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A B S T R A C T

Coxsackievirus A10 (CVA10) is one of the major causative agents of hand, foot and mouth disease (HFMD). To
investigate the epidemiological characteristics as well as genetic features of CVA10 currently circulating in
Shanghai, China, we collected a total of 9,952 sporadic HFMD cases from January 2016 to December 2020. In the
past five years, CVA10 was the fourth prevalent causatives associated with HFMD in Shanghai and the overall
positive rate was 2.78%. The annual distribution experienced significant fluctuations over the past five years. In
addition to entire VP1 sequencing, complete genome sequencing and recombination analysis of CVA10 isolates in
Shanghai were further performed. A total of 64 near complete genomes and 11 entire VP1 sequences in this study
combined with reference sequences publicly available were integrated into phylogenetic analysis. The CVA10
sequences in this study mainly belonged to genogroup C and presented 91%–100% nucleotide identity with other
Chinese isolates based on VP1 region. For the first time, our study reported the appearance of CVA10 genogroup D
in Chinese mainland, which had led to large-scale outbreaks in Europe previously. The recombination analysis
showed the recombination break point located between 5,100 nt and 6,700 nt, which suggesting intertypic
recombination with CVA16 genogroup D. To conclusion, CVA10 genogroup C was the predominant genogroup in
Shanghai during 2016–2020. CVA10 recombinant genogroup D was firstly reported in circulating in Chinese
mainland. Continuous surveillance is needed to better understand the evolution relationships and transmission
pathways of CVA10 to help to guide disease control and prevention.
1. Introduction

Hand, foot andmouth disease (HFMD) is a common infectious disease
characterized by fever and vesicular eruptions on hand, foot and in
mouth among children � 5-year-old (Xing et al., 2014; Liu et al., 2015).
Generally, enterovirus (EV) A71 and coxsackievirus (CV) A16 are
considered as the main causative agents involved in HFMD since its first
large outbreak in 2008 in Chinese mainland (Tan et al., 2011; Chen et al.,
2013; Zhang et al., 2013; Liu et al., 2014; Xing et al., 2014; Zhuang et al.,
2015). Since 2013, other enteroviruses such as CVA6 and CVA10 have
been detected in more and more provinces in China (He et al., 2013; Tian
et al., 2014; Zhang et al., 2015; Wang et al., 2018; Meng et al., 2020). In
the year of 2013 and 2015, CVA6 became the leading causative agent of
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HFMD in some provinces (Fu et al., 2020). However, recent studies also
provided strong evidence of CVA10 as an important causative associated
with increasing sporadic HFMD cases and outbreaks globally (Blomqvist
et al., 2010; Bracho et al., 2011; Davia et al., 2011; Lu et al., 2012; Mirand
et al., 2012; He et al., 2013; Tian et al., 2014; Ji et al., 2018; Muni-
venkatappa et al., 2018). Based on a nation-wide HFMD surveillance
network, Ji et al. reported an increasing proportion of CVA10 infected
HFMD cases which indicated that CVA10 was gradually becoming one of
the most prevalent agents during the epidemic interval of EVA71 and
CVA16 (Ji et al., 2018).

CVA10 belongs to species Enterovirus A, genus Enterovirus, family
Picornaviridae. The virus genome is a positive-sense single-stranded RNA
of approximate 7.4 kilobases (kb) in length, which comprises a single
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open reading frame (ORF) flanked by 50 and 30 untranslated regions
(UTR) (Oberste et al., 2004; Hu et al., 2011). The ORF encoding a pol-
yprotein which can be divided into three parts P1, P2 and P3. The P1
region encodes four capsid proteins 1A–1D (VP4, VP2, VP3 and VP1,
respectively). The P2 and P3 regions encode non-capsid proteins 2A–2C
and 3A–3D, respectively. As themajor antigenic and neutralizing protein,
complete VP1 sequence has been widely employed in identifying EV
serotypes and genogroups (Oberste et al., 1999; Caro et al., 2001). Based
on VP1 sequences, CVA10 can be assigned to seven genogroups (A–G)
(Dalldorf, 1953; Tian et al., 2014, 2017; Ji et al., 2018). CVA10 gen-
ogroup B and genogroup C have been reported persistently in circulating
in Chinese mainland. Genogroup B was active during 2004–2009 while
genogroup C was the absolute predominant genogroup since 2009 (Ji
et al., 2018). However, CVA10molecular epidemiologic studies were still
limited and were mainly based on 50UTR, VP4 or VP1 sequences (Yang
et al., 2011; Chen et al., 2014; Tian et al., 2014, 2017; Guan et al., 2015;
Li et al., 2017; Ji et al., 2019; Meng et al., 2020; Xie et al., 2020; Zhao
et al., 2020). So far, there has been a lack of systematic research on
CVA10 genetic features based on complete genome as well as epidemi-
ological characteristics of CVA10 infection in Shanghai, China for years.

