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Abstract

Background: Coxsackievirus B3 (CV-B3) is usually associated with aseptic meningitis and myocarditis; however, the
association between CV-B3 and hand, foot, and mouth disease (HFMD) has not been clearly demonstrated, and the
phylogenetic dynamics and transmission history of CV-B3 have not been well summarized.

Method: Two HFMD outbreaks caused by CV-B3 were described in Hebei Province in 2012 and in Shandong
Province in 2016 in China. To analyze the epidemiological features of two CV-B3 outbreaks, a retrospective analysis
was conducted. All clinical specimens from CV-B3 outbreaks were collected and disposed according to the standard
procedures supported by the WHO Global Poliovirus Specialized Laboratory. EV genotyping and phylogenetic
analysis were performed to illustrate the genetic characteristics of CV-B3 in China and worldwide.

Results: Two transmissible lineages (lineage 2 and 3) were observed in Northern China, which acted as an
important “reservoir” for the transmission of CV-B3. Sporadic exporting and importing of cases were observed in
almost all regions. In addition, the global sequences of CV-B3 showed a tendency of geographic-specific clustering,
indicating that geographic-driven adaptation plays a major role in the diversification and evolution of CV-B3.

Conclusions: Overall, our study indicated that CV-B3 is a causative agent of HFMD outbreak and revealed the
phylogenetic dynamics of CV-B3 worldwide, as well as provided an insight on CV-B3 outbreaks for effective
intervention and countermeasures.

Keywords: Enterovirus, CV-B3, Molecular epidemiology, HFMD

Background
Coxsackievirus B3 (CV-B3), which belongs to the genus
Enterovirus and family Picornaviridae, is an important
pathogen that causes several infectious diseases, ranging
from a mild febrile syndrome or respiratory illness to
aseptic meningitis, myocarditis, and encephalitis [1, 2].
Since 1987, when the full-length genome of CV-B3 was
first reported, several outbreaks caused by CV-B3 were

reported in different parts of the world [3]. Repeated
outbreaks of aseptic meningitis and myocarditis caused
by CV-B3 have been frequently reported [4–6]. Further-
more, the epidemiological data and incidence of CV-B3
in infants and children have also been investigated in a
prospective cohort study in Jiangsu Province, China [7].
In Yantai city of China, a seroprevalence study of CV-B3
indicated that children aged < 5 years were the most sus-
ceptible population and that CV-B3 is widely distributed
in the population of children, with a seroprevalence of
52.3% [8]. CV-B3 was also isolated from cases of acute
flaccid paralysis in India and underwent frequent recom-
bination with other enteroviruses [9]. In Spain, neuro-
logical and respiratory diseases caused by CV-B3 were
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detected in 10% of positive myocarditis cases from 2004
to 2014, including two fatal myocarditis cases [10]. In
the United States, 5.4% of fatal cases were associated
with CV-B3 infections during 1970–2005 [11], whereas
enterovirus surveillance studies in other countries, such
as Germany and France, reported the prevalence of CV-
B3 between 1 and 6.5%, depending on the year and
country [10, 12, 13].
However, other molecular epidemiological reports of

CV-B3 were only on the sporadic detection of CV-B3 in
China and other Asian countries and did not systematic-
ally summarize the evolutionary and transmission his-
tory in the world. Other reports on phylogenetic analysis
using the partial VP1 coding region did not clearly ac-
count for the evolutionary dynamics and epidemiological
characteristics of CV-B3 [10, 14]. Several studies have
shown that CV-B3 is associated more with aseptic men-
ingitis, myocarditis, and mild flu-like illness, while only a
few studies definitely demonstrated the association be-
tween CV-B3 and hand, foot, and mouth disease
(HFMD); however, these did not help us clearly under-
stand the epidemiological characteristics to prevent this
disease. This study aimed at overcoming the limitations
of previous studies by providing a clear interpretation.
In the summer of 2012 and 2016, two outbreaks of

CV-B3 infections associated with HFMD were detected
in Hebei and Shandong Province, China, respectively.
Although the number of cases were less than the pa-
tients infected by enterovirus A71 (EV-A71), coxsackie-
virus A16 (CV-A16) and coxsackievirus A6 (CV-A6)
[15–23], genetically linked CV-B3 were detected in
HFMD patients involved in outbreaks, suggesting a pos-
sible association between CV-B3 infection and HFMD. In
this study, the outbreak investigation provides insight into
CV-B3 epidemiology and evolutionary history of CV-B3.

