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Abstract

Hand, foot and mouth disease (HFMD) is a major public health concern in China. The most predominant enteroviruses that
cause HFMD have traditionally been attributed to enterovirus A71 (EVA71) and coxsackievirus A16 (CVA16). Since its
first large outbreak in 2008, the dominant HFMD pathogens are constantly changing. In 2013 and 2015, CVA6 exceeded
both EVA71 and CVAL16 to become the leading cause of HFMD in some provinces. However, there still lacks a com-
prehensive overview on the molecular epidemiology and evolution of HFMD-related enteroviruses at the national level. In
this study, we performed systematic epidemiological analyses of HFMD-related enteroviruses using the data of 64 pub-
lished papers that met the inclusion criteria, and conducted phylogenetic analyses based on 12,080 partial VPI sequences
identified in China before 31st June 2018. We found that EVA71 prevalence has decreased sharply but other enteroviruses
have increased rapidly from 2008 to 2016 and that one subtype of each enterovirus is represented during the epidemic. In
addition, four genotypes EVA71_C4, CVA16_B1, CVA6_D and CVA10_C are the most predominant enterovirus strains
and collectively they cause over 90% of all HFMD cases in China according to the phylogenetic trees using representative
partial VP sequences. These four major enterovirus genotypes have different geographical distributions, and they may co-
circulate with other genotypes and serotypes. These results suggest that more molecular epidemiological studies should be
performed on several enteroviruses simultaneously, and such information should have implications for virological
surveillance, disease management, vaccine development and policy-making on the prevention and control of HFMD.
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Introduction

Hand, foot and mouth disease (HFMD) is a self-limiting
illness commonly seen in children, caused by infection
with non-polio enteroviruses of the Picornaviridae family.
It is clinically characterized by fever, skin eruptions on
hands and feet, and vesicles in mouth (Ooi et al. 2010).
Since its first outbreak in 2008 in Fuyang city, Anhui
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Province, HFMD has become a major public health con-
cern in China. It was classified as a category III notifiable
infectious disease on 2nd May 2008, and being monitored
by a national epidemiology surveillance system in the same
year. By 2018, a total of 20,537,199 HFMD cases,
including 3667 deaths, had been reported by China Center
for Disease Control and Prevention (CDC).

Most early HFMD cases were caused by enterovirus
A71 (EVAT71) and coxsackievirus A16 (CVA16), and the
vast majority of severe (60%) and fatal cases (90%) were
associated with EVA71 infection (Liu er al. 2015).
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Therefore, at the beginning, the national virological
surveillance system for HFMD-related enteroviruses
mainly focused on EVA71 and CVAI16 using specific-
gPCR assays. Several years later, additional detection of
other enteroviruses was performed using a PCR assay with
universal primers in some regions (Xing et al. 2014; Liu
et al. 2015; Wang et al. 2017; Yang et al. 2017; Mao et al.
2018). These new data showed an increasing prevalence of
enteroviruses other than EVA71 and CVA16 (Lu et al.
2012; He et al. 2013; LiJ et al. 2014; Li Y et al. 2018; Xu
et al. 2015; Zhang et al. 2015; Fu et al. 2019). At the
national level, however, there lacks a comprehensive
overview on the molecular epidemiology and evolution of
HFMD-related enteroviruses.

