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Background: Hand, foot and mouth disease (HFMD) is usually caused by EVA71 and CVA16 except for a
few cases that are caused by non-EVA71 non-CAV16 enteroviruses. Coxsackievirus B3 (CVB3) is mostly
associated with myocarditis, occasionally with HFMD.
Methods: The partial VP1 gene of enteroviruses were amplified and sequenced from 610 throat swabs
from clinically confirmed HFMD children. All available CVB3 near full-length genomic and VP1 sequences
were downloaded from GenBank. Phylogenetic and distance analyses were performed using MEGA 7.0.
Results: A total of 238 partial VP1 sequences were obtained, including 93 EVA71 (39%), 79 CAV16 (33%), 29
CVB3 (12%), 24 CVAG6 (10%), and 13 other enterovirus serotypes (5.5%). CVB3 is classified into seven
genotypes A-G according to phylogenetic and distance analyses. All CVB3 strains from Zhenjiang
belonged to genotype A. In contrast to other genotypes that are prevalent in Europe and other regions of
China, and often associated with aseptic meningitis and myocarditis, CVB3 genotype A strains identified
in Zhenjiang were only detected among HFMD patients.
Conclusions: This high prevalence of CVB3 genotype A among HFMD children has never been reported.
This phenomenon has revealed a new epidemic trend of CVB3 among HFMD in China, and it has
epidemiological implications for monitoring the epidemic risk of CVB3.
© 2019 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Introduction

that are prerequisites for the genotyping of viruses (Smith et al.,
2014). CVB3 has a global distribution and is one of the most

Coxsackievirus B3 (CVB3) is a pathogenic enterovirus that
belongs to the genus Enterovirus of the family Picornaviridae
(Lukashev and Vakulenko, 2017). It was previously divided into five
genotypes by alphabetical (A-E) or Roman numeral (I-V) orders
(Chu et al., 2010; Laxmivandana et al., 2016; Calderon et al., 2016;
Tao et al., 2012; Tian et al., 2014; Wong et al., 2011), but lacked
supporting evidence from both phylogenetic and distance analyses
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common pathogens causing aseptic meningitis, encephalitis,
myocarditis and acute flaccid paralysis (Henke et al., 2003; Kim
and Nam, 2010); it can result in serious complications especially in
neonates and immunocompromised patients (Bendig et al., 2003;
Spanakis et al, 2005). The pathogenesis of CVB3 in viral
myocarditis was well demonstrated in various mouse models
(Garmaroudi et al., 2015).

Hand, foot and mouth disease (HFMD) is a common febrile
illness of early childhood, characterized by fever and skin eruptions
on the hands and feet, and vesicles in the mouth (Ooi et al., 2010).
HFMD is usually caused by EVA71 and CVA16, and some cases
caused by EVA71 can manifest severe central nervous system
disorders (Liu et al., 2015). Previously, only a few HFMD cases were
reported to be caused by CVB3 infection in China, but the
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proportion of each viral species among HFMD patients had
undergone dynamic change over the past few years (Tian et al.,
2014; Yao et al., 2015). In particular, a high prevalence of CVB3 was
recently observed among HFMD patients in the Jiangsu province of
China (Yao et al., 2015).

We previously reported the prevalence of EVA71 and CVA16, as
well as non-EVA71 non-CAV 16 enterovirus, in children with HFMD
in Zhenjiang city, Jiangsu province, during 2011-2016 using RT-
qPCR with specific or universal primers (Mao et al., 2018). In this
study, we further analyzed the genotype distribution of CVB3
among children with HFMD in a different city of the same Chinese
province, and discovered a high prevalence of CVB3 genotype A
during 2011-2016.