Methods
Ethics approval
In this study, the only human materials used were clinical
samples, including stool samples, throat swabs, and anal
swabs collected from HFMD patients at the investigation
of the National Health Commission of the People’s Repub-
lic of China for public health purposes. Written informed
consent for the use of their clinical samples was obtained
from the parents of the children whose samples were ana-
lysed by signing the informed consent when collecting the
samples. In brief, when investigators collected the clinical
samples in hospital, the use of their clinical samples was
explained for the guardians of children and written con-
sent was signed by guardians of children for permitting
analysis of their clinical samples. At this procedure, the
staff of National Health Commission of the People’s Re-
public of China confirmed the truth that the guardians of
children fully understood the use of their clinical samples.

Finally, the written consent was delivered to the study co-
ordinatorsby the investigators under the surveillance of
local institute of health Commission. The study co-
ordinators performed the analysis of clinical samples for
the surveillance of enterovirus and public health purposes.
This study was approved by the Second Ethics Review
Committee of the National Institute for Viral Diseases
Control and Prevention, Center for Disease Control and
Prevention, China.

Patients and sample collection
Based on the National HFMD pathogen surveillance sys-
tem which was built in 2008 in the mainland of China,
the HFMD cases were reported and the representative
samples were sent to the national HFMD laboratory for
enterovirus-confirmed. We defined a probable HFMD
patient as a patient who had rashes on the hands, feet,
mouth, or buttocks and ulcers or vesicles in the mouth
with or without fever. We defined a laboratory-
confirmed patient as a probable patient with laboratory
evidence of infection with EV-A71, CV-A16, or other
enteroviruses. The diagnostic tests used for CV-B3 de-
tection were reverse transcription PCR (RT-PCR) and
real-time reverse transcription PCR (qRT-PCR), as de-
scribed previously [7, 24, 25]. Patients were classified as
having severe HFMD if they had any complications (e.g.
aseptic meningitis, brainstem encephalitis, encephalitis,
encephalomyelitis, acute flaccid paralysis or autonomic
nervous system dysregulation, pulmonary edema, pul-
monary hemorrhage, or cardiorespiratory failure). Other-
wise, patients were classified as having mild HFMD. It is
consistent with the regulations of national HFMD. 50%
of clinical samples were randomly selected for nucleic
acid testing every month, with the maximum was 30. A
total of 36 clinical samples were randomly harvested
from these two outbreaks, including 18 clinical samples
collected from the Hebei Province in 2012 and 18 clin-
ical samples collected from the Shandong Province in
2016. Eighteen CV-B3 strains were isolated from stool
specimens collected from 18 HFMD patients during an
outbreak in Shijiazhuang City of Hebei Province in 2012
and another 18 CV-B3 strains were isolated from stool
specimens collected from 18 HFMD patients during an
outbreak in Shandong Province in 2016. The stool sam-
ples were processed according to the standard proce-
dures and were then inoculated onto RD cells provided
by the WHO Global Poliovirus Specialized Laboratory
for viral isolation. Infected cell cultures were harvested
after complete cytopathic effect was observed.

