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Coxsackievirus A12 (CVA12) is an enterovirus that has been isolated in many
countries in recent years. However, studies on CVA12 are limited, and its
effective population size, evolutionary dynamics and recombination patterns
have not been clarified now. In this study, we described the phylogenetic
characteristics of 16 CVA12 strains isolated from pediatric HFMD patients in
mainland China from 2010 to 2019. Comparison of the nucleotide sequences
and amino acid sequences with the CVA12 prototype strain revealed that the
16 CVAI12 strains are identical in 78.8-79% and 94-94.2%, respectively. A
phylodynamic analysis based on the 16 full-length VP1 sequences from this
study and 21 sequences obtained from GenBank revealed a mean substitution
rate of 6.61x10~° substitutions/site/year (95% HPD: 5.16—-8.20x107), dating
the time to most recent common ancestor (tMRCA) of CVA12 back to 1946
(95% HPD: 1942-1947). The Bayesian skyline plot showed that the effective
population size has experienced twice dynamic fluctuations since 2007.
Phylogeographic analysis identified two significant migration pathways,
indicating the existence of cross-provincial transmission of CVA12 in mainland
China. Recombination analysis revealed two recombination patterns between
16 CVAI12 strains and other EV-A, suggesting that there may be extensive
genetic exchange between CVA12 and other enteroviruses. In summary, a
total of 16 full-length CVA12 strains were reported in this study, providing
valuable references for further studies of CVA12 worldwide.
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1. Introduction

Enteroviruses belong to the genus Enterovirus of the
Picornaviridae family and are currently composed of 12
enteroviruses (A-L) and 3 rhinoviruses (A-C) species (Zell et al.,
2017). Human enteroviruses are grouped into HEV-A, HEV-B,
HEV-C, and HEV-D, including over 100 serotypes of poliovirus,
coxsackievirus, echovirus, and some newly discovered
enteroviruses (King et al., 2018). Among them, the newly
discovered enteroviruses currently have a total of 57 serotypes.
The EV-A species currently consists of 25 serotype, of which
Coxsackievirus A12 (CVA12) is a member. CVA12 is small,
non-enveloped, single-stranded, and positive-sense RNA viruses.
The genome is about 7.5kb in length and contains a single long
open reading frame (ORF) with a 5"-untranslated region (UTR)
and a 3’-UTR on either side (Muslin et al., 2015, 2019). The
polyprotein could be cleaved into P1, P2, and P3 protein
precursors, followed by further cleavage into VP1-VP4, 2A-2C,
and 3A-3D, respectively (Chen et al., 2020).

Due to cumulative mutations and/or recombination,
enteroviruses have a high degree of genetic diversity and produce
populations with related sequences (Muslin et al., 2019). The
coding region of VP1 contains the most important antigen-
specific neutralization sites of enterovirus (EV) capsid proteins,
which is serotype specific (Song et al., 2020). Most genotyping of
enterovirus is based on sequence analysis of VP1, such as EV-A71
(Mcwilliam Leitch et al., 2012), CVA16 (Zhang et al., 2010a),
CVAG6 (He et al., 2013), EV-B80 (Han et al., 2018), CVA2 (Yang
etal., 2018) and CVB1 (Kim et al., 2013). Enteroviruses are the
most common human pathogen (Zhao and Yang, 2021), and their
spread either through the fecal-oral route or via respiratory
transmission (Baggen et al., 2018; Wells and Coyne, 2019). From
their primary replication sites in the gastrointestinal or respiratory
tract, they can involve and infect other tissues and organs,
including the central nervous system. They often infect children
under 5years of age and often cause large-scale infectious diseases
such as HFMD, herpes angina, myocarditis, encephalitis, aseptic
meningitis, acute flaccid paralysis (AFP) and acute flaccid myelitis,
with fatal complications in severe cases (Brouwer et al., 2021; Zhao
and Yang, 2021). CVA12 has been associated with different clinical
symptoms, including AFP (Rao et al., 2020; Sousa et al., 2020), and
has been isolated in many HFMD cases in recent years (Zhu et al.,
2010; Wang et al., 2011; Liu et al., 2014; Puenpa et al., 2014; Guan
et al,, 2015; Timmermans et al., 2016). The prototype strain of
CVAI12 (Texas-12/AY421768.1) was first isolated in the
United States in 1948, and no new CVA12 had been isolated for
55years until it was isolated in Japan for the second time in 2003.
After that, CVA12 has been increasingly isolated worldwide. Zhu
et al. (2010) reported that CVA12 was associated with HFMD
cases in Guangzhou city in 2008 (Guangdong Province, China).
Liu et al. (2014) characterized the phylogeny of CVA12 for the first
time based on the full-length VP1 sequence and whole genome
sequences. The report revealed that Coxsackievirus A12 was one
of the most common enteroviruses among non-EV71 and
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non-CVAL16 enteroviruses associated with HFMD in Qingdao city
(Shandong Province, China). In 2017-2018, Majumdar et al.
(2021) detected 10 EV serotypes in Nigerian sewage for the first
time, of which CVA12 was firstly described in Africa, although
CVA12 was detected at a low frequency. Additionally, from 2009
to 2017, CVA12 was detected in specimens of HFMD cases
reported in Jinan (Shandong Province), Yunnan Province and in
Thailand (Puenpa et al., 2014; Guan et al., 2015; Rao et al., 2020).