Materials and methods
Symptoms and definition of HFMD

The HFMD cases were clinically diagnosed according to the
guidelines issued by the National Health Commission of China. In
brief, HFMD cases were clinically confirmed if a patient had
maculopapular or vesicular rash on the hand, foot, mouth, and
buttocks with or without fever. Severe HFMD cases were defined as
having neurological complications (e.g. aseptic meningitis, en-
cephalitis, acute flaccid paralysis, pulmonary oedema or cardiore-
spiratory failure).

RNA extraction and amplification
A total of 610 throat swabs were subjected to the amplification

and sequencing of the partial VP1 fragment. Viral RNA was
extracted from 140 pl swabs using TRIzol™ LS Reagent (Thermo
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Fisher Scientific, Waltham, MA, USA). RNA was reverse transcribed
into cDNA by the SuperScript Il reverse transcriptase kit
(Invitrogen, Carlsbad, CA, USA). The partial VP1 gene fragment
(2570-2872nt in EVA71 Brcr strain, accession number U05876)
was amplified using a nested-PCR assay (GenStar Co., Ltd, Beijing,
China) with universal primers described previously (Nix et al.,
2006). The amplicon was sent to Shanghai Sunny BioTechnologies
Co., Ltd for bidirectional DNA sequencing. A total of 238 partial VP1
sequences were obtained from 610 samples. Of them, 202
sequences are available on GenBank with the accession numbers
MK291925-MK291948 and MK604459 for CVB3, MK321960-
MK322046 for EVA71, MK322317-MK322327 for CVA6, and
MK322328-MK322407 for CVA16. Other sequences are pending
assignment of GenBank accession numbers.

There were 372 samples that failed to generate partial VP1
sequences, including 65 with too low concentration of amplicon
for Sanger sequencing, 41 with double/mixed peaks in sequencing
chromatograms and 266 failures in VP1 amplification. High failure
rate in amplification was mainly ascribed to low virus titer or low
quality by long-term storage or freezing and thawing.

Phylogenetic analysis

All 63 near full-length CVB3 genomic sequences available in
GenBank were downloaded on 3 February, 2019, and 61 with a
length of more than 5000 nt were used in the phylogenetic analysis
of genomic sequences. The VP1 sequences from 63 full-length
genomic sequences were subjected to the phylogenetic analysis of
VP1 gene, together with 12 additional VP1 sequences from
Shandong, Taiwan and Zhenjiang of China. All available partial
VP1 sequences of CVB3 in GenBank were downloaded by the end of
October 2018 and used in the phylogenetic analysis with the
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Figure 1. Geographic distributions of CVB3 and other non-EVA71 and non-CVA16 enteroviruses in China. All genotype data were based on the VP1 sequence analyses. The

CVB3 strains in Zhenjiang belonged to genotype A, while strains from Shijiazhuang ci

ty in Hebei province and three counties in Jiangsu province belonged to genotype G. The

genotypes of CVB3 from other regions were not determined because of a lack of available sequences. JS: Jiangsu, LN: Liaoning, HeB: Hebei, SD: Shandong, HeN: Henan, NX:

Ningxia, HuN: Hunan, FJ: Fujian, GZ: Guizhou, GD: Guangdong; Prov.: Province. Th

e sources of the data are listed in Supplementary Table S1.
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sequences from Zhenjiang. The maximum likelihood (ML) tree was
constructed using MEGA7.0 with 1000 bootstrap replications.
There were 317 partial VP1 sequences, including 29 CVB3
sequences from Zhenjiang. All Zhenjiang sequences belonged to
genotype A. Because of shorter sequences (about 300nt), five
Zhenjiang sequences were excluded from the ML tree analysis. In
addition, to minimize the calculation during the ML tree
construction, if there are two or more sequences of CVB3
genotypes B-G having higher genetic similarity of more than
99%, only one sequence was kept (i.e. with a genetic distance of less
than 1%). The total number of high-similarity sequences was
labeled following the name of each representative sequence. After
removing, 202 CVB3 sequences were subjected to the ML tree
construction. The removing process was performed using Python
scripts.