Sequencing and molecular typing
Viral RNA was extracted from the cell cultures using the
QIAamp Viral RNA Mini Kit (Qiagen, Germany). Re-
verse transcription PCR was performed to amplify the
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complete VP1 coding region using the PrimeScript One
Step RT-PCR Kit Ver.2 (TaKaRa, Dalian,China) with
primers 490–493 [25]. The amplicons were sequenced
using ABI 3130 Genetic Analyser (Applied Biosystems,
Foster City, CA, USA) to harvest the complete VP1 re-
gion. The acquired VP1 sequences were analyzed with
the BLAST server by comparing the identity of se-
quences available in the GenBank and were determined
using the EV Genotyping Tool [26].

Phylogenetic analysis
The evolutionary history of CV-B3 was studied by max-
imum likelihood analysis and Bayesian inference
method. A total of 236 entire VP1 nucleotide sequences
(dated to December 2017) with known sampling dates in
the world were selected for phylogenetic analysis, in-
cluding sequences in this study and sequences incorpo-
rated from GenBank (Additional file 1: Table S1). To
investigate the epidemiological pattern in the mainland
of China, 134 entire VP1 nucleotide sequences were
used to analyze the phylogenetic characteristics. Nucleo-
tide sequences were aligned with their corresponding
homology by Muscle implanted in MEGA software (ver-
sion 7.0.26) [27]. The maximum likelihood phylogenetic
tree was constructed by the IQ-TREE software and in-
ferred by ModelFinder to search the best nucleotide sub-
stitution model of GTR + F + Γ3, including the General
Time Reversible model (GTR), rate heterogeneity of
Gamma distribution with rate categories of 3 (Γ3) and
Empirical base frequencies (F) [28, 29]. Phylogenetic
trees were also inferred by using Bayesian method im-
plemented in BEAST software (version 1. 7.5) [30], with
the nucleotide substitution model of GTR + I + Γ sup-
ported by the jModelTest software (version 2) [31]. The
topology of phylogenetic trees was also assessed using
the MrBayes software (version 3. 2. 6) and RaxML soft-
ware (version 8) to confirm the topology of phylogenetic
trees [32, 33]. The Markov Chain Monte Carlo chain
was run for 1.5 × 108 generations to establish conver-
gence of all parameters. Convergence and effective sam-
ple size (> 200) of the parameters were checked with
Tracer software (version 1.6) [34]. The resulting trees
were summarized using a maximum clade credibility
(MCC) topology from TreeAnnotator software (version
1.8.4), with a burn-in of the first 10% of sampled trees.
We used the FigTree software (version 1.4.2) to manipu-
late the phylogenetic trees for the best performance.
Sampling times of the sequences were used to calibrate
the molecular clock. We performed date randomization
tests in R package (version 3.4.3) using the Tip Dating
Beast package to determine the temporal signal in the
data [35]. Based on 20 random replicates of the sampling
dates produced by this package, the datasets are consid-
ered to have sufficient temporal signal for the datasets

when the 95% credibility intervals of rate estimate of real
datasets doesn’t fall within the 95% credibility intervals
of rate estimate from the date randomized replicates.
This approach can provide a more accurate test for the
temporal structure of CV-B3 datasets so that we could
accurately estimate the evolutionary timescale of CV-B3.
A Bayes factor analysis was performed to select the best
demographic model and compare different models for
the best one.
After the CV-B3 sequences had sufficient temporal sig-

nals, the gene timing of origin was calculated, which
added a timescale to the phylogenetic histories, and the
their most recent common ancestors (tMRCA) were cal-
culated [36], based on a relaxed uncorrelated exponential
growth coalescent inference and a relaxed uncorrelated
lognormal growth coalescent inference. To determine the
extent to which the viral population was constructed by
geography, phylogeny-trait association analysis was per-
formed using BaTS software (version 2.0) to compute the
values of the association index, parsimony score, and max-
imum monophyletic clade statistics [37]. P values of < 0.05
were considered significant from the three statistics. Nat-
ural selection pressure on the entire VP1 region of CV-B3
was assessed by estimating the ratio of nonsynonymous
substitution to synonymous substitution implemented in
the software of PAML 4.7 [38] and on-line Datamonkey
[39, 40]. Likelihood ratio tests of the former were per-
formed to compare these nested models (M0 vs. M3, M1a
vs. M2a, M7 vs. M8) for selecting the one that fitted the
data best. The latter, which used the methods of MEME
(Mixed Effects Model of Evolution) and FEL (Fixed Effects
Likelihood), was considered to be under the positive selec-
tion with p < 0.05.