According to previous reports, non-EV71 and non-CVA16
enteroviruses have gradually become important pathogens of
HFMD in China, with CVA12 being one of the 12 serotype
enteroviruses with the highest prevalence of HFMD in Jinan in
2009-2013 (Guan et al., 2015). However, other molecular
epidemiological reports of CVA12 have only been found
sporadically at home and abroad, and the global evolution and
transmission history has not been systematically revealed. In this
study, we contributed with 16 full-length genome sequences of
CVA12 isolated from HFMD cases in 10 provinces of China
between 2010 and 2019, deciphering the evolutionary dynamics
and recombination patterns of CVA12 in mainland China.

2. Materials and methods
2.1. Virus isolation

From 2010 to 2019, 18,238 clinical samples of HFMD were
obtained from all provinces in mainland China through the
HEMD surveillance network established by our laboratory. First,
the samples were standardized and the supernatant was extracted.
The supernatant was inoculated into human rhabdomyosarcoma
(RD) cells supplied by the American Center for Disease Control
and Prevention for virus propagation and purification. Infected
cell cultures were harvested after complete cytopathic effect was
observed. Then, the genotypes of these harvested viruses were
identified by PCR and sequencing. Finally, a total of 16 CVA12
strains were isolated (Supplementary Table S1). All these strains
were once again inoculated into RD cells and cultured for the next
study. All of these samples were collected from reports of sporadic
mild HFMD cases in Shandong (n=5), Tianjin (n=2), Hebei
(n=2), Jiangxi (n=1), Hainan (n=1), Henan (n=1), Shanxi
(n=1), Ningxia (n=1), Chonggqing (n=1), and Zhejiang (n=1).

2.2. CVA12 whole-genome sequencing

Viral RNAs were extracted from harvested 16 cell cultures
using a QIAamp Viral RNA Mini Kit (Qiagen, Valencia, CA,
United States) following the manufacturer’s protocol. Then,
reverse transcription-polymerase chain reaction (RT-PCR) was
performed to amplify the complete VP1 coding region (888 nt)
using the PrimeScript One Step RT-PCR Kit Ver.2 (TaKaRa,
Dalian, China) with previously designed primers (Liu et al., 2014).
The primers used for PCR amplification and sequencing of the
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remaining genome in this study were designed based on the
primer walking method (Table 1). The amplification program was
as follows: 1cycle of 30min at 50°C, 1cycle of 2min at 94°C;
1 cycle of 30's at 94°C; 40 cycles of 30s at 50°C; and a final cycle of
1min 20s at 72°C. The PCR products were purified using a
QIAquick PCR Purification Kit (Qiagen, Hilden, Germany), and
then amplicons were bidirectionally sequenced using an ABI 3130
Genetic Analyzer (Applied Biosystems, Foster City, CA,
United States). There is approximately 150-200bp overlap among
amplicons. Finally, the sequences obtained from different
amplicons were assembled by the Sequencher program (Version
5.4.5) (GeneCodes, Ann Arbor, Michigan, United States) to
harvest the whole genome sequence.

2.3. Dataset construction

In addition to the 16 strains from this study, we retrieved all
CVA12 full-length VP1 sequences from the GenBank database by
using “CVA12” and “Coxsackievirus A12” as search terms (dated

10.3389/fmicb.2022.988538

April 2, 2021). To eliminate suspicious and low-quality sequences,
we analyzed the regression of root tip distance to sampling time
using TempEst V1.5.1 (Rambaut et al., 2016; Zhao et al,, 2022). A
total of 21 complete VP1 sequences were finally recruited from
GenBank (Supplementary Table S2), all of which were from China
except the prototype strain. We selected 37 full-length VP1
sequences for phylogenetic analysis and estimating the mean
substitution rate and the time to most recent common ancestor
(tMRCA) of CVA12. The phylogeographic analysis was performed
using 36 full-length sequences. In addition, we obtained 17 EV-A
prototype strains from GenBank.

