A/
12B/46(wcil), 18B/18C/18F(wciX), 18F(wcexM),
19C(wchU), 18A/28A(wcil), 35F/34(wcrO), and

41F(wcerX). Twenty-seven novel gPCR serotyping
target sequences were considered in addition to the
pneumococcal gPCR serotyping system
(Supplementary Table S3).

Establish and Modify 97 Pneumococcal Serotyping
Assays

A total of 27 novel gPCR serotyping target
sequences were supplemented in the pneumococcal
gPCR serotyping system. Combined with previously
reported 46 serotyping assays, there were 73
serotyping target sequences for pneumococcal
serotyping. A total of 97 pneumococcal serotypes
could be typed, of which 52 were identified as
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individual serotypes, while the remaining 45 serotypes
belonged to 20 serogroups (Figure 2, Supplementary
Table S3). As shown in Figure 2, a pneumococcal
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Figure 1. Maximum likelihood phylogenetic tree

and the gene structure of pneumococcal cps loci.

(A) Phylogenetic tree (Maximum likelihood phylogeny) of 94 serotype pneumococcal cps loci sequence;
(B) The gene structure of 94 serotype pneumococcal cps loci sequence. All serotypes contained the
regulatory region genes wzg, wzh, wzd, and wze (cpsA-D, light green) and serotype-specific region genes,
beginning with an initial sugar transferase (emerald green). The gene structure of S. pneumoniae cps loci
is depicted in alignment by cpsA (wzg). The arrows represent the direction of genes, while the colors

represent different gene functions.
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the 97 serotypes, 64 serotypes could be typed by only
one reaction, of which 38 were identified as individual
serotypes and 26 as 12 serogroups. A total of 16 novel
typing assays were designed in this study. Twenty-
three serotypes could be typed by 2 reactions, 10 by 3
reactions, and only 10C required identification by 4
reactions.

Sensitivity and Specificity of This Pneumococcal
Serotyping Assay

A total of 27 novel recombinant reference plasmids
with specific fragments were constructed in this study.
Real-time PCR assays performed on these plasmids

gave a limit of detection (LOD), the limit of quantitation
(LOQ), and the unique linear dynamic range for each
target gene and standard curve parameters are listed
in Table 1. The parameter of the standard curve
revealed a good relationship between the logarithmic
value of recombinant plasmid diluted concentration
and the Cq (quantification cycle) value. An excellent
LOQs in a linear dynamic range of all recombinant
plasmids, 10'/10°-10'/10° (Supplementary Figure S2,
available in www.besjournal.com). The LODs ranged
from 1 to 100 copies/reaction, indicating good
detectability in this study.

All 27 recombinant reference plasmids and

6¢ Nos
@ No.7
= T
1
10C No
No.11
11F ié
15
No.16
Vi3 ) 4 2
i /
s b Reference assay
Individual serotype = —~— 46
52
e e '
24A ‘
| — B
1 R P
33 No.39
34 :?
335; No.42 \
37 E“ 4
5 { N
47F \'
6A/6F/6H
No.53 >
6B/6E/6G =7
ATTE %22 i
78/40 NJ-ZR
o
11A/110/11E " Additional assay
4
Serogroup \ \ | we 27
45 188/18C 4
24F/248 Y \‘
25A/25F V4 s
/ No.70
No.71
[ 35A/35C/42 | 12
3587350 13

Inter pretation

Primer/Probe No.

Source

Figure 2. Primers/probes and serotyping interpretation of pneumococcus. (1) Interpretation: All 97
serotypes could be identified into 72 individual serotypes or small serogroups, of which 52 were
identified as individual serotypes, and 45 serotypes belonged to 20 serogroups. (2) Primer/Probe No.: The
primers/probes number of pneumococcal serotyping targets sequences. A total of 73 serotyping assays
were used for 97 pneumococcal serotyping in this study. (3) Source: The source of primers/probes, 46

assays were previously reported (light purple

[20,21]
)

, and 27 additional assays were designed in this study

(light blue). The flow from “Interpretation” to “Primer/Probe No.” represents the primers/probes assays
that were required to identify this serotype or serogroup.
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reference strains demonstrated amplification and
were identified as the accurate serotype/
subserogroup, while the remaining serotypes did not
demonstrate any specific amplification curves.