Results
Detection of CVB3 among HFMD children in Zhenjiang

To characterize the genotype diversity of HFMD-associated
enteroviruses in this cohort, 610 throat swabs that were previously
detected as positive for enteroviruses (including 173 EVA71, 200
CVA16, and 237 other enteroviruses) were selected for the
amplification and sequencing of the partial VP1 fragment. A total
of 238 partial VP1 sequences were obtained, including 93 from
EVA71, 79 from CVA16, and 66 from non-EVA71 and non-CAV16
enteroviruses.

To classify the genotypes of the above enteroviruses, a
phylogenetic analysis was performed. Ninety three EVA71 (39%),
79 CAV16 (33%), 29 CVB3 (12%), 24 CVA6 (10%), and 13 other
enterovirus serotypes (5.5%) were identified. This high proportion
of CVB3 among HFMD children was less likely due to preferential
amplification for CVB3 because the universal primers bind to
complementary sequences on all five main enteroviruses
(Supplementary Figure S1), albeit we have not yet performed
experiments to formally exclude this possibility. Among non-
EVA71 and non-CVA16 enteroviruses, CVB3 was the most common
one, accounting for 44%. This is distinct from HFMD patients in
other regions of China where either CVA6 or CVA10 were the 3rd
most common enteroviruses following EVA71 and CVA16 (Li et al.,
2018) (Figure 1).

Among the 29 CVB3 sequences, 20 were obtained from HFMD
boys and 9 from girls, with a male to female ratio of 2.2. The
seasonal distributions showed that CVB3 positive cases peaked in
August in Zhenjiang (Figure 2).
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Figure 2. The seasonal distributions of HFMD and CVB3 positive cases in Zhenjiang,
2011-2016.

Comparison of CVB3 prevalence in China

In the Chinese national virological surveillance system, all
HFMD cases in China are required to be tested for EVA71 and
CVAI16 using specific RT-qPCR assays. The genotyping of the other
enteroviruses is not mandatory and the method of choice can be
Sanger sequencing plus phylogenetic analysis (Oberste et al., 1999).
To characterize the overall profile of CVB 3 prevalent in China, we
retrieved all available genotyping data of non-EVA71 and non-
CVA16 enteroviruses, and compared the proportion of CVB3
among these non-EVA71 and non-CVA16 enteroviruses in different
regions. The proportion of CVB3 varied from 0% to 14% in other
provinces, all significantly lower than that in Zhenjiang city (43%)
(P <0.05) (Figure 1). Furthermore, CVB3 accounted for 26% of non-
EVA71 and non-CVA16 enteroviruses in three northern counties of
Jiangsu, but it was not found in another northern city, Yancheng, of
the same province (Figure 1).

Phylogenetic classification of CVB3

In principle, a combination of phylogenetic and distance
analyses should be used for the genotyping of viruses (Smith
etal., 2014), and enterovirus genotypes should be equidistant from
one another at the genomic level or at least in the VP1 gene
(Lukashev et al., 2018). To clearly define the genotypes of CVB3, we
constructed maximum likelihood (ML) trees using all available
near full-length genomic sequences of CVB3 and their VP1
sequences with an additional 12 VP1 sequences from Taiwan
and Zhenjiang of China, Germany and Indonesia (Figure 3). The VP1
tree showed that CVB3 was genetically divided into seven clades
with bootstrap values of 98-100%, and defined as genotypes A to G
(Figure 3A and Supplementary Figure S2), in keeping with the
classifications of EVA71 and CVA16. Except for genotype D which
lacks available full-length genomic sequences, all genotypes are
supported by the phylogeny of full-length genomic sequences
(Figure 3B). The classification of CVB3 was further supported by the
distance analysis that showed mean genetic similarities of 89.2-
99% within genotypes and 74.6-81.5% between genotypes (Table 1).
We then characterized the genetic diversity among CVB3 strains
circulating in Zhenjiang by reconstructing the phylogeny of CVB3
with all available partial VP1 sequences from GenBank. All
Zhenjiang CVB3 sequences shared 98-100% identity and fell into
genotype A, while a vast majority (90%) of CVB3 strains from other
regions of China fell into genotype G (Figure 4). Amino acid
sequence analysis showed that there are 20, 24 and 19 amino acid
differences between genotypes A and G in P1, P2 and P3 proteins,
respectively (Supplementary Figure S3).