HFMD has been listed as the C-class notifiable disease in China since
2008. Subsequently, Shanghai Municipal Center for Disease Control and
Prevention (CDC) built up its own HFMD epidemiological surveillance
laboratory network. In the current study, the sporadic HFMD cases were
collected from 2016 to 2020. The epidemiological characteristic as well
as genetic features of CVA10 based on near complete genomes were
investigated. Totally, 2.78% of the HFMD cases were caused by CVA10
infection. CVA10 genogroup C was the dominated genogroup in
Shanghai at the last five years. For first time, our study reported the
emergence and spread of CVA10 genogroup D in Chinese mainland.
Recombination analysis provided evidence of intertypic recombination
with CVA16 genogroup D. The findings could help to expand the
knowledge of the genetic diversity of CVA10 and prevent and control the
potential transmission and outbreaks.

2. Materials and methods

2.1. Sample collection and virus isolation

Clinical specimens were obtained from the routine HFMD surveil-
lance network from 2016 to 2020. Samples including stools and throat
swabs were processed based on the official National Guidelines for the
Diagnosis and Treatment of HFMD in China (2009 edition) (http
://www.gov.cn/gzdt/2009-06/04/content_1332078.htm). All these
samples were primarily tested using commercial real-time PCR Kit
(BioPerfectus, JC20107, Taizhou, China). CVA10 positive samples were
incubated into human rhabdomyosarcoma (RD) cell lines and were
cultured at 37 �C for seven days. The infected cells were cultured for at
least three passages until cytopathic effect (CPE) was observed. The
isolates were then harvested for viral RNA extraction and sequencing.
2.2. Near complete genome and entire VP1 sequencing

Viral RNA was extracted from the virus culture using Roche MagNA
Pure LC 2.0 nucleic extraction system (Roche, 3038505001, Basel,
Switzerland). Commercial real-time PCR Kits were used for a second test
to preliminary evaluate virus concentration. Isolates with cycle threshold
(Ct) value less than 26 were used for complete genome sequencing and
those with Ct value between 26 and 28 were used for VP1 sequencing.

For VP1 sequencing, PCR was performed using an Invitrogen Onestep
RT-PCR kit (ThermoFisher, 12574026, California, USA) and specific
primers as described (Ji et al., 2018). The PCR products were purified
using a QIAquick® PCR Purification Kit (Qiagen, 28104, Hilden, Ger-
many). All the amplicons were sequenced using an ABI 3730 Genetic
Analyzer (ThermoFisher).
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Complete genome of CVA10 was amplified using Tarich Virus Target
Enrichment System for enterovirus species A (BioGerm, SJ-CX-601-1,
Shanghai, China). The PCR products were purified and then quantified by
Qubit Fluorometer (ThermoFisher) using Qubit dsDNA high sensitivity
assay kit (ThermoFisher, Q32852). The purified PCR products were
physically sheared with the M220 Focused-ultrasonicator™ (Covaris,
Massachusetts, USA) and were then used to prepare libraries with the Ion
Plus Fragment Library Kit (ThermoFisher, 4471269) according to the
manufacture’s procedure. The cDNA library of 32 samples was pooled
together and normalized to a final concentration of 50 pmol/L. The
complete genome sequencing was performed using Ion Torrent S5 plat-
form (ThermoFisher).

Raw sequencing reads were de novo assembled to produce sequence
contigs using CLC Genomics Workbench (CLC, Version 20). The assem-
bled contigs were then identified using the Basic Local Alignment Search
Tool (BLAST). The reference sequences with highest percent identity
were downloaded from National Center of Biotechnology Information
(NCBI) GenBank database (www.ncbi.nlm.nih.gov). Reference-based
mapping and de novo assembling led to the retrieval of near complete
viral genomes.
2.3. Phylogenetic and recombination analysis of CVA10