A total of 73 pneumococcal serotyping targets
sequence were used in this study (Figure 2,
Supplementary Table S3, available in www.
besjournal.com), and 27 novel additional

serotyping assays were developed. The results of
a panel of 90 serotypes of pneumococcal
reference strains are shown in Table 2. All 90
serotypes of pneumococci were identified, of
which 50 could be identified as individual
serotypes and the remaining 40 to 20 small

serogroups, respectively. The specificity of gPCR

assays was 100%.

Table 2. Performance of serotyping assays in a panel of pneumococcal reference strains

Serotype (pneumococcal

z
5]

Reference assay only’

[20,21]

Reference assay and 27 additional assay

reference strains) serotype serogroup serotype serogroup
1 1 1 1
2 2 2 2
3 3 3 3
4 4 4 4
5 5 5 5
6 6A 6A/6F/6H 6A/6F/6H
7 6B 6B/6E/6G 6B/6E/6G
8 6C 6C 6C
9 6G 6B/6E/6G 6B/6E/6G
10 7F 7A/7F TA/7F
11 7A 7A/7F TA/7F
12 7B 7B/40 7B/40
13 7C 7C 7C
14 8 8 8
15 9A 9A/9V 9A/9V
16 9N 9L/9N 9L/9N
17 9V 9A/9V 9A/9V
18 oL 9L/9N 9L/9N
19 10A 10A 10A
20 10F 10F 10F
21 10B Unidentified 10B
22 10C Unidentified 10C
23 11F 11A/11D/11E/11F 11F
24 11A 11A/11D/11E/11F 11A/11D/11E
25 11B 11B/11C 11B/11C
26 11C 11B/11C 11B/11C
27 11D 11A/11D/11E/11F 11A/11D/11E
28 12F 12F/44 12F/44
29 12A Unidentified 12A/12B/46
30 12B Unidentified 12A/12B/46
31 13 13 13
32 14 14 14
33 15A 15A/15F 15A/15F
34 15B 15B/15C 15B/15C
35 15C 15B/15C 15B/15C
36 15F 15A/15F 15A/15F
37 16F 16F 16F
38 16A Unidentified 16A
39 17F 17F 17F
40 17A Unidentified 17A
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Continued
NO. Serotype (pneumococcal Reference assay only”**" Reference assay and 27 additional assay
reference strains) serotype serogroup serotype serogroup
41 18F 18A/18B/18C/18F 18F
42 18A 18A/18B/18C/18F 18A
43 18B 18A/18B/18C/18F 18B/18C
44 18C 18A/18B/18C/18F 18B/18C
45 19A 19A 19A
46 19F 19F 19F
47 198 Unidentified 198
48 19C Unidentified 19C
49 20 20 20
50 21 21 21
51 22F 22F 22F
52 22A 22A 22A
53 23A 23A 23A
54 23B 23B 23B
55 23F 23F 23F
56 24F 24F/24A/24B 24F/24B
57 24A 24F/24A/24B 24A
58 24B 24F/24A/24B 24F/24B
59 25F Unidentified 25A/25F
60 25A Unidentified 25A/25F
61 27 Unidentified 27
62 28F 28A/28F 28F
63 28A 28A/28F 28A
64 29 Unidentified 29
65 31 31 31
66 32F Unidentified 32A/32F
67 32A Unidentified 32A/32F
68 33F 33A/33F/37 33A/33F
69 33A 33A/33F/37 33A/33F
70 33B Unidentified 33B/33D
71 33D Unidentified 33B/33D
72 34 34 34
73 35F 35F/47F 35F
74 35A 35A/35C/42 35A/35C/42
75 35B 35B/35D 35B/35D
76 35C 35A/35C/42 35A/35C/42
77 36 Unidentified 36
78 37 37 37
79 38 38 38
80 39 39 39
81 40 Unidentified 7B/40
82 41F Unidentified 41F
83 41A Unidentified 41A
84 42 35A/35C/42 35A/35C/42
85 43 Unidentified 43
86 44 12F/44 12F/44
87 45 Unidentified 45
88 46 Unidentified 12A/12B/12C/46
89 47F 35F/47F 47F
90 47A Unidentified 47A
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Detection Ability of the Coexistence of This
Pneumococcal Serotyping Assay

