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Abstract

Hand, foot, and mouth disease (HFMD), which is a frequently reported and concerning disease worldwide, is a severe burden
on societies globally, especially in the countries of East and Southeast Asia. Coxsackievirus A16 (CV-A16) is one of the most
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important causes of HFMD and a severe threat to human health, especially in children under 5 years of age. To investigate
the epidemiological characteristics, spread dynamics, recombinant forms (RFs), and other features of CV-A16, we leveraged
the continuous surveillance data of CV-A16-related HFMD cases collected over an 18-year period. With the advent of the
EV-A71 vaccine since 2016, which targeted the EV-A71-related HFMD cases, EV-A71-related HFMD cases decreased dramati-
cally, whereas the CV-A16-related HFMD cases showed an upward trend from 2017 to October 2019. The CV-A16 strains
observed in this study were genetically related and widely distributed in the mainland of China. Our results show that three
clusters (B1a–B1c) existed in the mainland of China and that the cluster of B1b dominates the diffusion of CV-A16 in China.
We found that eastern China played a decisive role in seeding the diffusion of CV-A16 in China, with a more complex and
variant transmission trend. Although EV-A71 vaccine was launched in China in 2016, it did not affect the genetic diversity
of CV-A16, and its genetic diversity did not decline, which confirmed the epidemiological surveillance trend of CV-A16.
Two discontinuous clusters (2000–13 and 2014–18) were observed in the full-length genome and arranged along the time
gradient, which revealed the reason why the relative genetic diversity of CV-A16 increased and experienced more complex
fluctuation model after 2014. In addition, the switch from RFs B (RF-B) and RF-C co-circulation to RF-D contributes to the
prevalence of B1b cluster in China after 2008. The correlation between genotype and RFs partially explained the current
prevalence of B1b. This study provides unprecedented full-length genomic sequences of CV-A16 in China, with a wider
geographic distribution and a long-term time scale. The study presents valuable information about CV-A16, aimed at
developing effective control strategies, as well as a call for a more robust surveillance system, especially in the
Asia-Pacific region.
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1. Introduction

Hand, foot, and mouth disease (HFMD), a frequently reported
and concerning disease worldwide, imposes a severe burden on
societies globally, especially in the countries of East and
Southeast Asia (Xing et al. 2014). HFMD is a mucocutaneous dis-
ease that usually causes rashes on the hands, feet, mouth, and
buttocks or ulcers and vesicles in the mouth with or without fe-
ver. The infectious disease frequently affects children under
5 years of age and is associated with collective outbreaks in
schools, parks, and other locations (Zhang and Xu 2013; Xing
et al. 2014). In 1997, the largest outbreak of HFMD, which
resulted in fatal cases, was reported in Malaysia (Lum et al.
1998). Since then, HFMD outbreaks have been regularly reported
in East and Southeast Asia, including the mainland of China
(Zhang et al. 2010c). Among patients with HFMD, some develop
neurological and systemic complications, including severe neu-
rological symptoms and cardiopulmonary outcomes, which are
usually fatal (Ooi et al. 2010).

HFMD consists of an extensive spectrum of viruses of the en-
terovirus (EV) genus (Xing et al. 2014). In general, EV A71 (EV-
A71) and coxsackievirus A16 (CV-A16) are the two major patho-
gens responsible for HFMD outbreaks (Zhang et al. 2010a, 2011;
Xing et al. 2014; Puenpa et al. 2018; Ji et al. 2019b). However, CV-
A6, CV-A10, and CV-A4 are common viruses isolated and
detected in HFMD cases, which play an important role in the
outbreak of HFMD in the world (Hu et al. 2011; Tian et al. 2014;
Mirand et al. 2016; Song et al. 2017b; Wang et al. 2018b). Other
serotypes of EV, including coxsackievirus B5, coxsackievirus B3,
coxsackievirus A8, and other serotypes, have been explored to
understand their association with HFMD outbreaks, which have
aided in the understanding and control of HFMD (Han et al.
2012, 2019; Liu et al. 2014; Chen et al. 2016, 2020). Although se-
vere and fatal cases of HFMD are usually linked to EV-A71, CV-
A16 has been related to outbreaks of HFMD as well as to severe
and fatal cases (Zhang et al. 2010a; Xing et al. 2014; Geoghegan
et al. 2015; Takahashi et al. 2016; Wang et al. 2018a).

CV-A16, which was first isolated in South Africa in 1951, has
been reported as a major pathogen responsible for many HFMD
outbreaks, especially in the Asia-Pacific region; it sometimes

causes aseptic meningitis, encephalitis, and myocarditis (Xing
et al. 2014; Zell et al. 2017). The first outbreak of HFMD caused
by CV-A16 was recorded in Toronto in 1957 (Robinson, Doane,
and Rhodes 1958). Since the 1990s, several HFMD outbreaks
caused by CV-A16 infection have been reported in Australia,
England, Taiwan, Singapore, Vietnam, and India (Ferson and
Bell 1991; Van Tu et al. 2007; Chang 2008). Several studies have
provided basic data about the clinical symptoms and epidemio-
logical roles of HFMD caused by CV-A16. For example, a large-
scale epidemiological study revealed the age distribution, geo-
graphic, and seasonal differences of HFMD, which provided the
key aspects of major population and temporal scale (Xing et al.
2014; Bubba et al. 2020).

In the mainland of China, CV-A16 was reported as the pre-
dominant pathogen responsible for HFMD outbreaks in Beijing
in 2007 and Guangzhou in 2009 (Zou et al. 2012; Zhu et al. 2013).
Other cities, such as Ningbo, Shenzhen, Huizhou, Shenyang,
and Nanchang, also experienced HFMD outbreaks, but CV-A16
was not the dominant cause (Mao et al. 2014). Through the mo-
lecular epidemiological analysis of CV-A16 in mainland of
China in the past 1999–2008, we can infer the long-term preva-
lence of CV-A16-related diseases and understand its epidemic
laws in order to better control the CV-A16-related diseases
(Zhang et al. 2010a). However, recent research on CV-A16
mainly focused on some local regions or cities in China and,
therefore, does not represent the wide spread of CV-A16 in the
mainland of China. In addition, many molecular epidemiologi-
cal analyses based on the partial coding regions of CV-A16 im-
proved the understanding of the molecular evolution
characteristics of CV-A16 but lacked more comprehensive infor-
mation on the full-length genome of the virus.

In this study, CV-A16 samples from the mainland of China,
covering 22 provinces, were analyzed in depth, including 166
new full-length genomic sequences of CV-A16 collected from
2016 to 2018. In addition, based on the full-length genome of
CV-A16, the epidemiological characteristics, the evolutionary
dynamics, phylogeography, recombination events, etc., were
analyzed. This study provides a comprehensive report of CV-
A16, involving the full-length genomic sequences, covering a
large area of China, providing an unprecedented perspective to
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understand the evolution of CV-A16. In addition, this study pro-
vides further insight into the epidemiological patterns and evo-
lutionary history of CV-A16 in China, which has guiding
significance for the disease control and vaccine evaluation of
CV-A16.

2. Results
2.1 The Persistent Surveillance of HFMD in the Mainland
of China

From 2008 to date, both the HFMD case surveillance system
and pathogen surveillance laboratory net have been operating
for more than 10 years (Zhang et al. 2010c; Xing et al. 2014).
The effect of the HFMD case surveillance platform is signifi-
cant as it dynamically monitors and traces HFMD transmis-
sion in the mainland of China for public health. In this study,
the epidemiological data of the HFMD surveillance system
were scanned and the circulating tendency of HFMD was sum-
marized. The two major pathogens causing HFMD are EV-A71
and CV-A16, although other serotypes of EV can also cause
HFMD in China. However, after the application of EV-A71
vaccine, the pathogen spectrum of HFMD in China changed
to some extent, and the number of HFMD caused by CV-A6
gradually increased.

The number of probable HFMD cases fluctuates each year,
whereas the laboratory-confirmed cases show a similar fluctua-
tion pattern with a higher peak every 2 years (Fig. 1). Before
2016, the number of patients with HFMD caused by EV-A71 pre-
sented a fluctuating pattern, followed by a rapid decrease after
2016. The fluctuation trend of severe cases was similar to that

of EV-A71-relative HFMD cases. As the EV-A71 vaccine became
available in 2016, the number of EV-A71-relative HFMD cases
and severe cases of HFMD decreased dramatically, indicating
the protective effect of the EV-A71 vaccine (Mao et al. 2016a,b).
However, the number of CV-A16-relative HFMD cases remained
high after 2017 (until February 2020, data not shown), though
the EV-A71 vaccine was available at this time, illustrating that
the EV-A71 vaccine does not protect against CV-A16-related
HFMD and that multivalent EV vaccines are essential. Before
2017, the number of CV-A16-relative HFMD cases presented a
fluctuation pattern similar to the number of probable cases
and laboratory-confirmed cases. The increasing number of CV-
A16-relative HFMD cases and the dramatically decreasing
number of EV-A71-relative HFMD cases revealed the possible
pathogen spectrum switch in the mainland of China after 2016.
Further investigations on CV-A16 are essential to understand
the circulation pattern and multivalent vaccine development
of HFMD.

2.2 The genomic characteristics, genotyping, and
genetic diversity of CV-A16

The representative full-length genomic sequences of CV-A16,
which were selected and sequenced during past HFMD patho-
gen surveillance, were used to investigate the genetic diversity
and characteristics. The neighbor-joining phylogenetic tree us-
ing the entire VP1 coding region showed that three genotypes
of CV-A16 exist (Fig. 2A). Genotype A consists of a single strain
isolated in South Africa in 1951 (strain G10), whereas Genotype
B persistently evolved worldwide and was divided into two
sub-genogroups with 12 per cent genetic differences between

Figure 1. The numbers of probable cases, laboratory-confirmed cases, severe cases, and two major pathogens reported. The dashed line chart shows the sentinel sur-

veillance data of probable HFMD cases reported from 2009 to October 2019, corresponding to the right vertical coordinates. The solid line chart represents the labora-

tory-confirmed cases, severe cases, EV-A71, and CV-A16, respectively, corresponding to the left vertical coordinates.
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one another. Genotype D, a new genotype of CV-A16, showed
16.7, 16.2, and 31.2 per cent genetic difference compared with
sub-genogroup B1, sub-genogroup B2, and Genotype A, respec-
tively. The genetic differences within each genogroup, includ-
ing Genotype D, sub-genogroup B1, and sub-genogroup B2,
were 4.7, 7.4, and 7.5 per cent, respectively. Sub-genogroup B1
was further divided into three clusters designated as B1a, B1b,
and B1c, respectively, with 7.8–9.3 per cent genetic diversity
among them.