Viral genetic diversity influences virus transmission and
epidemics (Vignuzzi e al. 2006; Anh et al. 2018; Wang C
et al. 2018). In the past decade, a large number of
molecular epidemiological investigations of HFMD were
conducted on EVA71 and CVA16 (Li et al. 2005; Mao
et al. 2010; De et al. 2011; Liu et al. 2014). Recent
molecular epidemiological data reported an increasing
prevalence of CVA6 and CVA10 (Xu et al. 2015; Zhang
et al. 2015; Song et al. 2017; Ji et al. 2018; Li J et al.
2018). In particular, CVAG6 cases appeared to have excee-
ded EVA71 cases in some regions in 2013 and 2015 (Lu
et al. 2012; He et al. 2013; Li J et al. 2014; Li Y et al.
2018; Bian et al. 2015; Xu et al. 2015; Song et al. 2017).
These imply that CVA6 and CVA10 have joined EVA71
and CVALI16 to be the predominant enteroviruses respon-
sible for HFMD in China (He et al. 2013; Xu et al. 2015; Li
J et al. 2018; Li Y et al. 2018). However, the genetic
diversity characteristics and the evolutionary history of
these four main HFMD-related enteroviruses (EVA71,
CVAL16, CVA6 and CVAI0) are poorly understood. Fur-
thermore, China has large geographic areas with different
seasonal patterns of HFMD incidence from North to South
(Xing et al. 2014; Mao et al. 2018). Whether certain
enteroviruses, or genotypes of the same enterovirus are
linked to different HFMD epidemic patterns remains
unclear.

To address these issues, we performed meta-analyses on
cohorts which have molecular epidemiological and enter-
ovirus sequence data available in the public databases. Our
results present a comprehensive overview of the recent
national epidemiology and evolutionary history of the
major enteroviruses that cause HFMD in China.
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Materials and Methods

Collection of Molecular Epidemiological Data
on HFMD in China

To obtain molecular epidemiological data on HFMD in
China, we first searched all HFMD-related papers pub-
lished both in English and Chinese between 1st January
2008 and 31st May 2018 using the keywords of “Preva-
lence” or “Detection” or “Outbreak” or “Epidemiology”
or “Epidemic” or “Epidemic characteristics” or “Evolu-
tion”, and “Hand food and mouth disease” or “HFMD” or
“Enterovirus”. The search for English papers was per-
formed in the PubMed Database and the Web of Science
(including conference proceedings). The Chinese litera-
tures were searched from China National Knowledge
Infrastructure (CNKI) and WanFang Database. In order to
cover all regions of China, we searched publications from
each province of China separately (including Hong Kong,
Macao and Taiwan). If no paper was found in a province or
municipality, further search was performed by cities in the
province in order of the capital and the second largest city,
or the names of the districts of the municipality. Only
papers reporting the molecular epidemiological data on
HFMD were kept. Because China (CDC) is responsible for
the management and running of the national surveillance
system for HFMD, to avoid possible data duplication, only
data published by China CDC and local CDCs were used.
If the data were reported by two or more papers, only those
described in the most recent paper were used. As a result, a
total of 64 publications, including 56 Chinese papers, and 8
English papers, were selected to decipher the molecular
epidemiological trend of HFMD in China (Supplementary
Table S1).

To analyze the national epidemiology of HFMD-related
enteroviruses, we separated China into seven large regions:
Northeast (Heilongjiang, Jilin, Liaoning), North (Inner
Mongolia, Beijing, Tianjin, Hebei, Shanxi), East (Shan-
dong, Jiangsu, Anhui, Zhejiang, Jiangxi, Fujian, Taiwan,
Shanghai), Central (Henan, Hubei, Hunan), South
(Guangdong, Guangxi, Hainan, Hongkong, Macao),
Southwest (Sichuan, Guizhou, Yunnan, Chongqing, Tibet),
Northwest (Xinjiang, Gansu, Qinghai, Shannxi, Ningxia)
based on the Chinese Geographical Division (Fig. 1). The
epidemiological data were analyzed by each region.