2.4. Phylogenetic analysis

The phylogenetic characteristics were analyzed using 37 full-
length VP1 nucleotide sequences. Sequence alignment was
performed using the ClustalW tool in MEGA (version 7.0)
(Sudhir Kumar, Arizona State University, Tempe, Arizona,
United States). The best nucleotide substitution models

TABLE 1 Primers and names for amplifying the whole genome sequence of 16 CVA12 strains.

Primer Position (nt) Sequence (5'-3) Orientation
0001548 GGGGACAAGTTTGTACAAAAAAGCA- Forward
GGCTTTAAAACAGCTCTGGGGTT
CVAI2-943A 943-962 CCTCCGCACTAGGTGACTTC Reverse
CVA12-526S 507-526 GTG GGTAGCGTGTCGTAATG Forward
CVAI2-1273A 1273-1292 TGCACTGCACGTGTATGCAG Reverse
CVA12-890S 871-890 GGATTTCACCCAAGATCCAA Forward
CVAI12-1772A 1772-1791 CCAGGTAAAATGGGAGCTGA Reverse
CVAI12-1650S 1631-1650 GCCACAACAGCCATACCAAT Forward
CVA12-2677A 2277-2296 CCAAGCCTGATCGAGAGAAG Reverse
CVA12-25118 2492-2511 ACCACTCAAACCCACCAAAC Forward
CVAI2-3599A 3599-3618 AGCATGAGGTGGGATTGGTA Reverse
CVA12-3464S 3445-3464 GTCATCCACGACAGCTCAAG Forward
CVA12-4536A 4536-4555 GTGGTCTGGGTCTGGAGGTA Reverse
CVAI12-3735$ 3716-3735 GGACTCGTTGGCTTTGCTGA Forward
CVA12-4744A 4744-4763 GTTGGTGGACGCGATGACAA Reverse
CVA12-44628 4443-4462 TCATCAGAGGCTCTCCAGGT Forward
CVA12-5547A 5547-5566 CACCAATTCTACAGCGTCCA Reverse
CVA12-4931S 4912-4931 CGCTGTAGTCCACTAGTGTG Forward
CVAI12-5921A 5921-5940 CTCTCCTTGTTCACTGGCGA Reverse
CVA12-5405S 5384-5405 CCTCGATTTCGCTCTGTCTC Forward
CVA12-6373A 6373-6392 TGGAGTAGGGAAGGTCCAAA Reverse
CVA12-6213$ 6194-6213 ATCGACACCTCCCAGATGAG Forward
CVAI12-7146A 7146-7165 GTCTTGAGTGTTGCGTGCAT Reverse
CVA12-6884S 6865-6884 ATTCAAGGGCATTGATCTGG Forward
7500A GGGGACCACTTTGTACAAGAAAGCTGGG(T)* Reverse
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“K2+G+T1” were selected by Modeltest (version 3.7). Then, the
maximum likelihood (ML) method was used in the phylogenetic
tree construction with 1,000 bootstrap replicates in MEGA?7.

2.5. Phylodynamic analysis

In order to explore the evolutionary characteristics of CVA12,
37 full-length VP1 sequences were used for phylodynamic
analysis. The presence of temporal signal was examined by root-
to-tip regression with Tempest (version 1.5.3) software
(Supplementary Figure S1). The Markov chain Monte Carlo
(MCMC) method was performed in BEAST (version 1.10) and a
strict clock model was used to estimate the temporal phylogeny
and substitution rate of CVA12. The chain length was set to
80,000,000. Tracer (version 1.7.1) program was used to check for
convergence. Effective sample size (ESS) >200 for all inferred
parameters was accepted (Hu et al., 2021). A maximum clade
credibility (MCC) tree was summarized using Tree Annotator
(version 1.10.4), with the burn-in option used to remove the first
10% of sampled trees, and the resulting tree was visualized by
FigTree (version 1.4.4). To estimate the effective population size
of CVA12 circulating in mainland China, a Bayesian skyline plot
was reconstructed using Tracer (version 1.7.1) program.

To understand the spatial dynamics of CVA12 in mainland
China, 36 full-length VP1 sequences were selected for
phylogeographic analyses to explore the possible migration
patterns of CVA12. Phylogeographic analyses were performed in
BEAST (version 1.10.4), using an asymmetric substitution model
with BSSVS options to infer asymmetric diffusion rates between
any pairwise location state, and allowing BF calculations to verify
significant diffusion rates. Markov chain Monte Carlo (MCMC)
sampling was performed in duplicate and samples were examined
with Tracer (version1.7.1) to assess the convergence of parameters
(ESS >200; Mino et al., 2019). SpreaD3 software package (version
0.9.7) was used to analyze and visualize the pathogen
phylodynamic reconstructions (Zhao et al., 2022). The BF value
and the average posterior value (at least BF >3 and posterior mean
value >0.5, the migration path is considered to be effective) can
be used to infer the possible migration path between the two
regions (Huang et al., 2020).