In total, 271 full-length genomic sequences of CV-A16 from
the mainland of China were compared with investigate the per-
sistent epidemic and evolution of a dataset of CV-A16 (this
study, n¼ 166; GenBank, n¼ 105). Three clusters (B1a–B1c) were
found to exist and circulate in the mainland of China, and
Cluster B1b still dominates the transmission of CV-A16 here,
which is consistent with previous reports (Zhang et al. 2010a;
Fig. 2B). The genomic sequences of CV-A16 in this study covered
twenty-two provinces of China, forming five geographic regions
(Fig. 2C). The B1c strain was found in only one province, and the

B1a strains were distributed in six provinces of China, revealing
the potential existence of some rare genotypes in the mainland
of China (Fig. 2B). Additionally, the ORF genomic sequences of
CV-A16 this study shared 85.9–100 per cent nucleotide identity
and 95.8–100 per cent amino acid identity among themselves.
The nucleotide diversity of the polyprotein showed a tendency
of fluctuation, whereas the VP1 and 2C coding regions had lower
diversity (Fig. 2D).

2.3 Evolutionary history and molecular epidemiological
analysis of CV-A16 in China

The maximum likelihood phylogenetic tree estimated with a
dataset of 271 sequences (this study, n¼ 166; GenBank, n¼ 105)
indicated the evolutionary history across the mainland of China
between 2000 and 2018 (Supplementary Fig. S1). The result
showed that the strains of this study were distributed in every
branch of the phylogenetic tree and formed two major gen-
ogroups. Most strains of this study were located at the large
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cluster of phylogenetic trees that were constructed using a dif-
ferent CV-A16 genomic coding region and showed similar topol-
ogy of phylogenetic trees. From the view of the geographic area
distribution of the CV-A16 strains, most strains from different
regions were densely located at the maximum likelihood phylo-
genetic tree and were intersected together, which indicated that
the CV-A16 strains were closely related in terms of phylogeny
and that CV-A16 transmitted extensively in the mainland of
China.

We performed the Bayesian inference based on the P1 and
VP1 coding region of CV-A16, because the VP1 coding region
was the most external and immunodominant region and P1
coding region coded the capsid protein for EV, which were used
for EV typing (19, 28, and 36–38). By Bayesian inference, the
Maximum clade credibility (MCC) tree evaluated using a dataset
of 271 entire P1 genomic sequences sampled from 2000 to 2018
showed the evolutionary relationships and timescale of CV-A16
(Fig. 3C). The datasets used in the Bayesian analysis passed the
date randomization tests, which showed no overlaps between
the 95 per cent credibility intervals (CIs) of the rate estimate of
real datasets and the 95 per cent CIs produced from twenty rep-
licates of date randomization. Additionally, the root-to-tip re-
gression result supported the relationships between temporal
signals and root-to-tip divergence, with R2 values of 0.81 and
0.88, respectively (Supplementary Fig. S3). The phylogenetic tree
presented a ladder-like appearance, which indicated the wide
geographic distribution of CV-A16 (Fig. 3C). The CV-A16 strains,
which were continuously sampled from 2000 to 2018, were per-
sistently circulated in most locations in China. The strains

isolated in the early period (2000–13) were mostly distributed at
locations of the ancestral root of the MCC tree (Fig. 3C). Most
strains filled the new branches of the phylogenetic tree that
gradually evolved from early lineage, which revealed that the
CV-A16 strains currently circulating in the mainland of China
originated from the propagating strains of the early period. The
performance of the MCC tree presented a typical circulation of
multiple lineages over time, and the MCC tree using the VP1

coding region showed identical topology and strain distribu-
tions (Supplementary Fig. S2).

2.4 Evolutionary characteristics of CV-A16 in China

To assess the evolutionary features of the CV-A16 major gen-
ogroups circulating in China, the substation rate, nucleotide di-
vergence, and the their most recent common ancestors (tMRCA)
were estimated using a Bayesian relaxed molecular clock. The
evolutionary rate of the VP1 sequence, which was calculated for
genogroup B around the world and in the mainland of China,
was 3.36� 10�3 [95% (highest probability density) HPD, 2.99–
3.74] and 3.74� 10�3 (95% HPD, 3.25–4.27) substitutions per site
per year, respectively (Table 1). Additionally, the substitution
rate of different sub-genogroups around the world and in the
mainland of China ranged from 3.67� 10�3 (95% HPD, 3.13–4.23)
to 5.28� 10�3 (95% HPD, 2.99–7.65) substitutions per site per
year, respectively. The evolutionary rate of sub-genogroup B1a
[5.28� 10�3 (95% HPD, 2.99–7.65) substitutions per site per year]
was larger than that of sub-genogroup B1b [4.21� 10�3 (95%
HPD, 3.34–5.13) substitutions per site per year] in each dataset.
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Via the estimated molecular clock, the common ancestor of
genogroup B around the world was dated to about 1989 (95%
HPD, 1980–94), whereas the tMRCA of genogroup B in the main-
land of China was dated to 1994 (95% HPD, 1986–99), which was
similar to that reported by others for genogroup B1 that is, 1992
(95% HPD, 1990–94; Hassel et al. 2017). The tMRCA of the differ-
ent sub-genogroups around the world and in the mainland of
China ranged from 1993 (95% HPD, 1987–96) to 2002 (95% HPD,
1991–2007). Moreover, the common ancestor of genogroup B or
the sub-genogroups of genogroup B originating from the main-
land of China was present later than that of others around the
world. The nucleotide divergence and non-synonymous substi-
tution to synonymous substitution (dN/dS) of all sub-
genogroups of genogroup B were similar to each other.
According to the maximum likelihood phylogenetic tree con-
structed, no evidence was found regarding geographic origin.
Owing to the extensive transmission of CV-A16 to all regions, a
geographic cluster for CV-A16 is inapparent (Supplementary Fig.
S1). The association index (AI) and parsimony score (PS) value
with a significance level <0.001 showed that the CV-A16 P1 ge-
nomic sequences of partial regions were more phylogenetically
clustered by region (Table 2). Except for the central region of
China, the maximum monophyletic clade (MC) of the other
regions presented high values (P< 0.05), which indicated that
the geographic structure of CV-A16 was significant when the
strains were grouped by geographical origin. The isolates of the
central region of China did not show a strong geographic cluster
(P> 0.05), which was possibly caused by the frequent movement
of CV-A16. The phenomenon was partially verified by the ob-
served state changes of the central region, with greater
imported migration compared with export in this region
(Fig. 3B).

2.5 Spatial transmission dynamics in China

To explore the circulation of CV-A16 in the mainland of China,
we constructed past spatial transmission patterns inferred by
five geographical regions (Central, South, North, West, and
East). In our results, seven decisive migration pathways were
identified with strong Bayes factor (BF) and posterior probability
(PP) support (BF >1,000 and PP > 0.5). The results revealed that
the East region of China plays a decisive role in seeding the CV-
A16 epidemics, followed by the North region (Figs 3B, 4A, and
Supplementary Table S1). The migrations from East China to all
other regions were confirmed through high BF and PP values (PP
¼ 1 and BF > 10,000), whereas the mean migration rates were
different for each movement (Supplementary Table S1). The
North region of China tended to seed the CV-A16 populations
along with human movement. The state counts inferred

through Markov jumps method reflected that the outward mi-
gration from the East region dominated, which was consistent
with the migration pathways (Fig. 3B). The Central, East, and
South regions of China showed more or less equal numbers of
inward migration, whereas the state counts were similar in
terms of the numbers of outward and inward migrations in the
West region. Markov rewards values of the Eastern and
Northern regions were 356.5 and 381.6, respectively, with a
higher proportion compared with those in the other geographic
regions, illustrating that these two regions played an important
role in the evolution and persistence of CV-A16 over time.
Meanwhile, significant links among the five regions were ob-
served with complicated transmission relations. Important spa-
tial diffusion pathways were identified using different inferred
methods (Fig. 4B). The results suggested that extensive surveil-
lance in the eastern, central, and northern regions of China, es-
pecially in the East, will be helpful for controlling CV-A16
epidemics.

2.6 Population dynamics and structure of CV-A16 in
China

The reconstruction of the demographic history of CV-A16 in the
mainland of China revealed that the CV-A16 population size ex-
perienced an oscillating pattern in the relative genetic diversity
(Fig. 3A). The results showed that the relative genetic diversity
of CV-A16 increased gradually in mainland of China from 2000
to 2018. However, the increasing patterns were divided into
three periods; 2000–05, 2005–13, and 2013–18. The virus diversity
of the first period expanded, whereas the relative genetic diver-
sity of CV-A16 peaked in 2009 during the second period, with an
increasing and then decreasing pattern. The population dynam-
ics of the last period experienced frequent fluctuations during
this process. Meanwhile, the EV-A71 vaccine, which has been
available in China since 2016, showed substantial influences on
EV-A71-related HFMD (Mao et al. 2016a,b). However, the relative
genetic diversity of CV-A16 has been stably maintained since
2016, indicating that the EV-A71 vaccine did not influence CV-
A16 population dynamics. The phenomenon was consistent
with the epidemiological surveillance tendency of CV-A16
(Fig. 1).

There was no distinct differentiation among CV-A16 popula-
tions based on the ORF genome of CV-A16, with these five
regions used as prior information (Fig. 5A). As observed in the
graphics, the five clusters had significant overlap with each
other. Additionally, individuals from the five clusters were
found in nearly every region with different relative frequencies
(Fig. 5B). However, when the sampling years were used as prior
clusters, the marked discontinuity between two successive

Table 2. Analysis of the geographic structure of the CV-A16 strains in China.