Sequence Data of Enteroviruses EVA71, CVA16,
CVA6 and CVA10 from China

To investigate the evolution of the four main enteroviruses
EVA71, CVA16, CVA6 and CVAL1Q, all available partial
VP1 sequences (Location: 2570-2872 nt in EVA71 Brer
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strain, accession number U05876) of enteroviruses identi-
fied in China were retrieved from GenBank database by
31st June 2018. The sequences were grouped into different
sets by provinces. After discarding erroneously annotated
sequences that share less than 60% identity with reference
sequences, and short sequences that overlap less than
270 nt with the partial VPI fragment, a total of 12,080
sequences were obtained. The sequences of each enter-
ovirus were aligned with reference sequences described in
previous studies (He et al. 2013; Zhang et al. 2015; Song
et al. 2017; Ji et al. 2018). The sequence alignments were
adjusted manually if needed, and subjected to the con-
struction of maximum likelihood (ML) trees. To minimize
the calculation during the ML tree construction, only one
representative sequence was kept if there were two or more
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Fig. 1 Geographic distributions of EVA71, CVAl6 and other
enteroviruses in China from 2008 to 2016. The case number in each
year is shown above each column. NEC, Northeast China; NWC,

e >

& b o —
L e [ |
\'~ I 60% [
40% =
]
20%
0%
Vs SIS R RN
1 [ S S [
»
>
P

Northwest China; NC, North China; CC, Central China; SC, South
China; SWC, Southwest China; EC, East China.

@ Springer


http://weblogo.berkeley.edu/

24

Virologica Sinica

Results

National Epidemiological Trend of Enteroviruses
Associated with HFMD in China from 2008
to 2016

China is administratively divided into seven large geo-
graphic regions, North, Northeast, Northwest, Central,
East, Southern, and Southwest China. To decipher the
national epidemiological trend of enteroviruses involved in
HFMD, we analyzed the distributions of EVA71, CVA16
and non-EVA71 and non-CVA16 enteroviruses in the
seven regions using data collected from 2008 to 2016. All
regions showed a consistent trend of enterovirus prevalence
(Fig. 1), with EVA71 and CVAI16 being the top two
enteroviruses responsible for HFMD in the early epi-
demics. A sharp decrease of EVA71 prevalence was
observed in China from 2008 to 2016, accompanied by a
relatively stable prevalence of CVAI16. The decrease
appeared to start from 2008 to 2009, with variation among
regions. Notably, there was a rapid increase in the preva-
lence of enteroviruses other than EVA71 and CVAI6
during the same period (Fig. 1), exceeding 50% of all
genotyped enteroviruses (i.e. exceeded EVA71 and CVA
16 combined) in South, East and Northeast China in recent
years, and implying that enteroviruses other than EVA71
and CVA16 have become the predominant agents of
HFMD.
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Fig. 2 Number of available partial VPI sequences of four main
enteroviruses in China. A total of 12,080 sequences were obtained
from GeneBank database by 31 June 2018. NEC, Northeast China;
NWC, Northwest China; NC, North China; CC, Central China; SC,
South China; SWC, Southwest China; EC, East China.
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Partial VP1 Sequences of Four Main HFMD
Enteroviruses in China

EVA71, CVA16, CVA6 and CVAI10Q are the four main
enteroviruses that cause HFMD in China. In the GenBank
database, a total of 12,080 partial VPI sequences of these
four enteroviruses were from China by June 2018. Among
them, EVA71 sequences accounted for 44.1%, more than
CVAL16 and other serotypes, representing the predominant
enterovirus for HFMD in the last decade in China (Fig. 2)
(Liu et al. 2015; Li Y et al. 2018). Interestingly, the pro-
portion of CVAG6 sequences was 27.2%, higher than that of
CVAL16 sequences (23.1%), reflecting the rapid rise of
CVAG6 prevalence recently. CVAIO has the least abun-
dance of 5.6% sequences.

Of note, the vast majority of the partial VPI sequences
were submitted from East China (e.g. Shanghai, Jiangsu, and
Fujian), North China (e.g. Beijing) and South China (e.g.
Guangdong), all of which are relatively developed areas.
Only a few sequences were submitted from relatively
undeveloped regions (e.g. Northwest and Northeast regions),
implying more concerns should be focused on these regions.