The detection capability of the pneumococcal
serotyping assay for the coexistence of multiple
serotypes has demonstrated that this assay has good
multi-serotype analytical capability. A relatively rare
serotype, as low as 5% of the simulation DNA
samples, can be detected, regardless of whether the
target is the same or from different fluorescent
channels.

DISCUSSION

PD is a global public health concern with a
serious burden of IPD. However, there are several
problems and challenges in the research and
prevention of PD"™. There has been a persistent
increase in the proportion of IPD caused by NVTs of
pneumococci as well as that in the rate of naso-
oropharynx carriage of NVTs after vaccine
application, with a naturally higher carriage
prevalence of NVTs in some regions and certain
populations in the pre-PCV application[sol. As the
basis for PD research and prevention, the existing
pneumococcal serotyping methods have several
shortcomings. Therefore, there is a need to establish
a rapid, accurate, high-throughput, and high
serotype coverage of culture-independent
pneumococcal serotyping methods for the research
and prevention of PD.

During the COVID-19 pandemic, nucleic acid
detection, especially gPCR, became critical to rapidly
diagnosing infectious diseases. Recently, PCR- and
gPCR-based methods were widely used for
pneumococcal serotyping. Seven consecutive
quadruple PCR reactions designed for the 29 most
common pneumococcal serotypes in ABCs were
employed for serotyping 421 IPD isolates, and 54.3%
(229/421) of the isolates were successfully identified
to serotypes, and 40.9% (172/421) of the strains
were identified to the serogroupug]. Subsequently,
mgPCR-based pneumococcal serotyping strategies
were recommended for  ABCs serotype
surveillance™. This mgPCR typing method was
applied for 64 serotypes, of which 34 could be typed
into individual serotypes and the remaining 30 into
13 small serogroups. Pholwat et al. developed a
TagMan array card for pneumococcal serotyping,
and 53 sequence-specific PCR reactions were
performed to identify 74 serotypes/serogroups[31].
Sakai et al. developed 11 single-plex gPCR serotyping
assays, which, when combined with past studies of

gPCR-based serotyping systems, expanded the
coverage of serotypes to 94 serotypes. However, this
study did not clarify the correspondence between 94
serotypes of pneumococci and the serotyping assays,
nor did it establish a systematic analysis and result
interpretation scheme, making it difficult to promote
its applicationm]. The nanofluidic real-time PCR
serotyping method, a high-throughput serotyping
method based on gPCR, was also employed for
pneumococcal serotyping[33’34]. A total of 29 primer
pairs were selected for the assay to cover 50
serotypes, 17 individual serotypes, and 33 serotypes
in 12 serogroups”®. This nanofluidic method was
also designed for serotyping PCV-associated
serogroups 6, 18, and 22, which are pneumococci
with highly similar cps loci®. However, the reported
gPCR-based pneumococcal serotyping methods
currently lack systematic analysis and have limited
coverage of serotypes, especially for NVTs. Several
countries and regions, such as U.S., Latin-Amer, and
Asian counties, have established their pneumococcal
serotyping schemes based on the prevalence of
predominant serotypes, seeking to cover more
prevalent serotypes with fewer reactions”>*".
However, there is a lack of a national surveillance
network for IPD in China, and the distribution of
pneumococcal serotypes in China is not adequately
known. The serotype prevalence and VTs coverage
varied by age group, source, and region. In
Zhongjiang County[36], where the PCV13 vaccination
rate was meager in 2018-2020, the proportion of
non-PCV13 type increased remarkably with an
increase in age, 28.7% at 2 years of age to 58.1% at
> 60 years of age. Therefore, enhanced detection
and surveillance of all serotypes, including VTs, and
NVTs, is vital for preventing and controlling PD. We
accordingly extended and modified the previously
reported typing assays to establish a typing system
that covers the majority of pneumococcal serotypes.