Statistic Isolates Observed mean (95% HPD) Null mean (95% HPD) Significance

AI 12.32 (11.61, 13.03) 22.46 (21.03, 24.01) <0.001***

PS 109.14 (107, 111) 152.55 (145.83, 159.20) <0.001***

MC(East) 59 4 (4, 4) 2.43 (2, 3.18) 0.02999997*

MC(South) 80 6 (6, 6) 2.92(2.01, 4.13) 0.02999997*

MC(Central) 74 3 (3, 3) 2.62 (2, 3.47) 0.33999999
MC(West) 41 4 (4, 4) 1.95 (1.02,2.89) 0.01999998*

MC(North) 17 5 (5, 5) 1.37 (1, 2) 0.00999999**

AI, association index; PS, parsimony score; MC, maximum monophyletic clade; HPD, highest probability density interval.

Significance thresholds: *0.01 < P<0.05; **0.001 < P<0.01; ***P<0.001.
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years, consisting of the clusters of 2000–13 and 2014–18, was
confirmed (Fig. 5C). The 2014–18 epidemics were markedly iso-
lated from the other epidemics on the first principal compo-
nent, revealing that more genetic changes had accumulated
during 2013–14 than during the other periods. Moreover, indi-
viduals from the cluster of 2014–18 were not found in any other
cluster, suggesting that the genetic changes accumulated over
time (Fig. 5D). The AI, PS value (P< 0.001), and maximum MC
(P< 0.01) showed that the CV-A16 P1 genomic sequences were
more phylogenetically clustered by two periods (2000–13 and
2014–18), which confirmed the results described above
(Supplementary Table S2). The results described above were
also found in other discriminant analysis of principal compo-
nent (DAPC) analysis results based on the CV-A16 VP1, P2, and
P3 genomic regions, revealing that the accumulation of genetic
changes occurred on entire genomes (Supplementary Fig. S4).
Additional analyses on the cluster of 2014–18 showed that CV-
A16 was genetically structured into different clusters that were
arranged along a temporal cline (Supplementary Fig. S5).

2.7 Natural selection pressure of CV-A16

To estimate the role of natural selection pressure in different
regions or timescale periods, the mixed effects model of evolu-
tion (MEME) and single likelihood ancestor counting (SLAC)

methods were used. Elevated dN/dS values were observed in
the East and Central regions compared with those in the other
regions, irrespective of what was analyzed according to the VP1
or P1 genomic regions (Supplementary Table S3). The dN/dS val-
ues were also higher during 2000–13 than during 2014–18, with
slightly variant values. Individual sites under positive selection
were identified. Two key sites, which were located at amino
acids 145 and 248 within the VP1 capsid protein, were detected.
These two amino acid sites were embedded within the loop of
the VP1 capsid and were exposed externally, which indicated
that the positive sites could play an important role in CV-A16
adaptation to new hosts. The purifying selection was identified
at most individual sites, which illustrated that most mutations
in the P1 and VP1 genomic sequences were deleterious and sub-
sequently removed from the CV-A16 population.

2.8 Recombinant forms of CV-A16 around the World

The recombinant forms (RFs), which included 346 available full-
length genomic sequences of CV-A16, were analyzed. We re-
ferred to other RF reports of EV-A71 and CV-A6 and then
grouped the clades (McWilliam Leitch et al. 2012; Gaunt et al.
2015). The phylogenetic tree in the 3D coding region of CV-A16
formed a series of clades, which were named RF-A, RF-B, RF-C,
RF-D, and RF-E, respectively (Supplementary Fig. S6). The
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Figure 4. Spatial diffusion of CV-A16 in China. (A) Spatial transmission pathways of CV-A16 inferred using the Bayesian Stochastic Search Variable Selection method.

The solid black arrow shows decisive support for the diffusion pathway identified by the P1 and VP1 coding regions, with BF > 1,000 and indicator > 0.5. The dashed

black arrow represents strong support for the diffusion pathway identified by one of the P1 and VP1 coding regions, with BF > 1,000 and indicator > 0.5. (B) The median

inferred immigration events identified by the Marginal Structured Coalescent Approximation (MASCOT) method. The width of the arrows indicates the possibility of

transmission. The dot sizes are proportional to the median inferred effective population sizes. The five regions of China are defined and colored.
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nucleotide divergence among the genogroups ranged from 10.1
to 26.9 per cent, whereas the nucleotide distance within each
genogroup ranged from 3.8 to 6.7 per cent, except for the nucle-
otide distance within RF-A. The five RFs, which clearly persisted
for many years and were widespread, are still globally active
(Table 3). RF-B and RF-C, which have circulated globally since

the last century, were the two major recombination models re-
sponsible for CV-A16 transmission. These two RFs were closely
associated with the genotypes of B1a and B1b, which covered
several countries and spread extensively. Additionally, RF-B
was linked to the genotype of B2, whereas RF-C was associated
with B1c. Interestingly, RF-D was only associated with the
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Figure 5. (A) and (C) The scatterplots show the first two principal components of the DAPC of the CV-A16 sequences in mainland China using years of sampling and

locations of samples as prior clusters. Eigenvalues of the analysis are displayed in the inset. Groups are shown by different colors and dots representing individual iso-

lates. (B) and (D) Assignment probabilities of CV-A16 individuals from the five sampling locations and years. The panels of CV-A16 individuals are shown according to

the years of sampling and locations of samples. The scatterplot was analyzed using the CV-A16 ORF coding region.

Table 3. Circulation dates and locations around the world of the different RFs of CV-A16.

Genotype Recombination Date of RF Region of RF

A RF-A 1951, 2008 South Africa, China, and Malaysia
B1a RF-A 2012 France

RF-B 1997–2018 Malaysia, Japan, China, France, Australia, Thailand,
Korea, Germany, and Hungary

RF-C 1997–1998 Malaysia, China
B1b RF-A 2016 Chinaa

RF-B 2010, 2016 China and USA
RF-C 2000–08 China, Australia, and Germany
RF-D 2008–18 China, Australia, France, and Thailand

B1c RF-C 2005–17 Malaysia, Japan, China, France, India, and Australia
B2 RF-B 2017 China
D RF-E 2011–14 France and Chinaa

aOnly one CV-A16 strain sequence found to date.
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genotype of B1b, which dominated the epidemics of CV-A16 in
the mainland of China. The transition from early co-circulating
RF-B and RF-C to RF-D contributed to the epidemics of CV-A16
after 2008. The performance could partially illustrate the reason
that the genotype of B1b was a dominating cluster in the main-
land of China at present, with RF-D dominating the RFs and
contributing to the evolution of CV-A16. RF-A is an ancient RF of
the last century and tends not to be present now. RF-E was an
emerging RF in France, which facilitated the appearance of
Genotype D (Hassel et al. 2017). Interestingly, based on the VP1
and 3D coding regions of CV-A16, the tMRCA of each RF was
similar, whereas the substitution rate showed differences
(Table 1). The results indicated that the VP1 genomic region was
closely associated with the 3D coding region and that RFs were
linked to the formation of genotypes. The emerging RFs, which
were casual incidents and rarely occurred, played a key role in
the evolution and epidemics of CV-A16.

Previous studies have shown that recombination activities
are the general performance for EVs and that EV-B is more sus-
ceptible to recombination (Simmonds and Welch 2006; van der
Sanden et al. 2011; Fan et al. 2015; Tan et al. 2016; Song et al.
2017a; Han et al. 2018; Huang et al. 2018b; Wang et al. 2018a; Hu
et al. 2019). Recombination events of CV-A16, which are recog-
nized as the main mechanism for EV evolution and adaptation
to new environments, were occasionally reported compared
with other serotypes of EVs such as EV-A71, CV-A6, and CV-A10
(Zhao et al. 2011; Gaunt et al. 2015; Hassel et al. 2017;
Noisumdaeng et al. 2018). However, some occasional recombi-
nation events were identified in this study (Fig. 6 and
Supplementary Fig. S7). Group 1, including three ancient strains
with high sequence identity with each other, did not show
strong recombination signals with known isolates (Fig. 6A).
However, the P2 genome of Group 1 clustered with the CV-A14,
CV-A4, and EV-A71 strains, whereas the P3 genome of Group 1
clustered with the CV-A4 and CV-A14 strains, exhibiting the
complex recombination activities in the evolutionary process of
CV-A16 (Supplementary Fig. S7). The P3 genomic region of
Group 2 (GenBank accession number LT617110) showed possible
recombination signals with the CV-A6 (GenBank accession
number LT719048), CV-A10 (GenBank accession numbers
KY272007, KP009575, and KX430807), and CV-A7 (GenBank ac-
cession number LT719054) strains, whereas the P1 coding region
had higher similarity with the CV-A16 strain (Fig. 6B and
Supplementary Fig. S7). The strain of Group 3, which was first
sequenced and reported in this study, showed an extensive re-
combination event in the P3 genomic region with the CV-A4
(GenBank accession numbers MH086037, HQ728260, and
MF422545), CV-A2 (GenBank accession number HQ728259) and
CV-A6 (GenBank accession number LC421551; Fig. 6C) strains.
The results revealed that inter-serotype recombination events
occasionally occurred in the P3 coding region of CV-A16 and
that most recombination events belonged to intra-serotype re-
combination. Current circulating CV-A16 strains are recombi-
nants and the exact ancient donors of CV-A16 recombination
are unknown, which is consistent with the conclusions of other
studies on CV-A16 (Zhao et al. 2011).