Global characteristics of CVB3 diversity and epidemiology

CVB3 had been detected among patients with meningitis,
encephalitis and myocarditis, and mostly of genotypes G and C
(Table 2). In Asia, most CVB3 cases reported in China were
genotype G, whereas in Europe most CVB3 strains belonged to
genotype C with a small proportion of genotype G (Table 2 and
Figure 4). Other than being associated with heart or neurological
diseases, CVB3 was also detected among mild HFMD patients,
especially in China (Table 2), and most strains were genotype
G. Interestingly, we found that all CVB3 strains among HFMD
patients in Zhenjiang were genotype A (Figure 4), distinct from
that in other countries or regions.

Discussion

Despite the fact that CVB3 has been associated with various
diseases, whether its genotypes co-segregate with any unique
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Figure 3. Genotype classification of CVB3 based on VP1 and near full-length genomic sequences. All 63 near full-length genomic sequences available in GenBank were
downloaded on January, 2019, and 61 with a genomic sequence of more than 5000 nt were used in the phylogenetic analysis. All 63 full-length genomic sequences were
subjected to the phylogenetic analysis of VP1 gene, together with 12 additional VP1 sequences from Shandong, Taiwan and Zhenjiang of China. After moving 10 identical
sequences, there were 65 sequences shown in the ML tree of VP1 gene. The ML tree of all available VP1 sequences from GenBank is shown in Supplementary Figure S1.

Table 1
Genetic similarity and distance among seven genotypes of CVB3.
Genotypes A B C D E F G
A 99.0% (0.010 +£0.001)
B 79.6% (0.204 +0.017) 96.1%
(0.039 +£0.007)
C 74.6% (0.254 £ 0.019) 75.4% 89.2%
(0.246 +0.017) (0.108 +0.009)
D 76.0% (0.240 +0.018) 76.3% 79.3% 94.1%
(0.237 +£0.016) (0.207 +£0.0170) (0.059 +£0.006)
E 74.7% (0.253 £ 0.022) 76.6% 78.5% 79.4% 98.1%
(0.234+0.017) (0.215+0.015) (0.206 +£0.017) (0.019 +£0.002)
F 75.1% (0.249 £ 0.019) 76.1% 78.9% 80.2% 81.5% 93.5%
(0.239+0.018) (0.211 +£0.015) (0.198 +0.016) (0.185+0.015) (0.065 +0.008)
G 74.7% (0.253 £0.017) 77.7% 78.3% 79.7% 80.3% 80.9% 91.7%
(0.223+£0.017) (0.217 £0.013) (0.203 £0.015) (0.197 £0.015) (0.191+£0.014) (0.083 +0.006)

Note: Mean distance plus standard error are shown in parentheses. The analyses were performed using MEGA 7.0.

disease has been previously unknown. In this study, we
phylogenetically classified CVB3 into seven genotypes (A-G) based
on both phylogenetic and distance analyses, and reported a high
prevalence of CVB3 genotype A among HFMD patients in
Zhenjiang, China, during 2011-2016. Distinct from genotype G
in other regions of China and genotypes G and C in other countries
and causing aseptic meningitis and myocarditis, CVB3 genotype A

strains identified here were only detected among HFMD patients
with mild symptoms. The results provide new insights into the
epidemiology and evolution of CVB3.