2.6. Recombination analysis

The neighbor-joining (NJ) phylogenetic trees of VP1, P1, P2
and P3 were constructed using the prototype EV-A strains in
GenBank and the 16 CVAI12 strains in this study. The
recombination pattern was speculated based on the different
positions and clustering of CVA12 strains on the phylogenetic
tree. EV-A strains with high sequence homology with CVA12
recombinants in P2 and P3 regions were screened by BLAST, and
full-length sequences with more than 85% similarity in GenBank
were obtained as potential parents. Seven methods (RDP,
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GENECONYV, MaxChi, Chimera, SiScan, Bootscan and 3Seq)
were used to screen the recombinant signal in whole genome
sequence by recombinant detection program 4 (RDP4, version
4.46). Then, SimPlot program (version 3.5.1) was used for
similarity plots and bootscanning analysis to verify the
recombination signal, with a 200-nucleotide window moving in
20-nucleotide steps.

2.7. Base substitution and amino acid
mutation analysis

To further explore the differences between the 16 CVA12
strains and the CVA12 prototype strain, nucleotide and deduced
amino acid sequences of 16 strains were compared with the
CVA12 prototype strain using the BioEdit program (version
7.2.5.0). The antigenic sites of the coding region of the CVA12
prototype strain were predicted through the online website (IEDB.
org: Free Epitope Database and Prediction Resource). In order to
further study the antigenic site mutations of the 16 CVA12 strains,
the amino acid sequences were compared between the 16 CVA12
strains and the CVA12 prototype strain.

3. Results

3.1. Full-length genomic characterization
of the 16 CVA12 strains

Complete genome sequence of the 16 CVA12 strains were
obtained using the primer walking strategy. The results showed
that they were 7,391 to 7,403 nucleotides in length with a single
OREF of 6,576 nucleotides encoding a single polypeptide of 2,191
amino acids. The sequences were flanked by a non-coding 5-UTR
of 735-745 nucleotides and a non-coding 3’-UTR of 81-83
nucleotides. The overall base composition of the 16 sequences was
27.41-27.64% of A, 23.40-24.12% of C, 24.16-24.48% of G, and
24.12-24.69% of T. The nucleotide and deduced amino acid
sequences of the 16 sequences were compared with the CVA12
prototype strain (Table 2). The complete genome nucleotide
sequence and amino acid identity among the 16 sequences was
89.2-99.7% and 97.2-100%, respectively. Furthermore, the 16
sequences showed 78.8-79% nucleotide identity and 94-94.2%
amino acid identity with the CVA12 prototype strain.

3.2. Phylogenetic analysis

The phylogenetic tree was constructed with maximum
likelihood method based on VP1 region of 16 sequences from
this study and 21 sequences retrieved from the GenBank.
Phylogenetic analysis based on the full-length VP1 region
showed that all CVAI12 strains could be divided into two
branches except for the prototype strain (Figure 1). The vast

frontiersin.org
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TABLE 2 Pairwise comparisons of nucleotide sequences and amino acid sequences among the 16 CVA12 strains and with the CVA12 prototype
strain (AY421768.1/Texas-12).

Nucleotide identity (%) [amino identity(%)]

Strain P1

(ES VP3 VP2

CHN/ 81.7 77.2 81.2 80.3 81.6 78.8 78.1 80.7 76.7 71.2 78.1 78.4 79.5
€Q/2013/70 [89.8] [95.8] [95.6] [95.6] [94] [94.9] [96.9] [95.3] [90.9] [95] [93]

CHN/ 82.5 77.2 80.6 802 80.4 78.4 77.4 80.7 79 712 76.3 78 79.5
HAN/2017/17 [91.3] [96.6] [96] [94.5] [94] [93.9] [96.3] [95.3] [90.9] [94.5] [92.6]

CHN/ 82.1 77.2 81.1 80.9 81.9 78.2 77.7 81.2 76.7 71.2 76.6 783 80.7
HB/2015/64 [89.8] [96.2] [96] [95.2] [94] [93.9] [96.9] [95.3] [90.9] [93.9] [93]

CHN/ 80.8 77.7 80.4 80.2 81.3 78.2 77.7 80.7 77.1 71.2 77.2 78.1 78.3
HB/2016/16 [89.8] [96.2] [96] [95.6] [94] [93.9] [96.9] [95.3] [90.9] [95] [93]