Reference sequences of CVA10 complete genome were downloaded
from GenBank database as listed in Supplementary Table S1 and were
aligned pairwise using the ClustalW program present in MEGA 7.0
(Kumar et al., 2016). Phylogenetic analysis was conducted based on
50UTR, VP1, P1, P2 and P3 region using neighbor-joining method (Saitou
and Nei, 1987). A bootstrap replication of 1000 cycles was performed to
assess the robustness. Percent nucleotide difference was deduced using
the pairwise distances, within group mean distance and between group
mean distance methods in MEGA software. Simplot 3.5.0 software
(StuartRay, Johns Hopkins University, Baltimore, MD) (http://sray.me
d.som.jhmi.edu/SCRoftware/simplot/) was performed using the default
parameter settings to identify the potential genetic recombination sites in
the viral genome. Bootscan analysis was performed using the
neighbor-joining tree model and the Kimura 2-parameter distance algo-
rithm with a window size of 200 nucleotides moving along the alignment
in increments of 20 nucleotides with 1000 resampling. The use of the
PHYLIP internal code (v3.5) (Joseph Felsenstein) and a 70% parental
threshold were selected for notification if a region of recombination was
detected. RDP4.1 (Martin et al., 2015) was used to verify natural re-
combinant strains within complete genome sequence alignments. Seven
detection methods including RDP (Martin and Rybicki, 2000), BootScan
(Martin et al., 2005), MaxChi (Smith, 1992), Chimaera (Posada and
Crandall, 2001), Phylpro (Weiller, 1998), SiScan (Gibbs et al., 2000) and
3Seq (Lam et al., 2018) were conducted. Sequences would be considered
as a potential recombinant if at least 3/7 detection methods showed a
significant difference (P-value < 0.05).

3. Results

3.1. Epidemiological surveillance of CVA10 related HFMD in Shanghai

A total of 9,952 sporadic HFMD cases were recruited in Shanghai
from January 2016 to December 2020 in the current study. EV infection
was identified in 80.90% of patients (8051/9952). CVA6 (4705/9952,
47.28%) was the most prevalent causatives during the five past years
(Fig. 1A, Table 1). CVA10 infection accounted for 2.78% of HFMD cases
(277/9,952, 2.78%). The annual distribution of CVA10 infected cases
were 1.39%, 3.17%, 2.41%, 4.72% and 1.20%, respectively, with sig-
nificant fluctuations over the past five years (Fig. 1B, Table 1). Around
60% of the HFMD cases (5,987/9,952, 60.16%) distributed in the sub-
urbs while the proportion reached 72.20% (200/277) for CVA10 infec-
tion (Supplementary Table S2). The positive rate of CVA10 was 1.94% in
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Fig. 1. Temporal distribution of CVA10
circulating in Shanghai, China, 2016–2020. A
Overall percentages of EVA71, CVA16, CVA6,
CVA10 and untyped enterovirus detectedin
HFMD cases. B Number and proportion of
CVA10-infected HFMD cases by year of
illness onset. C Number and proportion of
CVA10-infected HFMD cases by month of
illness onset. D Age distribution of CVA10-
infected HFMD cases from 2016 to 2020 in
Shanghai, China. The continuous lines in B
and C described the proportion of CVA10-
infected HFMD cases and the histograms
showed the number of CVA10-infected
HFMD cases. EV, enterovirus; CV, Coxsack-
ievirus; HFMD, Hand, foot, and mouth
disease.

Table 1
Temporal and EV serotype distribution of HFMD cases in Shanghai, China, 2016–2020.

Year Case number Severe cases EV positive (%) EVA71 (%) CVA16 (%) CVA6 (%) CVA10 (%) Untyped (%)

2016 2156 105 1820 (84.42) 415 (19.25) 460 (21.34) 831 (38.54) 30 (1.39) 84 (3.90)
2017 2018 28 1618 (80.18) 347 (17.20) 277 (13.73) 850 (42.12) 64 (3.17) 80 (3.96)
2018 2739 11 2200 (80.32) 25 (0.91) 421 (15.37) 1598 (58.34) 66 (2.41) 90 (3.29)
2019 2286 6 1869 (81.76) 15 (0.66) 771 (33.73) 919 (40.20) 108 (4.7) 56 (2.45)
2020 753 0 544 (72.24) 0 (0.00) 24 (3.19) 507 (67.33) 9 (1.20) 4 (0.53)
Total 9952 150 8051 (80.90) 802 (8.06) 1953 (19.62) 4705 (47.28) 277 (2.78) 314 (3.16)

EV, enterovirus; EVA71, enterovirus A71; CVA16, coxsackievirus A16; CVA6, coxsackievirus A6; CVA10, coxsackievirus A10.
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urban versus 3.34% in suburbs (Supplementary Table S2). A total of 150
out of 9,952 cases (150/9952, 1.51%) were diagnosed as severe cases
(Table 1)with neurological or cardiopulmonary complications according
to the National Health and Family Planning Commission of China in 2018
(http://www.nhc.gov.cn/cms-search/xxgk/getManuscriptXxgk.htm?
id¼5db274d8697a41ea84e88eedd8bf8f63). In contrast, only one severe
case was caused by CVA10. Most CVA10 infection (99.64%, 276/277)
presented only mild symptoms. Totally, 71.48% (198/277) of CVA10-
infected cases were collected during May and September, when was
late spring and early autumn in Shanghai. Meanwhile, there was no
CVA10 positive HFMD case collected during February to September
2020, which contained the summer peak of HFMD incidence in Shanghai
previously (Fig. 1C).