3. Discussion

The Asia-Pacific region is a major area related to EV-related in-
fectious diseases and is often afflicted by HFMD outbreaks.
China is located in the Asia-Pacific region, has a large popula-
tion, and bears a heavy social burden of HFMD (Huang et al.
2018a). The main pathogens of HFMD are EV-A71 and CV-A16,

which usually affect children under 5 years of age and cause col-
lective outbreaks; however, other EVs such as CV-A6, CV-A10,
and CV-A4 are increasing rapidly in terms of the proportion of
HFMD cases detected. (Tian et al. 2014; Chen et al. 2017; Song
et al. 2017b; Anh et al. 2018; Ji et al. 2019a). The national HFMD
surveillance system and pathogen laboratory surveillance net
were built in the mainland of China in 2008; they play an impor-
tant role in the response to HFMD outbreaks (Zhang et al.
2010c). The persistent surveillance of HFMD resulted in the ac-
cumulation of comprehensive basic data for understanding its
epidemiological characteristics, transmission dynamics, and
spectrum changes, which provide valuable information for pro-
tective countermeasures.

In this study, full-length genomic characteristics, diffusion
dynamics, and recombination fragments were analyzed. The
continuous surveillance data show that the number of probable
HFMD cases and laboratory-confirmed cases experienced simi-
lar fluctuations, whereas the performance of EV-A71-related,
CV-A16-related, and severe cases was similar before 2016. With
the advent of the EV-A71 vaccine in 2016, both the number of
patients with EV-A71-related HFMD and the number of severe
cases decreased significantly, indicating the beneficial effect of
the EV-A71 vaccine. However, the number of HFMD cases re-
lated to CV-A16 showed an upward trend from 2017 to October
2019, indicating possible changes in the pathogen spectrum and
the demand for multivalent vaccines.

Three genotypes (Genotypes A, B, and D) of CV-A16 exist
globally; Genotype B comprises two sub-genogroups. Our results
showed that there were three clusters (B1a–B1c) in the main-
land of China and that Cluster B1b consistently dominated the
diffusion of CV-A16. The results showed that there were still
some rare genogroups spread in China. According to the topo-
logical structure and distribution of the maximum likelihood
phylogenetic tree, the CV-A16 strains were genetically related
and were widely distributed in the mainland of China. The
ladder-like topological structure of the MCC tree indicated that
there were multiple lineages circulating over time; moreover,
the current CV-A16 strains may have originated from the early
breeding strain. The substitution rate of CV-A6 in China is simi-
lar to that in the world, lower than that of EV-A71, CV-A6, and
CV-B3 (McWilliam Leitch et al. 2012; Anh et al. 2018; Han et al.
2019). The results showed that the evolution of the CV-A16 VP1
sequence was slow, which was consistent with the few reports
of CV-A16-relative outbreaks in recent years. We found that the
common ancestor of Genotype B in the world and in China
dated to 1989 (95% HPD, 1980–94) and 1994 (95% HPD, 1986–99),
respectively, which was similar to the results reported by other
studies (Hassel et al. 2017). Additionally, there were significant
differences in the geographical distribution of CV-A16 in China
(P< 0.05), except for the central region of China, which proves
that geography-driven adaptability plays an important role in
determining the diversity of CV-A16. However, the interpreta-
tion of the results should be cautious.

The spatial transmission relationship of CV-A16 inferred
from the five geographic regions of China reveals the past
movement pathways of CV-A16, seven of which had decisive
migration links. The results show that the East and the North of
China, especially the East, played a decisive role in the spread of
CV-A16, with higher BF and PP values (PP¼ 1 and BF > 10,000).
In addition, the complex diffusion relationship among the five
regions showed a wide variety of transmission trends, consis-
tent with other infectious diseases (Liu et al. 2018). From the
perspective of systematic geographic transmission, we suggest
that, in addition to the development of a multivalent EV
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vaccine, extensive and in-depth surveillance in eastern China
will help control the prevalence of CV-A16.

The demographic dynamics of CV-A16 showed three oscilla-
tion periods. In the past two periods, the relative genetic

diversity of CV-A16 peaked in 2009 and 2016, indicating that its
dynamics have changed over time. Although the EV-A71 vac-
cine, which was launched in mainland China in 2016, changed
the epidemic characteristics of EV-A71, the relative genetic
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MH086212.1_SDDZ/317/China/2015_CV-A6
MH111018.1_C131/CHW/AUS/2017_CV-A2
MH111031.1_C027/CHW/AUS/2016_CV-A5
MH111059.1_C125/CHW/AUS/2017_CV-A10
MH118037.1_17-1573-2_CV-A10
MH118042.1_15-3903-1_CV-A10
MH118049.1_13-1512-1_CV-A10
MH118058.1_11-863-1_CV-A10
MH118062.1_11-4057-2_CV-A10
MH118074.1_10-381-2_CV-A10
MH118076.1_10-3445-2_CV-A10

Query: Group2-LT617110.1_CF310002_FRA_CV-A16

Position
6,6006,2005,8005,4005,0004,6004,2003,8003,4003,0002,6002,4002,0001,6001,2008004000

Si
mi

lar
ity

1.0
0.99
0.98
0.97
0.96
0.95
0.94
0.93
0.92
0.91
0.9
0.89
0.88
0.87
0.86
0.85
0.84
0.83
0.82
0.81
0.8
0.79
0.78
0.77
0.76
0.75
0.74
0.73
0.72
0.71
0.7
0.69
0.68
0.67
0.66
0.65
0.64
0.63
0.62
0.61
0.6
0.59
0.58
0.57
0.56
0.55
0.54
0.53
0.52
0.51
0.5

Query: GROUP1

Position
6,6006,4006,0005,6005,2004,8004,4004,0003,6003,2002,8002,4002,0001,6001,2008004000

Si
m

ila
rit

y

1.0
0.99
0.98
0.97
0.96
0.95
0.94
0.93
0.92
0.91
0.9
0.89
0.88
0.87
0.86
0.85
0.84
0.83
0.82
0.81
0.8
0.79
0.78
0.77
0.76
0.75
0.74
0.73
0.72
0.71
0.7
0.69
0.68
0.67
0.66
0.65
0.64
0.63
0.62
0.61
0.6
0.59
0.58
0.57
0.56
0.55
0.54
0.53
0.52
0.51
0.5

AB550334.1_SK-EV006_EV-A71
AY421762.1_High_Point_CV-A4
AY421769.1_G-14_CV-A14
AY790926.1_shzh00-1_CV-A16
GQ279371.1_SZ/HK08-7_CV-A16
GROUP1--
Group3-HuN16-59/HuN/South/CHN/2016-06-14_CV-A16
GU350629.1_Fuyang-0805a_EV-A71
HQ269389.1_XM-CA16-3560_CV-A16
HQ647180.1_EV034_EV-A71
HQ728259.1_CVA2/SD/CHN/09_CV-A2
HQ728260.1_CVA4/SZ/CHN/09_CV-A4
JF738002.1_THA-EV71-044_EV-A71
JQ517316.1_Kaifeng/2010_EV-A71
KC954662.1_Anhui2007_EV-A71
KF055239.1_changchun028_CV-A16
KF312457.1_SHZH98_EV-A71
KP009575.1_FY02/AH/CHN/2013_CV-A10
KP289419.1_EV71/P1034/2013/China_EV-A71
KT588920.1_CV-CNIC/Guizhou/CHN/14_CV-A10
KU254598.1_BJ14-4_CV-A16
KU578126.1_Heze/SD/CHN/2014_CV-A10
KX189193.1_GD789/2013_CV-A6
KX212520.1_ES/04587/H/2013_CV-A6
KX372340.1_MUMT01/TH/2012_CV-A6
KX430807.1_CVA10/Homo_sapiens/VNM/7.1/2014_CV-A10
KX768159.1_2015-XMCDC-85-CA10_CV-A10
KX810065.1_USA/2014-19510_CV-A2
KY272007.1_WH21R/Shandong/China/2014_CV-A10
KY425530.1_R5/YN/CHN/2011_CV-A16
LC126144.1_Hyogo1283_CV-A6
LC421547.1_760-Yamagata-2002_CV-A6
LC421551.1_1272-Yamagata-2005_CV-A6
LC421556.1_1024-Yamagata-2008_CV-A6
LK021688.1_MAD-2741-11_EV-A120
LT617101.1_CVA16_B_CF187036_FRA_2010_CV-A16
LT617116.1_CVA10_CF203060_FRA_2010_CV-A10
LT719046.1_MAD-3144-11_CV-A5
LT719048.1_MAD-9828-11_CV-A6
LT719054.1_MAD-9700-11_CV-A7
LT719056.1_MAD-3995-11_CV-A10
LT719058.1_MAD-9802-11_CV-A10
LT719068.1_CAF-RS2-NMA-008-03_EV-A71
MF285660.1_CVA6/S3135/BJ/CHN/2015_CV-A6
MF422534.1_61219-1463_CV-A2
MF422541.1_61226-1413_CV-A2
MF422545.1_61228-70494_CV-A4
MF678310.1_NSW-V21-2010-CVA2_CV-A2
MF678333.1_NSW-V44-2008-CVA2_CV-A2
MG013988.1_15-355_EV-A71
MG182694.1_CVA16-GZ_CV-A16
MH010202.1_CVA16/Shenzhen76/CHN/2017_CV-A16
MH086030.1_SDHZ/H337/China/2015_CV-A4
MH086036.1_SDWH/15109/China/2015_CV-A4
MH086037.1_SDLY/2014LY099R/China/2014_CV-A4
MH086041.1_SDTA/212/China/2015_CV-A4
MH086044.1_SDWH/15029/China/2015_CV-A4
MH086207.1_SDWH/15015/China/2015_CV-A6
MH086212.1_SDDZ/317/China/2015_CV-A6
MH111018.1_C131/CHW/AUS/2017_CV-A2
MH111031.1_C027/CHW/AUS/2016_CV-A5
MH111059.1_C125/CHW/AUS/2017_CV-A10
MH118037.1_17-1573-2_CV-A10
MH118042.1_15-3903-1_CV-A10
MH118049.1_13-1512-1_CV-A10
MH118058.1_11-863-1_CV-A10
MH118062.1_11-4057-2_CV-A10
MH118074.1_10-381-2_CV-A10
MH118076.1_10-3445-2_CV-A10

Query: Group3-HuN16-59_CV-A16

Position
6,6006,2005,8005,4005,0004,6004,2003,8003,4003,0002,6002,2001,8001,4001,0006002000

Si
m
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rit

y
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0.98
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0.9