Evolutions of EVA71, CVA16, CVA6 and CVA10
in China

To reveal the evolutionary relationship of EVA71 strains
circulating in China, we re-constructed the phylogenetic tree
using 179 representative partial VPI sequences from 5331
EVAT71 sequences in China (Fig. 3). All EVA71 genotypes
A, B and C were found in China. Genotype C contains five
sub-genotypes C1-C5. Although the strains of C1-C3 and
C5 were also found, vast majority (98.4%) of the EVA71
strains belonged to C4 sub-genotype, representing the most
predominant strain (Fig. 3). Among the C4 sub-genotype,
three lineages C4.1-C4.3 were identified. Lineage
EVA71_C4.1 has a larger proportion (65.9%), with a longer
epidemic period (2003-2017) and a broader geographic
distribution than other lineages. Furthermore, a majority of
the EVA71_C4.1 strains appeared to be circulating in East,
North, Central and Southwest regions. Lineage EVA71_C4.2
accounted for 19.2%, and it was mainly prevalent in North
and South China, whereas lineage EVA71_C4.3 had a rela-
tively short epidemic in the South regions.

The ML tree of CVAL6 including 147 representative
partial VPI sequences from 2789 strains in China was
shown in Fig. 4. A vast majority of the CVAI16 strains
belonged to B1 sub-genotype (98.3%), representing the
most predominant strain. Two B1 lineages (B1.1 and B1.2)
were identified. Lineage CVA16_B1.1 was the most pre-
dominant strain, accounting for 63.4% of all B1 strains, and
widely distributed nationally (Fig. 4). The majority of
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Fig. 3 Phylogenetic relationship of EVA71 strains using 179 repre-
sentative partial VPI sequences from 5331 EVA71 sequences from
China. The representative sequences for more than 50 sequences
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CVAI16_B1.1 strains appeared to be circulating in East, The ML tree of CVAG6 including 68 representative par-
South and North China. Lineage CVA16_B1.2 accounted  tial VPI sequences from 3286 strains in China was shown
for about one quarter (24.8%), and it mainly circulated in  in Fig. 5. A vast majority of the CVAG strains belonged to
East, South, North and Southwest China (Fig. 4). D genotype (95.6%). As the most predominant strain,
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CVAG6_D strain was mainly circulating in East, North and
South regions (Fig. 5). CVA6_F genotype accounted for
about 4.3% of CVAG6 strains, and it was scattered in all
seven regions of China, indicating a sporadic epidemic.
The ML tree of CVAI10 including 47 representative
partial VPI sequences from 674 strains in China was
shown in Fig. 6. A vast majority of the CVA10 strains were
C sub-genotype (97.3%), representing the most predomi-
nant strains. The CVA10_C genotype first appeared in
2009, circulating mainly in East China. Interestingly,
before 2009, CVA10_F genotype was the main CVA10
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strain circulating in the South China, accounting for 2.7%
of all sequences (Fig. 6).

As shown in the phylogenic trees (Figs. 3, 4, 5, 6),
different genotypes of the same enterovirus have very short
genetic distance. Further comparison of amino acid
sequences of the partial VPI genes revealed no significant
difference among these main genotypes, except for CVA10
that has three amino acid differences between genotypes C
and F (Supplementary Fig. S1).
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Fig. 6 Phylogenetic relationship of CVAIOQ strains including 47
representative partial VPI sequences from 674 strains from China.
The representative sequences for more than 50 sequences sharing
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Co-circulation of Several Main Enterovirus
Lineages or Genotypes