The patients enrolled in this study aged from 0.1 to 32 years. The
highest incidence rate of CVA10 infection was occurred in 3- to 4-year-
179
old group (Fig. 1D).The average patient age of onset was 3.41 years
old and the median age was 3 years old. In details, 86.28% (239/277) of
the patients were under 6-year-old. Children under 1-year-old accounted
for 3.25% (9/277) cases and those under 4-year-old accounted for
59.21% (164/277) cases. Male-to-female ratio of CVA10 infection
reached 1.59 (170 male cases and 107 female cases).

3.2. Phylogenetic analysis of CVA10 genomes

A total of 75 representative virus isolates were used for sequence
analyses. Nearly complete genome sequencing was conducted in 64
isolates whereas entire VP1 sequencing was conducted in 11 isolate
(Fig. 2). All the sequences were submitted to GenBank database under
the accession numbers: MW929238–MW929301 for near complete
genome and MW929306–MW929316 for VP1 sequences.

http://www.nhc.gov.cn/cms-search/xxgk/getManuscriptXxgk.htm?id=5db274d8697a41ea84e88eedd8bf8f63
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“Coxsackievirus A10 complete genome”were used as key words to search
the whole genome sequences of CVA10. Before March 22nd, 2021, there
were 138 complete genome sequences available from GenBank database
(Supplementary Table S1). These sequences were collected from ten
countries during 1950 and 2018. Another three sequences (accession no:
LT617117, LT617118 and MH118027) which were previously identified
as CVA16 but showed high nucleotide identity with sequences in this
study were also used as reference sequences (Supplementary Table S1).
Thirty entire VP1 reference sequences (Supplementary Table S3) which
were available from Ministry of Health Key Laboratory for Medical
Virology, Chinese CDC were used for virus genotyping (Tan et al., 2011;
Tian et al., 2014, 2017; Ji et al., 2018). All these sequences were included
to build phylogenetic trees. The prototype EVA71 BrCr strain was used as
an out-group.

Phylogenetic analysis was conducted based on nucleotide comprising
VP1 (Fig. 3), 50UTR, P1 (VP1–VP4), P2 (2A–2C), P3 (3A–3D) regions and
near complete genome sequences (Supplementary Fig. S1, S2). Mean
distance of different clusters was determined using MEGA software based
on entire VP1 sequences. On the basis of VP1 region (Fig. 3), CVA10 was
assigned into seven genogroups, including genogroup A to genogroup G
(Dalldorf, 1953; Tian et al., 2014, 2017; Ji et al., 2018). Isolates in this
study belonged to two genogroups. Most isolates (71/75, 94.67%)
belonged to genogroup C and were closely related to CVA10 isolates
circulating in Chinese mainland. The VP1 region of these isolates pre-
sented the nucleotide identity of 91%–100%. Another four isolates in this
study were assigned to genogroup D. The related cases were collected in
Pudong District in 2017 (PD17-2) and in Songjiang District in 2020
(SJ20-1, SJ20-7 and SJ20-8) (Supplementary Table S4). The three
Songjiang patients have visited the same hospital. However, all these
cases were enrolled as outpatient surveillance cases which had no
epidemiological associations available. These patients were below 5
years old (mean age 2.75) and only presented mild HFMD symptoms. The
genogroup D in Shanghai isolates showed 25.2% nucleotide difference
with genogroup C sequences based on entire VP1 nucleotide sequences,
much higher than the 14.97% nucleotide divergence threshold (Ji et al.,
2018) between different genogroups. Although these isolates belonged to
the same genogroup, they located in different branches of the phyloge-
netic tree (Fig. 3). PD17-2 was clustered with the Indian isolate and
showed 8.4% nucleotide difference with SJ20-1, SJ20-7 and SJ20-8.
Moreover, SJ20-1, SJ20-7 and SJ20-8 presented 100% nucleotide iden-
tity based on VP1 region and were clustered with European isolates
within CVA10 genogroup D. Three reference sequences previously
defined as CVA16 (accession no: LT617117, LT617118 and MH118027)
were also clustered in CVA10 genogroup D based on VP1 region. Isolates
Fig. 2. Methodological approach of CVA10 sequencin
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LT617117 and LT617118 were collected in Clermont-Ferrand, France
and were defined CVA16 as an organism but CVA10 as a serotype. Isolate
MH118027 was collected in Kerala State, India and was defined CVA16
as an organism. All of them were collected in the year of 2010. Nucleo-
tide identity analysis showed that these three reference sequences pre-
sented highest homology with CVA10 genogroup D isolates. In details,
they exhibited 4.9%, 22.9% and 54.3% nucleotide differences with
CVA10 genogroup D isolates, CVA10 prototype Kowalik strain and
CVA16 prototype G-10 strain (accession no: U05876), respectively, based
on entire VP1 region. The plot of phylogenetic trees also showed that the
three reference isolates were clustered with genogroup D isolates and
constituted independent lineages based on 50UTR, P1, P2 and P3 regions
as well as near complete genome (Supplementary Fig. S1, S2).