0.88

0.86

0.84

0.82

0.8

0.78

0.76
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0.68
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AB550334.1_SK-EV006_EV-A71
AY421762.1_High_Point_CV-A4
AY421769.1_G-14_CV-A14
AY790926.1_shzh00-1_CV-A16
GQ279371.1_SZ/HK08-7_CV-A16
GROUP1--
Group2-LT617110.1_CF310002_FRA_CV-A16
GU350629.1_Fuyang-0805a_EV-A71
HQ269389.1_XM-CA16-3560_CV-A16
HQ647180.1_EV034_EV-A71
HQ728259.1_CVA2/SD/CHN/09_CV-A2
HQ728260.1_CVA4/SZ/CHN/09_CV-A4
JF738002.1_THA-EV71-044_EV-A71
JQ517316.1_Kaifeng/2010_EV-A71
KC954662.1_Anhui2007_EV-A71
KF055239.1_changchun028_CV-A16
KF312457.1_SHZH98_EV-A71
KP009575.1_FY02/AH/CHN/2013_CV-A10
KP289419.1_EV71/P1034/2013/China_EV-A71
KT588920.1_CV-CNIC/Guizhou/CHN/14_CV-A10
KU254598.1_BJ14-4_CV-A16
KU578126.1_Heze/SD/CHN/2014_CV-A10
KX189193.1_GD789/2013_CV-A6
KX212520.1_ES/04587/H/2013_CV-A6
KX372340.1_MUMT01/TH/2012_CV-A6
KX430807.1_CVA10/Homo_sapiens/VNM/7.1/2014_CV-A10
KX768159.1_2015-XMCDC-85-CA10_CV-A10
KX810065.1_USA/2014-19510_CV-A2
KY272007.1_WH21R/Shandong/China/2014_CV-A10
KY425530.1_R5/YN/CHN/2011_CV-A16
LC126144.1_Hyogo1283_CV-A6
LC421547.1_760-Yamagata-2002_CV-A6
LC421551.1_1272-Yamagata-2005_CV-A6
LC421556.1_1024-Yamagata-2008_CV-A6
LK021688.1_MAD-2741-11_EV-A120
LT617101.1_CVA16_B_CF187036_FRA_2010_CV-A16
LT617116.1_CVA10_CF203060_FRA_2010_CV-A10
LT719046.1_MAD-3144-11_CV-A5
LT719048.1_MAD-9828-11_CV-A6
LT719054.1_MAD-9700-11_CV-A7
LT719056.1_MAD-3995-11_CV-A10
LT719058.1_MAD-9802-11_CV-A10
LT719068.1_CAF-RS2-NMA-008-03_EV-A71
MF285660.1_CVA6/S3135/BJ/CHN/2015_CV-A6
MF422534.1_61219-1463_CV-A2
MF422541.1_61226-1413_CV-A2
MF422545.1_61228-70494_CV-A4
MF678310.1_NSW-V21-2010-CVA2_CV-A2
MF678333.1_NSW-V44-2008-CVA2_CV-A2
MG013988.1_15-355_EV-A71
MG182694.1_CVA16-GZ_CV-A16
MH010202.1_CVA16/Shenzhen76/CHN/2017_CV-A16
MH086030.1_SDHZ/H337/China/2015_CV-A4
MH086036.1_SDWH/15109/China/2015_CV-A4
MH086037.1_SDLY/2014LY099R/China/2014_CV-A4
MH086041.1_SDTA/212/China/2015_CV-A4
MH086044.1_SDWH/15029/China/2015_CV-A4
MH086207.1_SDWH/15015/China/2015_CV-A6
MH086212.1_SDDZ/317/China/2015_CV-A6
MH111018.1_C131/CHW/AUS/2017_CV-A2
MH111031.1_C027/CHW/AUS/2016_CV-A5
MH111059.1_C125/CHW/AUS/2017_CV-A10
MH118037.1_17-1573-2_CV-A10
MH118042.1_15-3903-1_CV-A10
MH118049.1_13-1512-1_CV-A10
MH118058.1_11-863-1_CV-A10
MH118062.1_11-4057-2_CV-A10
MH118074.1_10-381-2_CV-A10
MH118076.1_10-3445-2_CV-A10

(A)

(B)

(C)

Figure 6. Similarity analysis of the CV-A16 strains with potential parents. The dataset of seventy-two ORF genomic sequences, including the representative genomic

sequences available from GenBank and this study, was used. The red lines show the partitive genomic region of P1, P2, and P3, respectively. (A) Group 1, including three

high identity sequences, was used as a query sequence. (B) Group 2 was used as a query sequence. (C) Group 3 was used as a query sequence.
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diversity of CV-A16 did not decrease after 2016. The phenome-
non confirms the epidemiological surveillance tendency of CV-
A16 and calls for the development of a vaccine related to CV-
A16 to control CV-A16-related HFMD. In this study, the popula-
tion structure of CV-A16 was divided into two discontinuous
clusters (2000–13 and 2014–18) based on two successive years,
though the previous geographical characteristics were not sig-
nificant. More genetic changes accumulated during 2013–14, in-
dicating that the population structure in 2014–18 was different
from that in 2000–13. Moreover, genetic differences occurred
throughout the entire genomes and were arranged along a tem-
poral cline. The result partly explains why the relative genetic
diversity of CV-A16 increased since 2014 and presented a more
complex fluctuation model during 2013–18 (Fig. 3A).

Elevated dN/dS values were observed in eastern and central
China, with higher values in 2000–13 than in 2014–18. Two indi-
vidual sites, under positive selection pressure, were embedded
within the loop of the CV-A16 VP1 capsid, which may play an
important role in the adaptation of CV-A16 to new
environments.

Five recombination models related to CV-A16 circulation
were identified in this study. We found that RF-B and RF-C were
closely related to the evolutionary branches B1a and B1b of CV-
A16, which were accompanied by the evolution of CV-A16 since
the last century. Additionally, RF-D only existed in the genomic
sequences of the B1b evolutionary branch and dominated the
transmission of CV-A16 in China. In the mainland of China, the
switch from RF-B and RF-C co-circulation to RF-D was the rea-
son for the prevalence of the B1b evolutionary branch after
2008. The correlation between genotype and RFs partially
explains the current prevalence of the B1b evolutionary branch.
The emerging RF-E, a new recombination form, was associated
with Genotype D and diffused in European locations (Hassel
et al. 2017). Moreover, the tMRCA of each RF, based on the VP1
and 3D sequences, respectively, was similar in each dataset. A
correlation was observed between the 3D and VP1 nucleotide
sequences, which proves the necessity of full-length genome
analysis and thus provides a comprehensive understanding of
CV-A16 evolution. Owing to the lack of genomic sequences of
ancient CV-A16, the exact donor of the recombination event of
ancient CV-A16 remains unclear. There is evidence that current
CV-A16 strains belong to recombinants; however, the exact re-
combination process is unclear. However, some occasional re-
combination events were identified in this study, which
revealed the form of the inter-serotype recombination. Most of
the CV-A16 strains were more likely to occur via intra-serotype
recombination than the latter.

This study provides unprecedented full-length genomic
sequences of CV-A16 in the mainland of China, covering most
provinces of China and spanning a long-term time scale. On the
basis of detailed datasets, we estimated and analyzed the evolu-
tionary characteristics, spatial diffusion pathways, novel RFs,
and other phylogenetic features of CV-A16 in the mainland of
China. The results overcome some limitations of CV-A16 analy-
sis in China. For example, the greater number of full-length ge-
nomic sequences and wider sample distribution present a
better picture of the evolution process and characteristics of
CV-A16. At present, China’s HFMD surveillance system has ob-
vious advantages in controlling HFMD outbreaks, but many
countries, especially some countries in the Asia-Pacific region,
have not established an HFMD surveillance network. This study
demonstrates the importance of HFMD surveillance because the
spread of CV-A16 is driven by the movement of infected individ-
uals and CV-A16 distribution is interconnected with different

geographical areas. The results show that global HFMD surveil-
lance systems are necessary for the development of effective
control strategies, especially in the Asia-Pacific region, which
has also been proposed by other studies (Gao 2018; Harvala
et al. 2018).

4. Methods
4.1 Case definitions and the HFMD surveillance system
in China

Probable patients with HFMD who had rashes on their hands,
feet, mouth, or buttocks and ulcers or vesicles in their mouth
with or without fever were defined as patients with HFMD.
Laboratory-confirmed patients were identified if there was labo-
ratory evidence of infections with EV-A71, CV-A16, and other
EVs. This is consistent with the national regulation principles of
HFMD (Xing et al. 2014; Han et al. 2019). After the national HFMD
pathogen surveillance net was built in 2008 for mainland China,
HFMD cases were reported and representative samples were
sent to the national HFMD laboratory for verification. The de-
mographic and clinical features, which included information on
the children’s sex, age, and clinical information, were recorded.
The raw clinical samples and accompanying information,
which were collected by local Centers for Disease Control and
Prevention, were reported and submitted to the national HFMD
pathogen surveillance lab for the purpose of HFMD surveillance.
In addition, the surveillance methods were carried out in accor-
dance with the approved guidelines (Zhang et al. 2010b,c).

4.2 Sample collection and viral isolation

The clinical samples were collected successfully for the purpose
of public health under the investigation of the National Health
Commission of the People’s Republic of China. Moreover, writ-
ten informed consents for the use of their clinical samples were
acquired from the guardians of all children in this study.
Simultaneously, the accompanying clinical information, includ-
ing the children’s sex, age, and disease symptoms, were
recorded for the surveillance of EV and public health aims. All
clinical samples were processed according to previously de-
scribed standard procedures and were then inoculated onto hu-
man rhabdomyosarcoma cells and human laryngeal
epidermoid carcinoma cells provided by the WHO Global
Poliovirus Specialized Laboratory for viral isolation (Xu and
Zhang 2016; Han et al. 2018). Infected cell cultures were har-
vested when the complete EV-like cytopathic effect was
observed.