A high prevalence of CVB3 has been repeatedly found in
Chinese patients with HFMD (Tian et al., 2014; Yao et al., 2015),
especially those of genotype A. Of the five earlier CVB3 genotype
A strains identified, three were isolated from patients with
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Figure 4. Phylogenetic tree of all available CVB3 partial VP1 sequences from GenBank. To minimize the calculation during the ML tree construction, only one representative
sequence was kept if there were two or more sequences with a genetic distance of less than 1%. A total of 202 sequences are shown in the ML tree. The number of high-
similarity sequences was labeled after the name of each representative sequence. The strains from Zhenjiang are highlighted by blue, and the strains from other regions of
China are labeled by colored triangles. The strains from other countries are highlighted by arrows.

myocarditis or central nervous system disease. The other two
genotype A strains identified in Beijing and Heilongjiang were not
known to have an association with HFMD. In contrast, the
majority (over 80%) of the genotype G strains were isolated from
patients with aseptic meningitis or myocarditis, and only a few
were from HFMD patients (Chu et al., 2010; Tao et al., 2012, 2014;
Wong et al., 2011). These results indicated that the CVB3 infection
is not only a pathogenic factor in heart and neurological diseases,
but also in HFMD.

This conclusion is further supported by continuous circulation of
genotype A in the study population. The 29 CVB3 genotype A strains
detected in Zhenjiang were dispersed roughly evenly during the five
years between 2011 and 2016 (1,4, 8,4 and 12 for eachyear). This was
associated with a unique seasonal pattern of HFMD epidemic in the
same city, in which there were either one or two epidemic peaks in
alternate years (Mao et al., 2018). The majority (62.1%, 18/29) of the
CVB3 genotype A infections occurred during August and September,
whereas the other enteroviruses (e.g. EVA71 and CVA16) peaked at
different seasons (Mao et al., 2018).

Gender and age appear to be determinants of susceptibility to
enterovirus infection in this study cohort. Similar to the predomi-
nance of male subjects to infections by other HFMD-associated
enteroviruses (Liuetal.,2015), we obtained 20 CVB3 sequences from
boys, but only 9 from girls. The male to female ratio was 2.2,
consistent with our previous observation of a slight male

predominance in the incidence of HFMD in the same city (Mao
et al., 2010), and suggested that males were generally more
susceptible to infection by CVB3 and other HFMD-associated
enteroviruses than females (Chu et al., 2010; Liu et al., 2015). Patient
age ranged from 10 to 63 months (median 35 months), which was
substantially higher than thatreported by Chuetal.(Chuetal.,2010).
Only 4(13.8%) patients were under the age of one year, again different
from the previous observations that the majority (60-80%) of the
children with CVB3-related myocarditis was younger than one year
old(Chuetal.,2010; Calderonetal.,2016). The major reason might be
that myocarditis is more likely to occur before the age of one,
whereas HFMD is typical in older children.