3.3. Genetic features of CVA10 genogroup D

Similarity plots analysis was conducted to investigate the genetic
features of CVA10 genogroup D. Bootscan analysis was also performed to
identify potential genetic recombination sites in the viral genomes. Near
complete genomes of 13 CVA10 isolates (genogroup A, n ¼ 1; genogroup
B, n ¼ 1; genogroup C, n ¼ 5; genogroup D, n ¼ 1; genogroup F, n ¼ 5)
and three CVA16 isolates (genogroup A, n ¼ 1; genogroup B, n ¼ 1;
genogroup D, n ¼ 1) were used as reference sequences. SJ20-1 was used
as query when similarity plot analysis and bootscan analysis were con-
ducted, respectively (Fig. 4). The region located between the 3A gene and
the 3D gene (at approximate nucleotide positions of 5,100 nt and 6,700
nt) of CVA10 genogroup D genome was more similar to CVA16 gen-
ogroup D genomes (Fig. 4A). The bootscan plot showed the recombina-
tion fragments located at the P3 region, suggesting intertypic
recombination with CVA16 genogroup D (Fig. 4B). Phylogenetic analysis
with genomic segments of different region also supported this report
(Supplementary Fig. S3). SJ20-1 was clustered with CVA10 isolates in
1–5,100 nt region (Supplementary Fig. S3A). In 5,100–6,700 nt region,
SJ20-1 was clustered with CVA16 genogroup D, distinct from other
CVA10 isolates (Supplementary Fig. S3B). In 6,700–7,400 nt region,
SJ20-1 presented higher homology with CVA16 genogroup B and gen-
ogroup D isolates, which was accordance with bootscan analysis (Sup-
plementary Fig. S3C). Similar results were shown when other CVA10
genogroup D isolates in this study were used as query. Recombination
analysis of CVA10 genogroup D genome with RDP program provided
statistical evidence of a recombination breakpoint at the end of 2C gene
(Table 2). Sequences would be considered as a potential recombinant if at
least 3/7 detection methods showed a significant difference (P-value <

0.05). At least five out of seven methods supported this event with P-
g and phylogenetic analysis. CV, coxsackievirus.



Fig. 3. Phylogenetic analysis of CVA10 isolates based on complete VP1 sequences. The phylogenetic dendrogram was constructed by the neighbor-joining method and
validated with 1000 replicates. Only bootstrap values over 70% are shown. The prototype EVA71 BrCr strain was used as an out-group. Sequences available from
GenBank database and Chinese CDC were listed in Supplementary Tables S1 and S3. Sequences of CVA10 genogroup A is indicated in black, genogroup B in blue,
genogroup C in green, genogroup D in red, genogroup E in grass green, genogroup F in purple and genogroup G in brown. Sequences in this study are highlighted in
bold. The underlying sequences in italic type represent reference sequences previously defined as CVA16 but were redefined as CVA10 genogroup D in this study. CV,
Coxsackievirus; EV, enterovirus.
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values ranging from 7.51 � 10�10 to 6.71 � 10�21. The putative major
and minor parent strains with best recombination score were CVA10
genogroup C isolate WH21R and CVA16 genogroup D isolate CF350028.

Near complete genome of 7 CVA10 genogroup D isolates (isolates in
this study, n¼ 3; isolates publicly available, n¼ 4) were further analyzed
for nucleotide identity analysis. Pairwise distances were computed
within genogroup D as well as representatives of CVA10 genogroup A, B,
C, F and CVA16 genogroup A, B, D. EVA71 prototype BrCr strain was
used as an out-group. Isolates of CVA10 genogroup D displayed high
similarities with each other, with nucleotide identities of 91.7%–99.9%
along the whole genome sequence. In details, based on VP1, P1, P2 and
P3 region, nucleotide of seven CVA10 genogroup D isolates presented
identities of 91.2%–100.0%, 90.6%–99.9%, 91.9%–99.9% and 91.5%–

99.9%, respectively (Table 3). SJ20-1, SJ20-7 and SJ20-8, the three
CVA10 genogroup D isolates in this study, showed 99.9%–100% nucle-
otide identities on the basis of complete genome sequence. CVA10 gen-
ogroup D showed higher sequence identities to genogroup F from 50 non
181
coding region to the end of P1 region. The P3 region showed higher
similarity to CVA16 genogroup D, where the recombination breakpoints
were located (Table 3).