The pneumococcal cps loci sequences are the
genetic basis for PCR-based serotyping methods. The
genetic analysis of pneumococcal cps loci sequence
has already been studied®”. When compared with the
previous analysis, this study focused on the selection
and modification of serotyping target sequences and
the establishment of serotyping assays. When
selecting specific targets, wzy and wzx were first
considered pneumococcal serotyping targets because
they were required to be serotype-specific, especially
WzyBS]. When the serogroup/serotype was hard to
distinguish with wzy and wzx, the presence or
absence of genes in serotype-specific regions in cps
loci or the difference in their sequence in gene
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structure analysis for further typing. With this
sequential flow of serotyping, a pneumococcal
serotyping process covering 97 serotypes was formed.
To the best of our knowledge, this is the first time
that a phylogenetic tree of the cps loci sequence,
covering the sequences of 94 pneumococcal
serotypes, was used in combination with gene
structure to investigate the differences in gene
composition and sequence identity in different
serotypes and to select suitable serotyping targets. In
addition, in this study, we added five pneumococcal
serotypes cps loci sequences (6C, 6D, 6F, 6G, and 35D)
to the previous gene structure analysis. Regrettably,
serotypes 6E, 6H, and 11E could not be included in
the analysis of phylogeny and gene structure because
these serotype strains were not available in our
laboratory, and their cps loci sequence could not be
accessed from the public databases.

Another contribution of this study is the
establishment and modification of a gPCR-based
serotyping scheme, which proposed a series of
assays covering 97 pneumococcal serotypes
(containing 6E, a genetically defined entity). A total
of 73 serotyping target sequences were involved,
and 27 novel qPCR serotyping target sequences were
added to extend the previously reported 46 qPCR
serotyping assays by ABCs"". Moreover, 97
pneumococcal serotypes were typed into 72
serotypes or serogroups, of which 52 could be typed
as individual serotypes, and the remaining 45
serotypes were identified as 20 sub-serogroups.
Critically, the systematic reorganization and analysis
enabled the serotyping logic and the interpretation
of typing results to be more precise than that in any
of the previous reports. Genetic structure analysis
and the graphs of pneumococcal serotyping
interpretation facilitate the reading of results for the
numerous serotypes and assays. Furthermore, the
covers of serotypes can be extended in this case.
Moreover, on the basis of the increased serotype
coverage, some strains that could be identified as
serogroups were further identified as smaller
serogroups and even as individual serotypes. The
strains that could be identified as
serogroup18A/18B/18C/18F by the previous assays
could be further typed to 18A, 18F, or 18B/18C with
two novel serotyping assays (i.e., wexM, and wciX).
Unlike the pneumococcal serogroup 18 serotyping
scheme established by Downs et al.[s‘r’], which relies
on four targets, contains wciW (18A/B/C), wciX
(18B/C/F, and 18C/F), and wcxM (16F/18F/28AF),
pneumococcal serogroup 18 serotyping in this study
followed the use of wzy to select for serogroupl8

strains before differentiating 18A, 18F, and 18B/C by
wciX (18B/18C/18F) and wcxM (18F). Serogroup 18 is
a Wzy-dependent serotype, and wzy has superiority
in serotyping specified and broad application. On the
other hand, this 18F wcxM specifically target
fragment can be used as a separate identification
target of serotype 18F without cross-reactivity with
other serogroups. The disadvantage is that the
serotyping assay of serogroupl8 in this study has not
separated 18B and 18C completely. Overall, the
additional novel serotyping target sequence added
to this study has increased the coverage of serotypes
and the number of accurately identified individual
serotypes. The number of serotypes covered was
increased by 33, and 18 of them could be accurately
identified as serotypes.