CHN/ 82.4 76.3 80.5 80.1 80.9 77.5 77.7 79.2 79 72.7 77.9 77.7 78.3
HN/2019/214 [89.8] [95.8] [95.6] [94.5] [92.6] [92.9] [97.5] [97.6] [90.9] [94.5] [93.2]

CHN/ 80.6 77.2 81.2 80.5 81.3 78.8 78.4 80.5 75.9 712 77.7 783 78.3
JX/2013/40 [88.4] [96.2] [96] [94.5] [94] [949] = [969] = [953] [90.9] [95] [93]

CHN/ 823 77.7 81.3 81.1 80.9 78.6 78.7 80.2 77.5 72.7 76.8 77.9 78.3
NX/2010/83 [89.8] [96.2] [96] [94.9] [95.3] [94.9] [97.2] [95.3] [86.3] [95] [93]

CHN/ 81.7 77.2 80.8 80.7 82 78.6 77.7 81 76.7 71.2 77 78.2 80.7
SD/2015/72 [89.8] [96.2] [96] [95.6] [94] [93.9] [96.9] [95.3] [90.9] [95] [93]

CHN/ 81.6 77.2 80.6 80.7 82 78.4 77.7 80.9 77.1 712 77 78.2 80.7
SD/2015/73 [89.8] [96.2] [96] [95.6] [94] [93.9] [96.9] [95.3] [90.9] [95] [93]

CHN/ 81.2 753 80.2 80.1 81.4 78.4 76.4 80.4 75.5 74.2 76.8 77.7 79.5
SD/2015/81 [89.8] [958] = [95.6] = [95.6] [94] [92.9] | [96.9] 193] [90.9] [95] [92.8]

CHN/ 81.6 76.8 80.5 80.6 80.8 78.2 78.1 80.6 76.7 71.2 77 77.9 78.3
SD/2016/71 [89.8] [96.2] [96] [95.6] [94] [93.9] [96.9] [95.3] [90.9] [95] [93]

CHN/ 82.7 76.8 80.5 80.5 80.8 78.4 78.4 80.6 77.1 71.2 77.2 77.7 79.5
SD/2016/72 [89.8] [96.2] [96] [95.6] [94] [94.9] [96.9] [95.3] [90.9] [95.6] [93]

CHN/ 815 78.2 81.6 80.3 80.9 78.8 77.1 79.5 77.9 712 77.4 77.6 783
SX/2011/31 [89.8] [96.2] [956]  [94.5] | [95.3] [93.9] [96.3] [94.1] [90.9] [95] [92.4]

CHN/ 82 77.2 81.2 80.6 81.5 78 77.7 80.6 77.1 69.6 77.5 77.9 72.0
TJ12015/92 [89.8] [96.2] [96] [94.9] [94] [93.9] [96.9] [95.3] [90.9] [95] [92.8]

CHN/ 82.5 75.8 80.5 80.1 80.4 78 77.7 80.3 77.1 71.2 76.8 77.9 79.5
TJ72016/97 [89.8] [96.2] [96] [94.9] [93.3] [92.9] [96.9] [95.3] [90.9] [95] [93]

CHN/ 81 75.3 80.1 80 80.8 79.1 78.7 80.6 76.7 71.2 77 77.8 79.5
Z)/2017/69 [89.8] [96.2] [95.6] [95.2] [94] [93.9] [96.6] [95.3] [90.9] [95] [93]

majority of CVA12 strains clustered in branch one, while CHN_ branch one with scattered distribution. Moreover, some

HUN_2012 strain was divided into a separate branch. The sequences from different provinces were clustered together. For

pairwise distance (p-distance) between two branches was 3.8%,
and they differed significantly from the prototype strain with
p-distance, reaching 25.8 and 27.1%, respectively. The
phylogenetic tree showed that the 16 strains which collected
from different provinces in mainland China were clustered in
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example, CHN_JX_2013_40 strain was clustered with CHN_
CQ_2013_70 strain. The results of phylogenetic analysis
revealed that CVA12 has been circulating in mainland China till
present, which involves several provinces, showing a continuous
evolutionary trend over time.
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FIGURE 1

Phylogenetic analysis based on the full-length VP1 sequences of 16 CVA12 from this study and 21 sequences retrieved from the GenBank
Bootstrap values greater than 70% were highlighted. The 16 CVA12 strains from this study are represented by black dots.