4.3 Sequencing and molecular typing

Viral RNA was extracted from the cell cultures using the
QIAamp Viral RNA Mini Kit (Qiagen, Germany). The diagnosis of
CV-A16 was made using real-time quantitative reverse tran-
scription PCR (qRT-PCR) described previously (Zhang et al. 2009;
Cui et al. 2013). To amplify the entire VP1 coding region, we per-
formed RT-PCR using the PrimeScript One Step RT-PCR Kit Ver.2
(TaKaRa, Dalian, China) with primers 486–489 (Oberste et al.
2006). The entire VP1 region of amplicons was sequenced using
an ABI 3130 Genetic Analyzer (Applied Biosystems, Foster City,
CA, USA). After the BLAST server and EV Genotyping Tool were
used, the VP1 sequences were analyzed to determine the sero-
type (Kroneman et al. 2011). The full-length genome sequences
were amplified using the ‘primer-walking’ strategy, which grad-
ually closed the gaps of the genome (Zhang et al. 2014). Specific
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primers of CV-A16 were used (listed in Supplementary Table
S4). Additionally, the amplicons produced by RT-PCR products
were sequenced on an ABI 3130 Genetic Analyzer (Applied
Biosystems, Foster City, CA, USA), as described above.

4.4 Selection of representative CV-A16 nucleotide
sequences and dataset construction

In total, 1964 CV-A16 strains were identified in the HFMD patho-
gen surveillance net from 2016 to 2018 in the mainland of
China. From these CV-A16 VP1 datasets, entire VP1 genome
sequences were selected for sequencing and analysis. First,
based on the entire VP1 coding region of CV-A16, we con-
structed the maximum likelihood phylogenetic tree of different
years (2016–18) and randomly selected the representative
strains of CV-A16 from each branch of the phylogenetic tree
(Importantly, the representative strains should cover more
provinces of China for harvesting high representation of geogra-
phy and cover each cluster of the phylogenetic trees for acquir-
ing a high representation of phylogeny). Thus, in total, 166
clinical samples of CV-A16 were randomly selected for the next
procedure, including 53, 50, and 63 samples isolated in 2016,
2017, and 2018, respectively. These samples covered twenty-
two provinces of China. Other nucleotide sequences of CV-A16
used in this study were downloaded from the GenBank data-
base. The datasets were filtered by discarding low-quality
sequences and non-entire genome sequences. All datasets are
listed in Supplementary Table S5.

4.5 Phylogenetic analysis

In total, 346 CV-A16 full-length genome sequences in the world,
which include 180 full-length genome sequences with known
sampling dates and locations from GenBank (dated to August
2019) and 166 full-length genome sequences from this study,
were used to analyze the molecular epidemiological characteris-
tics. Moreover, 271 full-length nucleotide sequences of CV-A16,
including 166 genome sequences of this study and 105 entire ge-
nome sequences from China available from GenBank, were used
to analyze the transmission patterns in China. The genome
sequences were aligned using the MAFFT software (version
v7.407; Katoh and Standley 2013). The maximum likelihood phy-
logenetic tree was assessed using the IQ-TREE software (version
1.6.1) and inferred using ModelFinder to select the appropriate
nucleotide substitution model for different datasets (Nguyen
et al. 2015; Kalyaanamoorthy et al. 2017; Zhang et al. 2019).

The genetic diversity and genotyping of CV-A16 groups were
assessed using the neighbor-joining method implemented in
MEGA (version 7.0.26; Kumar, Stecher, and Tamura 2016). The ge-
netic distance between and within groups was calculated under
the kimura 2-parameter model using the bootstrap method. The
proportion of nucleotide differences was estimated via pairwise
distances (p-distance model) with 1,000 bootstrap replicates.

4.6 Phylogeography analysis of CV-A16 and geographic
diffusion of CV-A16 strains

Using the Bayesian inference method implemented in the
BEAST software (version 1.8.4), the MCC tree and Gaussian
Markov random field (GMRF) skyride plots were inferred, with
the nucleotide substitution model of SYMþG4 supported by
ModelFinder (Drummond et al. 2012; Kalyaanamoorthy et al.
2017). Sampling times of the available sequences were used to
calibrate the molecular clock. For each dataset, eighteen indi-
vidual analyses were run, combined with one nucleotide

substitution model, three different clock models, and six differ-
ent Coalescent tree priors. We performed the analysis using 200
million generations, with sampling every 20,000 generations.
Based on the P1 and VP1 coding regions, we analyzed the CV-
A16 evolutionary dynamics and spatial transmission patterns
in the mainland of China. The path sampling and stepping
stone sampling analyses, which showed the marginal likelihood
estimation results, were implemented in BEAST to choose the
best parameters of the Bayesian phylogenetic models
(Supplementary Table S6; Baele et al. 2012). The convergence
and effective sample size (>200) of the parameters were
checked using the Tracer software (version 1.7.1; Drummond
et al. 2012). The output trees were summarized using MCC to-
pology from the TreeAnnotator software (version 1.8.4) with a
burn-in of the first 10 per cent of sampled trees. The PP values
of each node were calculated in the MCC phylogenetic tree. The
ggtree (version 1.16.3) was used to manipulate the phylogenetic
tree for the best performance (Yu et al. 2017).

Five geographic regions of mainland China (Central region:
Beijing, Hebei, Tianjin, Henan, Shanxi, Shanxi, and Hubei prov-
inces; North region: Liaoning, Heilongjiang, Jilin, and Inner
Mongolia provinces; South region: Guangdong, Guangxi, Hunan,
Yunnan, Guizhou, and Hainan provinces; West region: Sichuan,
Gansu, Ningxia, Qinghai, Xinjiang, Chongqing, and Tibet provin-
ces; and East region: Jiangsu, Fujian, Zhejiang, Shanghai, Anhui,
Jiangxi, and Shandong provinces) were defined. All genome
sequences for Bayesian inference from the five regions were
coded as discrete states. The asymmetric substitution model
was used to infer the asymmetrical transmission rates between
any pairwise region state, including the Bayesian Stochastic
Search Variable Selection option (Lemey et al. 2009). The signifi-
cant migration pathways were retained when BF > 10 and the
PP > 0.5. The Markov jumps counts, which estimated the num-
bers of region state transitions, were used to plot the state
counts of migration in and out of each region. In addition, the
MASCOT method was also used to estimate the diffusion links
among different regions, although it had the precondition of dif-
fusion pathways inference (Muller, Rasmussen, and Stadler
2018). The geographic map of China was drawn from Highcharts
(Grant number: 0321912045738052), which was used to display
the spread pathways.

To assess the demographic dynamics of CV-A16 in the main-
land of China, the coalescent-based GMRF method with the
time-aware smoothing parameter was used to construct the
past population dynamics (Minin, Bloomquist, and Suchard
2008). The GMRF skyride plots were summarized and visualized
using the Tracer software (version 1.7.1).

The randomization tests in the R package (version 3.6.0) us-
ing the Tip Dating BEAST package were performed to determine
the temporal signal in the data (Rieux and Khatchikian 2017).
Using this method, sufficient temporal signals of the datasets
are confirmed when the 95 per cent CIs of rate estimation of
real datasets do not fall into the 95 per cent CIs of rate estima-
tion from the date-randomized replicates. Based on the
TreeTime software, we performed root-to-tip regression analy-
sis, which estimated the relationship between root-to-tip diver-
gence and sample dates (Trovao et al. 2015; Sagulenko, Puller,
and Neher 2018). All results support the use of the molecular
clock in this study.

4.7 Population structure and genetic variation of CV-A16

We defined five populations (Central, North, South, West, and
East) of CV-A16 in the mainland of China as described earlier.
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To determine the extent to which the viral population was con-
structed by geography, phylogeny-trait association analysis was
performed using the BaTS software (version 2.0) to compute the
values of the AI, PS, and maximum MC statistics (Parker,
Rambaut, and Pybus 2008). P values < 0.05 were considered sig-
nificant from the three statistics. The population structure of
CV-A16 in the mainland of China, which was assessed by the
DAPC implemented in the adegenet package, was explored
(Jombart, Devillard, and Balloux 2010; Jombart and Ahmed
2011). Using the different genome sequences of CV-A16, we in-
ferred the number of clusters of genetically related individuals
and analyzed the population structure features of CV-A16 in the
mainland of China.

4.8 Natural selection and molecular model of CV-A16 P1
and VP1 proteins

To compare the selection pressures acting on the P1 and VP1
coding regions of CV-A16 in the mainland of China, the MEME
method was used to confirm the key selection pressure sites
(Murrell et al. 2012). With the significance level of the P value set
at < 0.05, positively selected sites were identified. We used the
SLAC method to assess the ratio of non-synonymous substitu-
tion to synonymous substitution (dN/dS) of the different data-
sets (Kosakovsky Pond and Frost 2005).

4.9 Recombination activity of CV-A16 based on the ORF
coding region

In this study, we scanned the entire genomic sequences of CV-
A16 and potential recombinants from GenBank. Briefly, the P2
and P3 coding region sequences of these strains were analyzed
using the BLAST server to compare their identity with sequen-
ces from GenBank. Sequences with similarity higher than 85 per
cent were considered potential parents and were downloaded
from GenBank. The Recombinant Detection Program (RDP4,
v4.46) was used for primary recombination signal screening of
the entire genomic sequences of CV-A16, using seven methods
(RDP, GENECONV, MaxChi, Bootscan, Chimaera, SiScan, and
3Seq; Martin et al. 2015). P values < 0.05 were considered strong
evidence for recombination. Only the reorganization events
identified by at least three methods can be considered credible.
To confirm these putative recombination events, we utilized a
smaller dataset including recombinant and parental strains for
multiple screenings. In the end, a dataset of seventy-two full-
length genomic sequences of several serotypes was determined
for subsequent analysis. The SimPlot software (version 3.5.1)
was used for similarity and bootscanning analysis, with a 200-
nucleotide sliding window moving in 20-nucleotide steps
(Salminen et al. 1995). We inferred recombination breakpoints
based on the distribution of informative sites, which supported
two incongruent tree topologies that maximized the chi-square
sum (Robertson, Hahn, and Sharp 1995).