4. Discussion

As a common childhood illness, HFMD imposes a severe burden on
societies especially in east and Southeast Asia (Xing et al., 2014). EVA71
and CVA16 were the top two EVs responsible for HFMD cases since the
year of 2008 (Liu et al., 2015; Yang et al., 2017). However, in recent
years, the prevalence of EVA71 decreased sharply while the prevalence of
CVA16 was observed increasing stably (Fu et al., 2020). During the same
period, a rapid increase in the prevalence of other EVs, especially CVA6,
was also observed (He et al., 2013; Yang et al., 2017; Fu et al., 2020).
Although CVA16 and CVA6 were reported as major serotypes related to
HFMD cases in recent years, CVA10 still aroused increasing concern in
recent years (Mirand et al., 2012; He et al., 2013; Tian et al., 2014, 2017;



Fig. 4. Similarity plots and bootscan analysis of CVA10 and CVA16 using SimPlot. The plots were obtained with a dataset of 13 CVA10 genomes (genogroup A, n ¼ 1;
genogroup B, n ¼ 1; genogroup C, n ¼ 5; genogroup D, n ¼ 1; genogroup F, n ¼ 5) and three CVA16 genomes (genogroup A, n ¼ 1; genogroup B, n ¼ 1; genogroup D,
n ¼ 1). SJ20-1 was chosen as query. The similarity was calculated in a sliding window size of 200 nucleotides moving in steps of 20 nucleotides. The bootscan analysis
plot was obtained using the neighbor-joining tree model and the Kimura 2-parameter distance algorithm with a window size of 200 nucleotides. A Nucleotide
similarity analysis. B Bootscan analysis. CV, coxsackievirus.

Table 2
Summary of CVA10 recombination events detected by RDP.

Isolate Recombination
event no.

Breakpoint Major Parent Minor Parent Detection methods and P-values

Begin End RDP Bootscan Maxchi Chimaera SiSscan Phylpro 3Seq

SJ20-1 1 5035 6690 CV-A10 WH21R/
Shandong/China/
2014

CVA16
CF350028_FRA_2011

1.58E-18 6.71E-21 1.54E-14 7.51E-10 NS 2.22E-16 NS

SJ20-7 1 5078 6690 CV-A10 WH21R/
Shandong/China/
2014

CVA16
CF350028_FRA_2011

2.98E-19 1.117E-20 2.188E-14 1.010E-9 9.872E-19 2.220E-16 NS

SJ20-8 1 5182 6690 CV-A10 WH21R/
Shandong/China/
2014

CVA16
CF350028_FRA_2011

2.45E-19 8.007E-21 1.456E-10 6.524E-6 1.268E-18 1.110E-16 NS

NS represented no significant P-value was recorded for recombination event using this method.
Isolate WH21R/Shandong/China/2014 (Genbank accession no: KY272007) and CVA16_C_CF350028_FRA_2011 (Genbank accession no: LT617115) were chosen to be
the reference sequences for recombination analysis.
CVA10, Coxsackievirus A10; CVA16, coxsackievirus A16.
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Ji et al., 2018; Munivenkatappa et al., 2018). In the present study,
epidemiological features of CVA10 isolates circulating in Shanghai from
2016 to 2020 were described. In accordance with previous studies (He
et al., 2013; Xu et al., 2015; Wang et al., 2018; Song et al., 2020), CVA10
was only the fourth most common agent lead to HFMD cases. Except for
mild symptoms, CVA10 infection can also lead to severe or fatal cases,
not only in HFMD cases (Fuschino et al., 2012; Lu et al., 2012; He et al.,
2013; Okada et al., 2013; Xu et al., 2013; Chen et al., 2017; Li et al.,
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2020). The proportion of CVA10-infected severe HFMD cases also
exhibited an increasing trend in Chinese mainland (Ji et al., 2018).
However, in our study, CVA10 mainly caused mild symptoms, which
presented variance with another study conducted in Shanghai during the
corresponding period (Li et al., 2020). As the second most common EV
detected in non-polio EV-associated central nervous system infection,
CVA10 was reported in causing over 20% viral encephalitis and menin-
gitis in Shanghai in 2016–2018 (Li et al., 2020). This phenomenon
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indicates that disease-based surveillance system may not fully reflect the
prevalence of CVA10. The establishment of pathogen-based surveillance
system may be helpful to understand the infectibility and pathogenicity
of CVA10 in order to improve virus control and prevention.