Enterovirus infection can cause a broad spectrum of clinical
syndromes ranging from HFMD, diarrhea, viral myocarditis,
encephalitis, aseptic meningitis and upper respiratory tract
infection (Mao et al., 2016). As one of the most common
enterovirus strains associated with myocarditis (Henke et al.,
2003; Kim and Nam, 2010), CVB3 was found to be responsible
for the aseptic meningitis outbreak in Shandong (1996, 2000-
2002, 2005, and 2008) and Hong Kong (2005 and 2008), as well
as some sporadic cases in other regions of China (Chu et al.,
2010; Tao et al., 2012, 2014; Wong et al., 2011; Gao et al., 2016).
In this study we report the detection of a high prevalence of
CVB3 genotype A among HFMD patients in Zhenjiang city. In
contrast to genotype G, which often causes aseptic meningitis
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Table 2
Global characteristics of CVB3 diversity and epidemiology.
Continent Country Province (city) Period Symptoms Case Percentage Genotype®
number? (number)
Asia China Beijing 2008 Hospital-acquired acute 1 - NA
myocarditis
Shandong 1999-2010 Acute flaccid paralysis 72 81.9(59) G
Aseptic meningitis 9.7(7)
HFMD 2.8(2)
Other symptoms 5.6(4)
2012 Acute myocarditis 1 - G
Yunnan 1997-2004 Acute flaccid paralysis 9 - G
Hong Kong 1999-2008 Aseptic meningitis 17 29.4(5) C/G
Myocarditis 5.9(1)
Other symptoms 64.7(11)
Taiwan 1992-2005 Aseptic meningitis 29 13.8(4) D/G
CNS involvement 13.8(4) D
Other symptoms 72.4(21) -
2000-2005 Nonspecific febrile 896 - NA
Neonatal sepsis
Northern Taiwan 1999-2006 Aseptic meningitis 107 11.2(12) NA
Encephalitis 7.5(8)
Hand-foot-mouth disease 4.7(5)
Other symptoms 76.6(82)
Hebei 2010-2012 HFMD* 26 - G
Liaoning and Shandong 2009-2016 HFMD¢ 3 - G
Jiangsu (Zhenjiang) 2011-2016 HFMD® 29 A
Jiangsu (three counties) 2012-2013 HFMD* 15 - G
Guizhou and 2015-2016, 2008- HFMD® 4 - G
Guangdong 2009
India All area 2009-2010 Aseptic meningitis - NA
South-western area 2009-2010 Acute flaccid paralysis 15 66.7(10) E/F
Asymptomatic contacts 33.3(5)
Indonesian - 2006-2009 Undifferentiated febrile 1 - D
Thailand - 1987-1989 Myopericarditis 24 - NA
Europe Spain - 2004-2014 Meningitis 50 36(18) C/G
Undifferentiated febrile 26(13)
Encephalitis, Meningoencephalitis 16(8)
Myocarditis, Pericarditis 8(4)
Other symptoms 14(7)
Germany All area 2011 Neonatal encephalitis 1 - G
Western area 2000-2005 Meningitis, Encephalitis 7 - NA
France - 2005 Meningitis 5 60(3) NA
Myopericarditis 20(1)
Sudden infant death syndrome 20(1)
2000-2004 Acute myocarditis and pericarditis 65 - NA
Africa West Africa 2013-2014 Acute flaccid paralysis 2 NA
North United - 1983-1998 Mild symptoms 1945 93.3(1815) NA
America States Fatal cases 6.7(130)

Hand foot and mouth disease: HFMD; NA: No available VP1 sequences.

2 The number of CVB3 positive samples were derived from the references listed in Supplementary Table S2.
" The genotypes CVB3 were determined based on reference sequences shown in Figure 2A.

¢ The CVB3 cases were from the HFMD surveillance system.

and myocarditis, CVB3 genotype A viruses identified in this
study were only detected among HFMD patients with mild
symptoms. Because only HFMD patients were screened in this
study, our data do not provide information on whether CVB3
genotype A was also circulating among patients with aseptic
meningitis and myocarditis in Zhenjiang. Given the association
of CVB3 infection with aseptic meningitis and myocarditis,
HFMD patients should also been monitored closely for the risk
of the development of heart or neurological diseases (Henke
et al, 2003). Furthermore, CVB3 genotype A differs from
genotype G by 20, 24, and 19 amino acids in P1, P2 and P3
proteins, respectively. The potential role of various genotypes
in the pathogenesis of CVB3-associated diseases should be
considered.

HFMD caused by enteroviruses have evolved to include
multiple virus species in China (Lu et al., 2012; Zhang et al,,
2015). Our finding of a high prevalence of the CVB3 genotype A in
Zhenjiang might suggest a new epidemic trend, if CVB3 genotype A
could be found in surrounding cities of Zhenjiang (e.g. Nanjing and

Yangzhou). Therefore, a continuous epidemiological surveillance is
needed to monitor the epidemiology of CVB3.
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