The performance of the 27 novel serotyping
assays in pneumococcal serotyping applications is
another key to their more widespread application.
The LODs ranged from 1 copy/reaction to 10
copies/reaction for all 27 novel additional assays
established in this study, except for No. 69 (41A/41F)
with a strains LOD of 1.19 x 10° copies/reaction. The
LODs were equal to those previously reported[21'3”,
demonstrating the excellent sensitivity of the typing
assay in this study. A panel of 90 serotypes of
pneumococcal  reference  was  typed. All
pneumococcal strains were typed correctly. The 27
novel additional serotyping assays expanded the
identified serotypes from 66 to all 90 strains. The
number of serotypes that could be typed into
individual serotypes was increased from 38
serotypes to 50 serotypes. The analyses of reference
strains revealed that the pneumococcal serotyping
assays were specific and accurate for pneumococcal
serotyping. The relatively rare serotypes were
detected at levels as low as 5% in the coexistence
simulation samples, demonstrating the ability of the
method to detect multiple serotypes.

A total of 97 pneumococcal could be typed in this
study. Limited by the resource of strains, 7 serotypes
(including the serotypes 6D, 6E, 6F, 6H, 11E, 33C,
and 35D) have not been typed by isolates. However,
our pneumococcal serotyping assays could cover
these serotypes by sequence analyses of
pneumococcal cps loci. Except for the serotype 33C,
the serotyping targets sequence used for serotyping
the remaining 6 serotypes shared gene fragments
with the existing strains. For instance, serotype 6E
shares a serotyping target sequence with serotypes
6B and 6G, which could be identified as serogroup
6B/6E/6G by Primer/Probe No. 6 (6A/6B/6C/
6D/6E/6F/6G/6H, wciP), No. 7 (6A/6B/6E/6F/
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6G/6H, wciN), and No. 9 (6B/6D/6E/6G, wciP).
Serotype 6D was typed with the Primer/Probe No.6
(6A/6B/6C/6D/6E/6F/6G/6H, wciP), No. 8 (6C/6D,
wciN), and No. 9 (6B/6D/6E/6G, wciP). These
serotyping target sequences were with the same for
6A/6B/6C/6D/6E/6F/6G/6H, 6C/6D, and 6B/6D/6E/
6G, respectively. The specificity of No. 57 (33C, wzy)
serotyping assay was tested by a recombinant
reference plasmid containing a fragment of the
target sequence for serotype 33.

The selection of serotyping targets relied on the
database of cps loci sequences, which were
downloaded from the public database or previously
reported. Although the pneumococcal cps loci
sequence is generally considered to be conserved;
however, slight modifications of the cps loci, such as
the accumulation of point mutations, insertions, or
deletions of genes, may cause alterations in the
serotypes. The database of pneumococcal cps loci
sequence and the pneumococcal serotyping target
sequences might need to be continuously expanded
and modified to meet the needs of future
pneumococcal serotyping.

The pneumococcal serotyping assays established
in this study were based on single-weight qPCR
reactions, and the evaluation of the integration into
a continuous multiplex gPCR assay system has not
been completed. Subsequent analyses will continue
to optimize the test protocol with a higher
throughput and serotype coverage by combining
nanofluidic gene chips and MeItArrayBg’ml. After
obtaining the representative prevalence and carriage
surveillance data, we aim to develop a serial
multiplex gPCR assay protocol that meets the
prevalence  characteristics of  pneumococcal
serotypes in China based on the prevalence of
pneumococcal serotypes in China. Another limitation
of this study is that the evaluated strains of
specificity may be insufficient, and the designed
assay was not evaluated for detecting S. pneumoniae
in human clinical samples, such as nasopharyngeal
samples, sputum, blood, and CFS.

As we know that 90 strains of isolates may not be
adequate, we have mentioned it as a limitation of
the study.

Despite these limitations, our current findings
and reports expand the current gPCR scheme and
offer a practical strategy for pneumococcal
serotyping.

CONCLUSION

In conclusion, a total of 27 novel qPCR assays

were established and modified to analyze 97
pneumococcal serotypes.
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