Endemic distribution indicated that children in suburbs were at
higher risk of CVA10 infection. The regional differences may result in
several reasons. Firstly, due to different demographic composition (per-
manent resident population versus floating population), discrepancies
may occur between pathogen spectrum of HFMD in different region. This
phenomenon has also been reported in other pathogens. Zeng et al. re-
ported that children of migrant workers were at a higher risk of EVA71
infection (Zeng et al., 2013). Secondly, the Children’s Hospital of Fudan
University, the designated hospital of HFMD severe cases in Shanghai, is
located in Minhang district, which is defined as suburbs in the current
study. Owing to its reputation and geographical location, the Children’s
Hospital of Fudan University may admit both mild and severe HFMD
cases in Yangtze River Delta region, which may lead to discrepancies
between incidences of different pathogens. Consistent with other studies,
the peak season of CVA10 infection occurred between May and
September, which was late spring and early autumn in Shanghai and the
overall seasonal trend overlapped the summer peak of HFMD incidences
(Ge et al., 2015; Fu et al., 2016; Li et al., 2018). However there is no
CVA10 positive case reported during February to September in 2020. Due
to the prevalence of novel coronavirus disease 2019 (COVID-19), in-
terventions with different intensity has been implement in Chinese
mainland since 2020 (Zhang et al., 2021). In most provinces except
Hubei, schools didn’t reopen until the end of April 2020. Children were
quarantined at home, which reduced the risk of infection. Both the
number and proportion of CVA10-related HFMD cases in 2020 under-
went the lowest value in the past five years. This phenomenon reflects
interventions like home quarantine, keeping social distance, wearing face
masks and frequent hand-washing may also be helpful to control the
spread of EV. With the relaxing on human contact patterns, the propor-
tion of CVA10 infection started to pick up at the end of 2020 (Fig. 1C).
Continuous monitoring of CVA10 epidemiological and etiological char-
acteristics is necessary to guide disease control and prevention.

In the current study, genotyping based on entire VP1 region as well as
phylogenetic analysis based on near complete genome were performed.
Seven genogroups, including genogroup A to genogroup G can be divided
based on entire VP1 region with nucleotide divergence of 14.97% (Ji
et al., 2018). Genogroup A was the prototype Kowalik strain isolated in
1950 in USA (Dalldorf, 1953). Genogroup B and genogroup C consis-
tently dominated the diffusion of CVA10 in Chinese mainland before and
after the year of 2009 (Tian et al., 2014, 2017; Ji et al., 2018). Genogroup
D was reported mainly circulating in Europe and involved in multiple
outbreaks of HFMD and herpangina (HA) (Blomqvist et al., 2010; Mirand
et al., 2012). Genogroup E and genogroup F were mainly consisted of
African strains and Indian strains (Munivenkatappa et al., 2018), and a
Taiwan strain was assigned to genogroup G. In accordance with Ji’s study
(Ji et al., 2018), most isolates in this study belonged to CVA10 genogroup
C and were closely related to other Chinese isolates. Different clusters of
Shanghai genogroup C isolates also showed high homology with each
other. However, our study reported the presence of CVA10 genogroup D
in Chinese mainland for the first time. In the current study, four CVA10
genogroup D isolates were identified. Nucleotide identity and phyloge-
netic analysis based on entire VP1 region provided strong evidence for
virus genotyping. Viral genome of Shanghai genogroup D isolates
showed high similarity with foreign genogroup D isolates, indicating the
presence of these isolates might derive from imported cases. However,
the four Shanghai genogroup D isolates may have different sources. The
three Songjiang isolates presented almost 100% nucleotide identity
based on sequences comprising the 50UTR, P1, P2 and P3 regions while
they presented 8.4%-nucleotide-difference with PD17-2 based on VP1
region. Consistent with nucleotide identity analysis, the three Songjiang
isolates were clustered with European isolates and were distantly related
to PD17-2 which was clustered with Indian isolates on the phylogenetic
183
tree. Thus, we speculated PD17–2 may be obtained from an independent
imported case and the three Songjiang isolates may be obtained from
another. Since all these isolates were collected from sporadic cases,
CVA10 genogroup D might have been spread on a small scale in
Shanghai. Since the origin of importation still remains unclear, contin-
uous genomic surveillance is necessary to better understand virus
transmission. Another three reference isolates which were previously
defined as CVA16 were redefined as CVA10 genogroup D in this study.
Nucleotide identity analysis between the reference sequences and CVA10
genogroup D isolates, CVA10 prototype Kowalik strain as well as CVA16
prototype G-10 strain corroborated virus definition (Table 3). Phyloge-
netic relationships based on VP1, 50UTR, P1, P2, P3 region and near
complete genome also supported this result (Fig. 3, Supplementary
Fig. S1, S2). All of them were previously defined CVA16 as organism, but
the two French isolates were also defined CVA10 as serotype. According
to the GenBank database, all these isolates were collected in the year of
2010, which was the early phase of the prevalence of CVA10 genogroup
D. Further studies are needed to better understand the evolutionary
relationship of this genogroup.