Based on phylogenic analyses of EV71, CA16, CA10 and
CAG6, three EVA71_C4 lineages, two CVA16_B1 lineages,
two CVAG6 genotypes and two CVAI10Q genotypes were
identified as the major viral strains that cause HFMD epi-
demics in China (Figs. 3, 4, 5, 6). For each enterovirus,
there was one dominant lineage or genotype in a given
HFMD epidemic (Fig. 7A). Timeline analysis revealed that
EVAT7I has a longer epidemic period, and started to co-
circulate with the other lineages or genotypes of enter-
oviruses (i.e., CVA16, CVA6 and CVAI10) since 2009
(Fig. 7A). Further co-circulation analyses showed that
lineages and genotypes of the co-circulated enteroviruses
varied largely in different regions of China (Fig. 7B). In
Central and Southwest China, lineage EVA71-C4.1 was the
most predominant enterovirus co-circulating with other
enteroviruses. Of note, there were three to four predomi-
nant enterovirus lineages or genotypes co-circulating in
North, East, and South China with similar prevalence rates
(Fig. 7B). The top three lineages/genotypes were CVA6_D
(41.4%), EVAT1_C4.1 (30.7%), and EVA71_C4.2 (16.4%)
in North China, EVA71_C4.1 (31.2%), CVA16_Bl.1
(25.9%), and CVA6_D (25.5%) in East China, and
CVA6_D (37.1%), EVA71_C42 (27.1%), and
CVAI16_B1.1 (16.1%) in South China.

Discussion

A shift in the molecular epidemiology of enteroviruses
affects policy-making for the prevention and control of
HFMD in China. In this study, we present a meta-analysis

20 40 60 80

100 (%)

demonstrating a rapid increase in the prevalence of enter-
oviruses other than EVA71 and CVA16 from 2008 to 2016,
accompanied with a sharp decrease of EVA71 prevalence
in China (Fig. 1). These findings have several significant
implications on the virological surveillance of HFMD,
pathogenesis of enteroviruses and HFMD vaccine
development.

First, the overall trend in molecular epidemiology of
HFMD-related enteroviruses suggests that more virological
surveillance efforts should be focused on the enteroviruses
other than EVA71 and CVAI16 in the future (Li Y et al.
2018). During the early phase of HFMD epidemic in
China, the majority of the cases were caused by EVA71
and CVAL16. To identify the causative agents of HFMD,
especially for severe cases, it is mandatory to test for
EVA71 and CVAI16 infection using specific RT-qPCR
assays or serological tests accordingly to the existing
national virological surveillance guideline. Although the
detection of enteroviruses other than EVA71 and CVA16
by a universal RT-qPCR assay was also performed in a few
regions, certain serotypes cannot be distinguished by
specific RT-qPCR assays or Sanger sequencing (Xing et al.
2014). In view of the fact that CVA6 and CVAI10 had a
rapidly increasing prevalence in recent years (Fig. 1), a
pan-enterovirus detection kit with universal primer sets has
recently been developed (Shen et al. 2018; Wang M et al.
2018). Our results support its deployment.

Second, more molecular epidemiological efforts should
be focused on enteroviruses other than EVA71 and
CVALG6, especially in undeveloped regions of China.
Compared to EVA71, far fewer partial VPI sequences were
available from CVAI16 and other enteroviruses (Fig. 2),
limiting the capacity for a better understanding of the
evolution of enteroviruses other than EVA71. Furthermore,
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according to geographic distribution, a vast majority of the
sequences were from the developed regions (e.g. Beijing,
Shanghai, Guangdong, Jiangsu and Fujian), whereas far
fewer sequences were from the undeveloped regions,
especially from the national border provinces. HFMD is a
serious public health threat not only to China, but also to
other Asia countries (Van Tu et al. 2007; Khanh et al.
2012; Nguyen et al. 2014; Sabanathan et al. 2014; Duong
et al. 2016; Kim et al. 2016; Koh et al. 2016; NikNadia
et al. 2016). In particular, some large HFMD outbreaks
occurred in recent years in the neighboring countries
including Korea, Russia, Vietnam, and Cambodia. More-
over, a few studies have suggested a cross-border trans-
mission of enteroviruses among Southeast Asia countries
(Tee et al. 2010; Geoghegan et al. 2015). To better clarify
the cross-border transmission of enteroviruses, more viral
sequences from these national border provinces (e.g.
Yunnan, Guangxi, Liaoning, efc.) will be very helpful.