3.3. Phylodynamic analysis

Based on 37 full-length VP1 sequences, MCMC method and
strict clock model were used to generate MCC tree and estimate
the substitution rate (Figure 2A). The computed MCC tree was
similar to the phylogenetic trees in topology, showing that
CVA12 has been in continuous evolution. The substitution rate
for the VP1 region was 6.61x107° (95% HPD range 5.16—
8.20x 107°) substitution/site/year, with a predicted time to most
recent common ancestor (tMRCA) of 1946 (95% HPD: 1942-
1947). The MCC tree showed that the earliest node date of
CVA12 in China was 2007. We analyzed the population dynamics
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of CVA12 using Bayesian skyline. The results revealed that the
effective population size remained unchanged from 1948 to 2007.
After 2007, with the increase in the number of CVA12 strains, the
effective population size fluctuated twice, which occurred from
2009 to 2010 and 2015 to 2016, respectively. From 2018 to 2019,
it gradually decreased, but still remained at a relatively high level
(Figure 2B).

To understand the transmission path of CVA12 in mainland
China, we reconstructed the spatial transmission patterns from
2009 to 2019 based on 36 complete VP1 sequences from 12
provinces (that is, the Shandong, Tianjin, Henan, Hebei, Shanxi,
Hunan, Zhejiang, Jiangxi, Yunnan, Hainan, Ningxia and
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FIGURE 2

(A) A phylogenetic tree with Maximum Clade Credibility (MCC) was constructed based on the full-length VP1 sequences of CVA12 in GenBank and
16 CVA12 sequences from this study. The blue bar represents 95% HPDs of tMRCAs. (B) A Bayesian skyline plot based on the full-length VP1
sequences of CVA12 reflects the effective population size in mainland China from 2009 to 2019.

2000

Chongging; Figure 3). Phylogeographic analysis indicated that
CVA12 strains probably originated from Jiangxi province. There
are two significant migration pathways of inter-provincial
transmission: (1) Jiangxi to Shanxi; (2) Jiangxi to Yunnan (with BF
very strongly supported >100; Supplementary Table S3).

3.4. Recombination analysis

The phylogenetic trees of VP1, P1, P2 and P3 were constructed
based on the EV-A prototype strains in the GenBank and 16
sequences from this study. The results of VP1 and P1 phylogenetic
trees showed that the 16 sequences were clustered with CVA12
prototype strain, as expected (Figures 4A,B). However, the
phylogenetic trees constructed based on the P2 and P3 coding
regions showed different results. In the P2 region, the 16 sequences
were closest to CVA16, CVA5, CVA14 and CVA4 (Figure 4C). In
the P3 region, they were closest to CVA16, CVA14 and CVA4
(Figure 4D). It is noteworthy that CHN_HN_2019_214 strain was
far from the other CVA12 strains in the P3 region.

RDP4 was used to analyze the recombination signal. At least
three of the seven methods detected recombination, and the p
value cutoff was 0.05, which was considered to be true
recombination (Martin et al., 2017). The results showed that there
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were two different recombination patterns between CHN_
HN 2019 214 strain and other 15 strains. CHN_SD_2015_81
strain was randomly selected from 15 strains for further analysis.
The breakpoint positions of CHN_SD_2015_81 strain were
mainly located in 65-424, 3406-5437 and 5438-7476, covering
part or all the 5-UTR, 2A-3"-UTR regions of the genome. The
major parent was CVAI2 prototype strain (GenBank number:
AY421768.1). The minor parents were EV71 (GenBank number:
MT241237.1, DQ341354.1 and KP289419.1). Recombination
events were detected in CHN_HN_2019_214 strain at positions
22-94 and 3573-4126. The major parents were CVA2 (GenBank
number: KX595284.1 and MK967658.1), and the minor parent
was unknown.

To confirm the recombination events between the CHN_
SD_2015_81, CHN_HN 2019 214 strains and other EV-A
strains, similarity plots and bootscanning analyses were
performed. CHN_SD_2015_81 and CHN_HN_2019_214 strains
were picked as query sequences. In the P1 coding region, CHN_
SD_2015_81 and CHN_HN_2019_214 strains showed the highest
similarity with the CVA12 prototype strain, as expected. However,
in the other regions, the results were significantly different. CHN_
SD_2015_81 strain and CVA2 group showed a narrow range of
recombination in the P2 region when CHN_SD_2015_81 strain
was used as the query sequence. In P3 regions, CHN_SD_2015_81
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strain and EV-71 group had extensive recombination
(Figures 5A,B). When CHN_HN_2019_214 strain was used as the
query sequence, CHN_HN_2019_214 strain had small fragment
recombination with CVA5 group in the 5-UTR region. In the P2
and P3 regions, CHN_HN_2019_214 strain had extensive
recombination with CVA5 group (Figures 5C,D). These data
complemented and validated the recombinant results predicted by
P2, P3 phylogenetic trees and RDP4. These results showed that
recombination events occurred in the non-capsid region of the 16
and CHN_HN 2019 214 strain had different
recombination events compared with the other 15 strains.