Similar to other EVs, different genogroups of CVA10 were reported to
have different geographic distribution pattern (Dalldorf, 1953; Blomqvist
et al., 2010; Mirand et al., 2012; Ji et al., 2018; Munivenkatappa et al.,
2018). However, we found that genogroup D didn’t show much
geographic limitation. The first report of CVA10 genogroup D can be
traced to Japan in 2003 (accession no: AB163730). Afterwards, European
countries like Germany (Roth et al., 2007), Finland (Blomqvist et al.,
2010), France (Mirand et al., 2012) and Russia (Lukashev et al., 2014) as
well as Asian countries like Japanand India (Munivenkatappa et al., 2018)
reported the circulating of CVA10 genogroup D to vary degree. However,
CVA10 genogroup D has always been reported to be involved in several
large-scale outbreaks in Europe. (Blomqvist et al., 2010) reported the
nationwide outbreak of HFMD in Finland in 2008, which was mainly
causedbyCVA6andCVA10. CVA10genogroupDwas responsible for 33%
EV-positive cases during this outbreak. In 2010, Mirandet et al. (Mirand
et al., 2012) reported the third dual outbreak in Europe happened in
France and CVA10 genogroup D was identified as the most predominant
EV serotype. However, the main infected population and the clinical
symptoms they showed were quite different. The outbreak in Finland
involved a large proportion of adult patients and considerable cases suf-
fered from onychomadesis (Blomqvist et al., 2010). Meanwhile, patients
enrolled in the French outbreak consisted of children with a mean age of
two years, presenting typical HFMD/HA clinical symptoms (Mirand et al.,
2012). Consistent with the French report, the Shanghai cases comprised
children under three years old manifested mild HFMD symptoms. The
transformation of infected population and clinical symptoms calls for
further studies on virulence and pathogenesis of CVA10 genogroup D.
Although CVA10 genogroup D has aroused multiple outbreaks in Europe,
molecular epidemiological studies on this genogroup are limited. Before
our study, only four complete genome sequences of genogroup D CVA10
were available in GenBank. In accordance with the nucleotide identity
analysis, recombinationdetection indicated intertypic recombinant origin
of CVA10 genogroupD, showing higher similaritywith CVA16 genogroup
D between P3 region. As one of the parent strain, CVA16 genogroupDwas
a novel identified recombinant genogroup (Hassel et al., 2017),whichwas
putatively resulted from genetic features acquired through recombina-
tion. Thus, the recombination analysis may be misidentification because
one of the parent strains presented recombinant origin. CVA16 genogroup
D was first reported in Peru (Carrion et al., 2016) and was then found
circulating in France, where the outbreak of CVA10 genogroup D once
occurred. The time origin of genogroup D was assigned in 2004
(2001–2007) (Hassel et al., 2017).Meanwhile, thefirst CVA10 genogroup
D isolatewas reported in the sameperiod. Further evolutionary studies are
needed to determine the genetic origins of CVA10 genogroup D.

As one of the most prevalent causative agents, CVA10 poses chal-
lenges in prevention and control of HFMD and HA. The current study
systematically described the molecular epidemiology on the basis of near
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complete genome of CVA10 circulating in Shanghai in the past five years.
Our study firstly reported the appearance and spread of CVA10 gen-
ogroup D in Chinese mainland, which probably belonged to two inde-
pendent imported cases. Further recombination analysis may help to
expand the knowledge of genetic features as well as evolutionary origin
of CVA10 genogroup D. With the control of circulating of EVA71 by
vaccination programs, the prevalence of non-EVA71 EVs could rise
further. Continuous and comprehensive surveillance for CVA10 are
needed to better understand the evolution relationships and transmission
of CVA10 as well as to guide disease control and prevention.

5. Conclusions

In conclusion, this study described the genetic features as well as
epidemiological characteristics of CVA10 circulating in Shanghai, China
between 2016 and 2020. The result suggested that CVA10 was the fourth
prevalent causatives associated with HFMD and genogroup C was the
predominant CVA10 genogroup circulating in Shanghai. Meanwhile, the
recombinant genogroup D was firstly reported in circulating in Chinese
mainland. Further continuous surveillance is helpful for disease control
and prevention.
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