In addition to the partial gene sequences, full-length
genomic sequences can provide more information on the
genetic determinants of viral biological traits (virulence,
fitness, pathogenicity, efc.), and the evolutionary history
(origin, transmission, and recombination events, efc.) of
certain enterovirus (Simmonds and Welch 2006; Zhang
et al. 2013; Geoghegan et al. 2015). A vast majority of
severe (60%) and fatal (90%) cases of HFMD was caused
by EVA71 (Liu et al. 2015); however, no significant dif-
ference was observed in the EVA71 genomic sequences
between the mild and severe HFMD cases (Zhang et al.
2013), suggesting that the genomic characteristics of
EVAT71 was not the main determinant of disease severity.
Apart from EVA71, about 9% fatal cases were associated
with the enteroviruses other than EVA71 and CVA16 (Liu
et al. 2015). Which enterovirus causes deaths and whether
it carries special genetic traits are important questions for
further molecular epidemiological investigation and com-
parative genomic analysis. In recent years, the decreasing
cost of next generation sequencing (NGS) makes it possible
to easily obtain viral genomic sequences from clinical
samples (Geoghegan et al. 2015). Genomic sequencing of
enteroviruses (especially for those that are not EVA71 and
CVAL16) using NGS is also especially encouraged.

Third, monovalent or multivalent vaccine against
enteroviruses other than EVA71 (e.g. CVA6, CVA16, and
CVA10) should be developed. Vaccination is the most
effective way to protect younger children from HFMD in
the absence of an effective antiviral drug. Currently, only
three highly efficacious monovalent EVA71 vaccines were
licensed in China in late 2015, and these EVA71 vaccines
did not show cross-protection against other serotypes
including CVA16 (Zhu et al. 2013; Li R et al. 2014). The
sharply decreasing prevalence of EVA71 and rapidly
increasing contribution of enteroviruses other than EVA71
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and CVA16 to HFMD urgently call for development of
monovalent or multivalent vaccine against CVA6, CVAL1S6,
and CVAIO0 in addition to EVAT71. It is interesting to note
that EVA71 prevalence decreased gradually from 2009 to
2016, before the wide deployment and licensure of EVA71
vaccines. Reduced viral diversity was previously demon-
strated to lead to lower viral virulence and fitness (Furio
et al. 2005). Compared to CVA6, CVA16, and CVAIQ,
EVAT7I appears to have a lower mutation rate (Lukashev
and Vakulenko 2017). A relatively lower viral diversity of
EVAT7I1 might reduce its fitness and transmissibility, which
provides a potential explanation for the decrease of EVA71
prevalence. In contrast, higher viral diversity may con-
tribute to the increase of CVA6 prevalence (Lukashev and
Vakulenko 2017; Anh et al. 2018).

RNA viruses have high mutation rate. Another impor-
tant finding of this study is that one genotype of each
enterovirus contributed to the main HFMD epidemic in a
given geographic location (Figs. 3, 4, 5, 6, 7). Each
enterovirus was classified into different genotypes or sub-
genotypes. Sub-genotypes EVA71_C4, CVAIl6_Bl,
CVAG6_D and CVA10_C were found to contribute to over
90% of all HFMD cases caused by the four serotypes. This
information is beneficial to the HFMD vaccine develop-
ment. In addition, we identified three lineages in EVA71
sub-genotype C4 and two lineages in CVA16 sub-genotype
B1. The lineages EVA71_C4.1 and CVA16_B1.1 con-
tributed to 65.9% and 63.4% of the HFMD cases caused by
the corresponding enterovirus, respectively (Figs. 3, 4).
RNA viruses in general exist as quasispecies, and some
variants with specific genetic changes in their genome can
alter their virulence, transmissibility and pathogenicity
(Sanz-Ramos et al. 2008; Anh et al. 2018). To address
whether the predominant lineages were associated with
some special genetic changes, we compared the consensus
amino acid sequences between different lineages. No sig-
nificant difference was observed for EVA71, CVA16 and
CVAG6 (Supplementary Fig. S1), giving no support to the
hypotheses that greater fitness associates with specific
lineage, but implying the results represent simply a foun-
der’s effect. Whether herd immunity in the population
drives the evolution of various enterovirus lineages needs
further investigation. Interestingly, we found there were
three amino acid differences between CVA10 genotypes C
and F. Whether the three amino acid changes were the
genetic determinants for the predominance of genotype C
requires further experimental investigation. Furthermore,
because only partial VPI sequences were analyzed, chan-
ges in other genomic regions need to be determined in the
future.