strains,

3.5. Base substitution and amino acid
mutation analysis

Enteroviruses have a high mutation rate due to the lack of
proofreading activity during genome replication (Santti et al.,
2000). Compared with the CVA12 prototype strain, the genome
of 16 sequences contained 1495-1536 nucleotide mutations and
108-118 amino acid mutations. The amino acid mutations
contained 74 common mutation sites, in which 9 non-polar amino
acids were replaced by polar amino acids and 8 polar amino acids
were replaced by non-polar amino acids. In addition, 16 CVA12
sequences had a nucleotide deletion at sites 109, 129, 689, 7339,
7340 and a nucleotide insertion at site 714. The nucleotide and
amino acid differences between the 16 sequences were 21-793 and
0-60, respectively. As there is no relevant report on the antigenic
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sites of CVA12 at present, we predicted the possible antigenic sites
of CVA12 through the online website, providing reference for the
next study of CVA12. The results showed that there were 8-10
antigenic sites in the VP1-VP3 region of the CVA12 prototype
strain, respectively (Table 3). Comparing the differences of antigen
sites between the 16 sequences and CVA12 prototype strain, 13
common antigen mutation sites were found: [VP1: S>NJ[17],
T->N[35], N->S[60], R>K[71], A>T[290]; VP2: N->S[74],
E->T[148], T>V[151], H>Q[159], D>E[160]); VP3: T->S[10],
T->V[20], M->N[33], (Pfeiffer and Kirkegaard, 2005; Zhu et al.,
2010; Gnadig et al., 2012; Han et al., 2018; Rao et al., 2020). It has
been reported that mutation is one of the main ways of enterovirus
evolution, and the extent of this mutant swarm is crucial to the
viral adaptability, dissemination, and pathogenesis (Pfeiffer and
Kirkegaard, 2005; Lauring and Andino, 2010; Gnadig et al., 2012).
Therefore, further virological studies are necessary to understand
the role of these mutations in the evolution of CVA12.

4. Discussion

From 2009 to 2021, the number of HFMD cases in mainland
China continued to top the list of notifiable infectious diseases
except for 2019 and 2020. Before 2018, EV-A71 was the main cause
of severe cases and deaths, while other enteroviruses were the main
cause between 2019 and 2021. Although EV-A71 and CVAI16 are
generally regarded as major pathogens of HEMD globally (Chen
et al, 2010; Wu et al, 2010; Zhang et al, 2010a, 2013;
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Han et al,, 2019; Zhang et al,, 2010b), an increasing number of
other enteroviruses, including CVA12, have been isolated from
HEMD cases (Guan et al., 2015).

According to Liu et al,, (2014), for HFMD not associated with
EV-A71 or CVA16, CVA12 was one of the most common
enteroviruses in the HFMD cases in Qingdao. In this study, the
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phylogenetic tree constructed based on the full-length VP1
sequence was divided into two branches. In terms of p-distance
between branches, the two branches differed significantly from the
prototype strain. These differences suggested that CVA12 strains
have been evolving, although no new CVA12 was isolated in
mainland China between 1948 and 2008. CHN_HUN_2012 strain
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FIGURE 5

Recombination events of CHN_SD_2015_81 and CHN_
HN_2019_214 strains were investigated based on Similarity plots
and bootscanning analyses. Panels (A,C) are the similarity
diagram, and Panels (B,D) are the guided scan analysis. CHN_
SD_2015_81 and CHN_HN_2019_214 strains were used as query
sequences (shown in black font).

was divided into a separate branch, suggesting that its evolutionary
trend was different from other strains and may develop into a new
lineage. The prototype strain CVA12 was isolated from the
United States in 1948 and was an extinct genetic lineage. The
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phylogenetic tree showed that the 16 strains were scattered
distribution. Moreover, some sequences from different provinces
were clustered together. These results indicated that there may
be inter-provincial transmission of CVA12 in mainland China
with multiple transmission chains. The above data revealed that
CVA12 has been in a state of mutual diffusion and continuous
differentiation since its discovery in mainland China. Therefore,
CVA12 may be associated with HEMD outbreaks and evolve as a
major pathogen. Notably, we used Sanger sequencing techniques,
which could not identify the fold coverage for each genome. In the
future, the application of next-generation sequencing techniques
in the monitoring of CVAI2 may better explore their
genetic characteristics.