4.10 Ethics statement
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was obtained from all individuals included in the study or their
guardians. The study was approved by the Second Ethics
Review Committee of the National Institute for Viral Disease
Control and Prevention (IVDC), Chinese Center for Disease
Control and Prevention; all experimental protocols were ap-
proved by IVDC; and the methods were carried out in accor-
dance with the approved guidelines.

Data availability

The data are available at GenBank (accession numbers:
MT211988–MT212036). The genomic data were also uploaded to
the China Virus Identification Net (CVIN) under the accession
numbers CVIN_AA000315–CVIN_AA000480.

Authors’ contributions

Z.H., Y.S., and J.X. conceived and performed the experiments.
Z.H. analyzed the data, drafted the article, and prepared all the
figures. Y.Z. and W.X. conceived and designed the experiments,
supervised the project, and revised the article. L.J., W.H., H.W.,
J.L., H.Z., Q.Y., J.L., D.Y., Y.Z., C.L., Z.Z., Y.S., Y.X., and X.W. col-
lected samples from HFMD patients and performed viral isola-
tion and identification. T.J., Q.Y., S.Z., and D.Y. performed some
sequencing work. All authors reviewed the article.

Supplementary data

Supplementary data are available at Virus Evolution online.

Acknowledgements

We would like to acknowledge the staff of the local Center
for Disease Control and Prevention (CDC) in the Jilin,
Xinjiang, Hainan, Heilongjiang, Liaoning, Shanxi, Guizhou,
and Shaanxi provinces for collecting the clinical samples
and conducting the epidemiological investigations. We
would also like to thank Simmonds Peter for the inspiration
from his articles and Weifeng Shi, Fangluan Gao, and Tao
Hu for technology assistance.

Funding

This study was supported by the National Science and
Technology Major project of China (Project Nos
2017ZX10104001 and 2018ZX10711001), and Beijing Natural
Science Foundation (Project No. L192014). We also thank the
Key Technologies R&D Program of the National Ministry of
Science for the funding received (Project No.
2018ZX10713002) and National Science and Technology
Major Project of China (Project No. 2018ZX10305409-004-
002).

Conflict of interest: None declared.

References
Anh, N. T. et al. (2018) ‘Emerging Coxsackievirus A6 Causing

Hand, Foot and Mouth Disease, Vietnam’, Emerging Infectious

Diseases, 24: 654–62.
Baele, G. et al. (2012) ‘Improving the Accuracy of Demographic

and Molecular Clock Model Comparison While Accommodating
Phylogenetic Uncertainty’, Molecular Biology and Evolution, 29:
2157–67.

Bubba, L. et al. (2020) ‘Circulation of Non-Polio Enteroviruses in
24 EU and EEA Countries between 2015 and 2017: A
Retrospective Surveillance Study’, The Lancet Infectious Diseases,
20: 350–61.

Chang, L. Y. (2008) ‘Enterovirus 71 in Taiwan’, Pediatrics &

Neonatology, 49: 103–12.

14 | Virus Evolution, 2020, Vol. 6, No. 2

https://academic.oup.com/ve/article-lookup/doi/10.1093/ve/veaa084#supplementary-data


Chen, J. et al. (2020) ‘A Large-Scale Outbreak of Echovirus 30 in
Gansu Province of China in 2015 and Its Phylodynamic
Characterization’, Frontiers in Microbiology, 11: 1137.

Chen, L. et al. (2016) ‘Genomic Characteristics of Coxsackievirus
A8 Strains Associated with Hand, Foot, and Mouth Disease and
Herpangina’, Archives of Virology, 161: 213–7.

Chen, M. et al. (2017) ‘Severe Hand, Foot and Mouth Disease
Associated with Coxsackievirus A10 Infections in Xiamen,
China in 2015’, Journal of Clinical Virology, 93: 20–4.

Cui, A. et al. (2013) ‘The Development and Application of the
Two Real-Time RT-PCR Assays to Detect the Pathogen of
HFMD’, PLoS One, 8: e61451.

Drummond, A. J. et al. (2012) ‘Bayesian Phylogenetics with
BEAUti and the BEAST 1.7’, Molecular Biology and Evolution, 29:
1969–73.

Fan, Q. et al. (2015) ‘A Novel Recombinant Enterovirus Type
EV-A89 with Low Epidemic Strength in Xinjiang, China’,
Scientific Reports, 5: 18558.

Ferson, M. J., and Bell, S. M. (1991) ‘Outbreak of Coxsackievirus
A16 Hand, Foot, and Mouth Disease in a Child Day-Care
Center’, American Journal of Public Health, 81: 1675–6.

Gao, G. F. (2018) ‘From “a”IV to “Z”IKV: Attacks from Emerging
and Re-Emerging Pathogens’, Cell, 172: 1157–9.

Gaunt, E. et al. (2015) ‘Genetic Characterization of Human
Coxsackievirus A6 Variants Associated with Atypical Hand,
Foot and Mouth Disease: A Potential Role of Recombination in
Emergence and Pathogenicity’, Journal of General Virology, 96:
1067–79.

Geoghegan, J. L. et al. (2015) ‘Phylodynamics of Enterovirus
A71-Associated Hand, Foot, and Mouth Disease in Viet Nam’,
Journal of Virology, 89: 8871–9.

Han, J. F. et al. (2012) ‘Recombination of Human Coxsackievirus
B5 in Hand, Foot, and Mouth Disease Patients, China’, Emerging
Infectious Diseases, 18: 351–3.

Han, Z. et al. (2018) ‘Genetic Characterization and Molecular
Epidemiological Analysis of Novel Enterovirus EV-B80 in
China’, Emerging Microbes & Infections, 7: 1–12.

et al. (2019) ‘Two Coxsackievirus B3 Outbreaks Associated
with Hand, Foot, and Mouth Disease in China and the
Evolutionary History Worldwide’, BMC Infectious Diseases, 19:
466.

Harvala, H. et al. (2018) ‘Recommendations for Enterovirus
Diagnostics and Characterisation within and beyond Europe’,
Journal of Clinical Virology, 101: 11–7.

Hassel, C. et al. (2017) ‘Phylogeography of Coxsackievirus A16
Reveals Global Transmission Pathways and Recent Emergence
and Spread of a Recombinant Genogroup’, Journal of Virology, 91:

Hu, L. et al. (2019) ‘Phylogenetic Analysis and Phenotypic
Characteristics of Two Tibet EV-C96 Strains’, Virology Journal,
16: 40.

Hu, Y. F. et al. (2011) ‘Complete Genome Analysis of
Coxsackievirus A2, A4, A5, and A10 Strains Isolated from
Hand, Foot, and Mouth Disease Patients in China Revealing
Frequent Recombination of Human Enterovirus A’, Journal of
Clinical Microbiology, 49: 2426–34.

Huang, J. et al. (2018a) ‘Epidemiology of Recurrent Hand, Foot
and Mouth Disease, China, 2008-2015’, Emerging Infectious
Diseases, 24: 432–42.

Huang, K. et al. (2018b) ‘Antigenic Characteristics and Genomic
Analysis of Novel EV-A90 Enteroviruses Isolated in Xinjiang,
China’, Scientific Reports, 8: 10247.

Ji, T. et al. (2019a) ‘Emerging Recombination of the C2
Sub-Genotype of HFMD-Associated CV-A4 is Persistently and
Extensively Circulating in China’, Scientific Reports, 9: 13668.

et al. (2019b) ‘Surveillance, Epidemiology, and Pathogen
Spectrum of Hand, Foot, and Mouth Disease in Mainland of
China from 2008 to 2017’, Biosafety and Health, 1: 32–40.

Jombart, T., and Ahmed, I. (2011) ‘Adegenet 1.3-1: New Tools for
the Analysis of Genome-Wide SNP Data’, Bioinformatics, 27:
3070–1.

, Devillard, S., and Balloux, F. (2010) ‘Discriminant Analysis
of Principal Components: A New Method for the Analysis of
Genetically Structured Populations’, BMC Genetics, 11: 94.

Kalyaanamoorthy, S. et al. (2017) ‘ModelFinder: Fast Model
Selection for Accurate Phylogenetic Estimates’, Nature Methods,
14: 587–9.

Katoh, K., and Standley, D. M. (2013) ‘MAFFT Multiple Sequence
Alignment Software Version 7: Improvements in Performance
and Usability’, Molecular Biology and Evolution, 30: 772–80.

Kosakovsky Pond, S. L., and Frost, S. D. (2005) ‘Not so Different af-
ter All: A Comparison of Methods for Detecting Amino Acid
Sites under Selection’, Molecular Biology and Evolution, 22:
1208–22.

Kroneman, A. et al. (2011) ‘An Automated Genotyping Tool for
Enteroviruses and Noroviruses’, Journal of Clinical Virology, 51:
121–5.

Kumar, S., Stecher, G., and Tamura, K. (2016) ‘MEGA7: Molecular
Evolutionary Genetics Analysis Version 7.0 for Bigger
Datasets’, Molecular Biology and Evolution, 33: 1870–4.

Lemey, P. et al. (2009) ‘Bayesian Phylogeography Finds Its Roots’,
PLoS Computational Biology, 5: e1000520.

Liu, Q. et al. (2018) ‘Landscape of Emerging and Re-Emerging
Infectious Diseases in China: Impact of Ecology, Climate, and
Behavior’, Frontiers of Medicine, 12: 3–22.

Liu, X. et al. (2014) ‘Genetic Characterization of Emerging
Coxsackievirus A12 Associated with Hand, Foot and Mouth
Disease in Qingdao, China’, Archives of Virology, 159: 2497–502.

Lum, L. C. et al. (1998) ‘Neurogenic Pulmonary Oedema and
Enterovirus 71 Encephalomyelitis’, The Lancet, 352: 1391.

Mao, Q. et al. (2016a) ‘EV-A71 Vaccine Licensure: A First Step for
Multivalent Enterovirus Vaccine to Control HFMD and Other
Severe Diseases’, Emerging Microbes & Infections, 5: e75.

et al. (2014) ‘Coxsackievirus A16: Epidemiology, Diagnosis,
and Vaccine’, Human Vaccines & Immunotherapeutics, 10: 360–7.