A distinct geographic distribution was observed for
EVAT71, CVA16, CVA10 and CVAG (Fig. 7); however, the
distribution was not obviously different between South and
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North China, despite there were two seasonal peaks in
South regions but only a single-peak in North regions
(Xing et al. 2014; Mao et al. 2018). Higher proportions of
EVA71_C4.1 were found in Southwest (81.1%) and Cen-
tral (72.4%) China, where a few other enterovirus strains
co-circulated. In contrast, higher proportions of
CVA16_B1.1 and CVA6_D strains were observed in
South, East and North China. Importantly, co-circulation of
four enteroviruses with similar proportions in South, East
and North China might be associated with higher popula-
tion density of children and contributed to higher HFMD
incidence in these areas (Huang et al. 2014; Wang et al.
2016). On the other hand, the co-circulation of these
enteroviruses also provided a ready opportunity for
recombination between different enteroviruses (Simmonds
and Welch 2006). Indeed, some recombinants of enter-
oviruses had been identified in East and South China (e.g.
Shandong, Jiangsu, Shanghai and Taiwan) (Hu et al. 2011;
Zhang et al. 2015). Apart from the four main serotypes,
some rare serotypes were also co-circulating with the four
main enteroviruses in some regions (Lu et al. 2012; Guan
et al. 2015; Li et al. 2017), suggesting the possibility of
generation of new recombinants. Recombination plays a
crucial role in the evolution of enterovirus (Simmonds and
Welch 2006). The hot spots for enterovirus recombination
are often located in the 2A/2B genomic regions (Nikolaidis
et al. 2018). Because the analyzed sequences are predom-
inantly represented by partial VP genomic region, some
circulating enterovirus recombinants may be missed by this
and other studies. To find potential recombinants, full-
length genomic sequence analyses are needed. In areas
where scientific and fiscal resources are limited, an alter-
native simple strategy of amplifying and sequencing the
2A/2B genomic region is strongly encouraged.

This study has two limitations. First, there were very
limited sequences available from some undeveloped areas
in China and thus the presentation of spatial and temporal
distribution in these regions may not be precise. Second,
because full-length genomic sequences (including
untranslated regions) that offer more comprehensive
information on genetic and evolution of enteroviruses are
mostly not available, we only studied VPI sequences.
Given the findings and limitations of this study, future
studies should be focused on CVA16 and other enter-
oviruses especially in some undeveloped areas with full-
length genomic sequencing. Furthermore, comparative
analyses of sequences and phylogenetic relationships
between enteroviruses from China and global strains, and
seroepidemiologic investigations on the correlation
between the circulating enterovirus strains and the preva-
lence of the relevant enterovirus-specific antibodies in the
population should also be encouraged.

In summary, we report a rapid increase of other enter-
oviruses in accompany with a sharp decrease of EVA71
prevalence in China from 2008 to 2016. In addition, we
find that four genotypes EVA71_C4, CVAI6_BI,
CVA6_D and CVA10_C contributed to over 90% of all
HFMD cases in China. The epidemiological and evolu-
tionary information of the four main enteroviruses have
significant implications for virological surveillance, disease
management and vaccine development, and provide sci-
entific basis for policy-making on the prevention and
control of HFMD.
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