As RNA viruses, Enteroviruses have great genetic variability
and rely on two different evolutionary mechanisms of mutation
and recombination in order to be able to quickly respond and
adapt to new environment. Therefore, mutation and
recombination are the main driving force of enterovirus evolution
and genetic architecture shaping of enteroviruses (Han et al.,
2018; Muslin et al., 2019). A previous study (Khan and Khan,
2021) showed that samples from CVA12 and CVA6 genotypes
exhibited genetic stratification due to existence of admixed or
recombinant strains. This may provoke the emergence of new
lineages within the CVA12 and CVA6 enterovirus serotypes with
a distinctive infection burden. CHN_SD_2015_81 and CHN_
HN_2019_214 strains were far from the prototype strain in the
phylogenetic tree of P2 and P3 regions, suggesting that there may
be recombination in the P2 and P3 coding regions. CHN_
HN_2019_214 strain was far away from other isolates in the P3
region, suggesting that CHN_HN_2019_214 strain may have
undergone different recombination events during evolution.
RDP4 and Simplot confirmed the presence of recombination
events in 16 CVA12 strains. The high mutation and two different
recombination patterns may lead to genetic variation between
CVA12 and other enterovirus species. This leads to the emergence
of lineages with altered characteristics. In addition, recombination
can generate chimeric molecules from parental genomes of
different phylogenetic origins and may also help enteroviruses to
acquire combined advantageous features from various genomes
during the process of evolution (Lukashev et al., 2004; Bouslama
etal,, 2007; Zhang et al., 2015; Song et al., 2020). This may prompt
the evolution of CVA12 into a new recombinant with higher
virulence and transmissibility. Although few CVA12 strains have
been isolated from HFMD, the potential mutations and
recombination make it likely to be an important pathogen
of HFMD.

Phylogeographic analysis indicated that CVA12 had been
spreading in mainland China from 2009 to 2019, and there were
two significant migration pathways. This is consistent with the
results of phylogenetic and recombination analyses. However,
due to incomplete surveillance of enteroviruses and the lack of
studies on CVA12, the number of full-length VP1 sequences of
CVA12 available in GenBank is very limited. This study can
only reflect the evolutionary characteristics of CVA12 in
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TABLE 3 The antigen sites of CVA12 prototype strain (AY421768.1/Texas-12) were predicted through online websites (IEDB.org: Free Epitope

Database and Prediction Resource).

Region Position Antigen epitope
VP1 17-77 SAISTTQTHQTAADTRVSTHRLGTGEVPALQAAETGATSNATDENMIETRCVVNRHGVSET
95-105 EDATATNKGYA
108-115 EIDVMGFA
140-144 RNGST
159-172 PVPTGRDTFQWQSA
207-220 PTFGERPVTTNMNY
239-242 EASG
265-292 RSQLYLLKNYPNFDNTKILNASHNRASI
VP2 6-19 ACGYSDRVAQLTVG
21-24 STIT
26-27 QE
39-60 PEYCADTDATAVDKPTRPDVSV
70-77 MWDKNSKG
83-88 PDLLTQ
132-161 VAGMGPGDKPQNAPHPEYQTTQPGAGGHDL
204-209 YDSAIH
225-231 YDTGATT
247-251 GGLRQ
VP3 5-39 ELKPGTNQFLTTDDEISAPILPGFNATPMIHIPGE
41-42 TN
56-64 NNVINVDGM
75-77 TEA
89-95 GRDGPWE
137-148 GGQQPATRDIAM
175-185 YRTVETGGILD
202-205 VPNG
229-237 DTESISQTA

mainland China, and the global evolutionary characteristics
need to be further studied. Moreover, the data may have created
some bias in the results due to the sample size and temporal and
spatial difference. However, we tried to collect all the full-length
VP1 sequences of CVA12 from GenBank to explore the possible
origin time and substitution rate. The full-length VP1 sequences
of CVA12 in GenBank were derived from China except for the
prototype strain. The reason may be the prevalence of CVA12 in
China. Another possible reason is that improved enterovirus
surveillance in mainland China has led to the discovery of more
CVA12 strains. Therefore, global surveillance of enteroviruses
should also be strengthened. The genetic characteristics and
evolutionary rules of enteroviruses should be adequately studied
to prevent large-scale outbreaks of diseases such as HFMD.

In conclusion, we reported the full-length genome
sequences of 16 CVA12 strains from mainland China from
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2010 to 2019. The high difference between CVA12 strains
and the CVA12 prototype strain indicated that these viruses
could have been circulating in mainland China for many
years, although CVA12 was not reported before 2008. Based
on the results of phylogenetic and recombination analyses,
we speculated that mutations and recombination with other
enteroviruses may be the main evolutionary mode of CVA12,
which may lead to changes in virulence and transmissibility,
At the
we estimated the evolutionary origin and substitution rate of

and induce associated diseases. same time,
CVA12 using phylodynamic analysis, and discovered two
significant migration pathways of CVA12 in mainland China
(very strongly support with BF >100). This study has
deepened our understanding of CVAI12 and provided
valuable information on the molecular epidemiology

of CVA12.
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