Mao, Q. Y. et al. (2016b) ‘EV71 Vaccine, a New Tool to Control
Outbreaks of Hand, Foot and Mouth Disease (HFMD)’, Expert
Review of Vaccines, 15: 599–606.

Martin, D. P. et al. (2015) ‘RDP4: Detection and Analysis of
Recombination Patterns in Virus Genomes’, Virus Evolution, 1:
vev003.

Mcwilliam Leitch, E. C. et al. (2012) ‘The Association of
Recombination Events in the Founding and Emergence of
Subgenogroup Evolutionary Lineages of Human Enterovirus
71’, Journal of Virology, 86: 2676–85.

Minin, V. N., Bloomquist, E. W., and Suchard, M. A. (2008)
‘Smooth Skyride through a Rough Skyline: Bayesian
Coalescent-Based Inference of Population Dynamics’,
Molecular Biology and Evolution, 25: 1459–71.

Mirand, A. et al. (2016) ‘Ambulatory Pediatric Surveillance of
Hand, Foot and Mouth Disease as Signal of an Outbreak of
Coxsackievirus A6 Infections, France, 2014-2015’, Emerging
Infectious Diseases, 22: 1884–93.

Muller, N. F., Rasmussen, D., and Stadler, T. (2018) ‘MASCOT:
Parameter and State Inference under the Marginal Structured
Coalescent Approximation’, Bioinformatics, 34: 3843–8.

Murrell, B. et al. (2012) ‘Detecting Individual Sites Subject to
Episodic Diversifying Selection’, PLoS Genetics, 8: e1002764.

Z. Han et al. | 15



Nguyen, L. T. et al. (2015) ‘IQ-TREE: A Fast and Effective
Stochastic Algorithm for Estimating Maximum-Likelihood
Phylogenies’, Molecular Biology and Evolution, 32: 268–74.

Noisumdaeng, P. et al. (2018) ‘Complete Genome Analysis
Demonstrates Multiple Introductions of Enterovirus 71 and
Coxsackievirus A16 Recombinant Strains into Thailand during
the past Decade’, Emerging Microbes & Infections, 7: 1–12.

Oberste, M. S. et al. (2006) ‘Species-Specific RT-PCR Amplification
of Human Enteroviruses: A Tool for Rapid Species
Identification of Uncharacterized Enteroviruses’, Journal of
General Virology, 87: 119–28.

Ooi, M. H. et al. (2010) ‘Clinical Features, Diagnosis, and
Management of Enterovirus 71’, The Lancet Neurology, 9:
1097–105.

Parker, J., Rambaut, A., and Pybus, O. G. (2008) ‘Correlating Viral
Phenotypes with Phylogeny: Accounting for Phylogenetic
Uncertainty’, Infection, Genetics and Evolution, 8: 239–46.

Puenpa, J. et al. (2018) ‘Enterovirus A71 Infection, Thailand,
2017’, Emerging Infectious Diseases, 24: 1386–7.

Rieux, A., and Khatchikian, C. E. (2017) ‘Tipdatingbeast: An r
Package to Assist the Implementation of Phylogenetic
Tip-Dating Tests Using Beast’, Molecular Ecology Resources, 17:
608–13.

Robertson, D. L., Hahn, B. H., and Sharp, P. M. (1995)
‘Recombination in AIDS Viruses’, Journal of Molecular Evolution,
40: 249–59.

Robinson, C. R., Doane, F. W., and Rhodes, A. J. (1958) ‘Report of
an Outbreak of Febrile Illness with Pharyngeal Lesions and
Exanthem: Toronto, Summer 1957; Isolation of Group a
Coxsackie Virus’, Canadian Medical Association Journal, 79:
615–21.

Sagulenko, P., Puller, V., and Neher, R. A. (2018) ‘TreeTime:
Maximum-Likelihood Phylodynamic Analysis’, Virus Evolution,
4: vex042.

Salminen, M. O. et al. (1995) ‘Identification of Breakpoints in
Intergenotypic Recombinants of HIV Type 1 by Bootscanning’,
AIDS Research and Human Retroviruses, 11: 1423–5.

Simmonds, P., and Welch, J. (2006) ‘Frequency and Dynamics of
Recombination within Different Species of Human
Enteroviruses’, Journal of Virology, 80: 483–93.

Song, Y. et al. (2017a) ‘Phylogenetic Characterizations of Highly
Mutated EV-B106 Recombinants Showing Extensive Genetic
Exchanges with Other EV-B in Xinjiang, China’, Scientific
Reports, 7: 43080.

et al. (2017b) ‘Persistent Circulation of Coxsackievirus A6 of
Genotype D3 in Mainland of China between 2008 and 2015’,
Scientific Reports, 7: 5491.

Takahashi, S. et al. (2016) ‘Hand, Foot, and Mouth Disease in
China: Modeling Epidemic Dynamics of Enterovirus Serotypes
and Implications for Vaccination’, PLoS Medicine, 13: e1001958.

Tan, Y. et al. (2016) ‘Molecular Evolution and Intraclade
Recombination of Enterovirus D68 during the 2014 Outbreak in
the United States’, Journal of Virology, 90: 1997–2007.

Tian, H. et al. (2014) ‘Prevalence of Multiple Enteroviruses
Associated with Hand, Foot, and Mouth Disease in
Shijiazhuang City, Hebei Province, China: Outbreaks of
Coxsackieviruses a10 and b3’, PLoS One, 9: e84233.

Trovao, N. S. et al. (2015) ‘Host Ecology Determines the Dispersal
Patterns of a Plant Virus’, Virus Evolution, 1: vev016.

van der Sanden, S. et al. (2011) ‘Detection of Recombination
Breakpoints in the Genomes of Human Enterovirus 71 Strains
Isolated in The Netherlands in Epidemic and Non-Epidemic
Years, 1963-2010’, Infection, Genetics and Evolution, 11: 886–94.

Van Tu, P. et al. (2007) ‘Epidemiologic and Virologic Investigation
of Hand, Foot, and Mouth Disease, Southern Vietnam, 2005’,
Emerging Infectious Diseases, 13: 1733–41.

Wang, J. et al. (2018a) ‘The Emergence and Spread of One
Coxsackievirus A16 Genogroup D Novel Recombinant Strain
That Caused a Clustering HFMD Outbreak in Shanghai, China,
2016’, Emerging Microbes & Infections, 7: 1–3.

Wang, S. H. et al. (2018b) ‘Divergent Pathogenic Properties of
Circulating Coxsackievirus A6 Associated with Emerging
Hand, Foot, and Mouth Disease’, Journal of Virology, 92:

Xing, W. et al. (2014) ‘Hand, Foot, and Mouth Disease in China,
2008-12: An Epidemiological Study’, The Lancet Infectious
Diseases, 14: 308–18.

Xu, W., and Zhang, Y. (2016) ‘Isolation and Characterization of
Vaccine-Derived Polioviruses, Relevance for the Global Polio
Eradication Initiative’, Methods in Molecular Biology (Clifton, N.J.),
1387: 213–26.

Yu, G. et al. (2017) ‘Ggtree: Anrpackage for Visualization and
Annotation of Phylogenetic Trees with Their Covariates and
Other Associated Data’, Methods in Ecology and Evolution, 8: 28–36.

Zell, R. et al.; ICTV Report Consortium. (2017) ‘ICTV Virus
Taxonomy Profile: Picornaviridae’, Journal of General Virology,
98: 2421–2.

Zhang, Y., and Xu, W. B. (2013) ‘Molecular Epidemiology of
Enteroviruses Associated with Hand, Foot, and Mouth Disease
in the Mainland of China’, Biomedical and Environmental Sciences,
26: 875–6.

Zhang, D et al.. (2020) ‘PhyloSuite: An Integrated and Scalable
Desktop Platform for Streamlined Molecular Sequence Data
Management and Evolutionary Phylogenetics Studies’, Molecular
Ecology Resources, 20: 348–55.10.1111/1755-0998.13096

Zhang, Y. et al. (2009) ‘An Outbreak of Hand, Foot, and Mouth
Disease Associated with Subgenotype C4 of Human
Enterovirus 71 in Shandong, China’, Journal of Clinical Virology,
44: 262–7.

et al. (2010a) ‘Molecular Evidence of Persistent Epidemic
and Evolution of Subgenotype B1 Coxsackievirus
A16-Associated Hand, Foot, and Mouth Disease in China’,
Journal of Clinical Microbiology, 48: 619–22.

et al. (2010b) ‘Type 2 Vaccine-Derived Poliovirus from
Patients with Acute Flaccid Paralysis in china: Current
Immunization Strategy Effectively Prevented Its Sustained
Transmission’, The Journal of Infectious Diseases, 202: 1780–8.

et al. (2010c) ‘An Emerging Recombinant Human
Enterovirus 71 Responsible for the 2008 Outbreak of Hand
Foot and Mouth Disease in Fuyang City of China’, Virology
Journal, 7: 94.

et al. (2011) ‘Emergence and Transmission Pathways of
Rapidly Evolving Evolutionary Branch C4a Strains of Human
Enterovirus 71 in the Central Plain of China’, PLoS One, 6:
e27895.

et al. (2014) ‘Molecular Typing and Characterization of a
New Serotype of Human Enterovirus (EV-B111) Identified in
China’, Virus Research, 183: 75–80.

Zhao, K. et al. (2011) ‘Circulating Coxsackievirus A16 Identified
as Recombinant Type a Human Enterovirus, China’, Emerging
Infectious Diseases, 17: 1537–40.

Zhu, J. et al. (2013) ‘Phylogenetic Analysis of Enterovirus 71
Circulating in Beijing, China from 2007 to 2009’, PLoS One, 8:
e56318.

Zou, X. N. et al. (2012) ‘Etiologic and Epidemiologic Analysis of
Hand, Foot, and Mouth Disease in Guangzhou City: A Review
of 4,753 Cases’, The Brazilian Journal of Infectious Diseases, 16:
457–65.

16 | Virus Evolution, 2020, Vol. 6, No. 2


	tblfn1
	tblfn2
	tblfn3
	tblfn4
	tblfn5
	tblfn6
	tblfn7
	tblfn8