Nucleotide sequence accession numbers
The nucleotide sequence of the entire VP1 gene for all
strains, which was determined in this study, has been
deposited in the GenBank nucleotide sequence database
under accession number MH293510-MH293534.

Results
Two HFMD outbreaks associated with CV-B3
From March to July of 2012, the CV-B3 caused a small-
scale outbreak of HFMD in the Shijiazhuang City of
Hebei Province, China, with the peak morbidity during
the April and July (Fig. 1). A total of 355 HFMD cases
were reported in the surveillance system and 64 patients
with HFMD were confirmed by the laboratory diagnosis.
35 cases with the CV-B3 infection were further con-
firmed in the lab test described in the section of
Methods. 50% of clinical samples were randomly se-
lected for nucleic acid testing every month, with the
maximum was 30. A total of 18 strains were successfully
isolated and serotyped for next analysis. Based on the

Han et al. BMC Infectious Diseases          (2019) 19:466 Page 3 of 10



number of the total HFMD cases reported, about
9.9% of the pathogens spectrum is the serotype of
CV-B3. And the patients’ number of CV-B3 infection
occupy 54.7% proportion of all laboratory-confirmed
HFMD cases. All children, whose clinical samples
were successfully isolated, lived in the Shijiazhuang
City of Hebei Province and presented the common
disease of HFMD (e.g. rashes on the hands, feet,
mouth, or buttocks and ulcers or vesicles in the
mouth) when they were diagnosed.
Another small-scale outbreak of CV-B3 occurred in

Shandong Province in 2016 (Fig. 1). A total of 443
HFMD patients were reported from April to August of
2016 and 65 patients were laboratory-confirmed HFMD
cases. In the laboratory test, 42 clinical samples of
HFMD patients were positive to the CV-B3 detection.
The number of CV-B3 infection account for 64.6% of all
laboratory-confirmed HFMD cases. The clinical samples
were randomly selected about 10 samples each month at
the process of outbreak for further serotyping and se-
quencing. And the laboratory successfully isolated 18
CV-B3 strains from the clinical samples of these chil-
dren. To the children whose clinical samples were suc-
cessfully isolated, they presented the mild symptoms of
HFMD (e.g. rashes on the hands, feet, mouth, vesicles in
the mouth with or without fever) when they were diag-
nosed in hospital. The similar symptom, high proportion
of CV-B3 detection during the outbreak, close phylogen-
etic association and CV-B3 diffusion in a short timescale
show the association between the CV-B3 and the occur-
rence of the outbreak.

A total of 36 strains, including 18 Hebei strains (col-
lected in 2012) and 18 Shandong strains (collected in
2016), which accounted for two HFMD outbreaks, were
isolated. Specimens collected from these 36 children
consisted of 30 fecal samples, 5 throat swabs and 1 anal
swab. Epidemiological investigation showed that most of
the children were aged < 5 years (n = 34, 94.4%), ranging
from 3months to 7 years. In these children, comprising
22 boys and 14 girls, the most common disease pre-
sented were HFMD. The major timescale of sampling
were observed in May (n = 11, 30.5%), June (n = 11,
30.5%) and July (n = 9, 25%).

Molecular epidemiology of CV-B3 in China
The midpoint-rooted maximum likelihood phylogenetic
trees showed that three lineages (lineage 1–3) circulated
in the mainland of China (Fig. 2). The lineage 1, circulat-
ing from 1990 to 2009, comprised mostly CV-B3 strains
isolated from Shandong Province and tended to dis-
appear in recent years. However, the CV-B3 strains in
lineage 2 and lineage 3 evolved rapidly and caused out-
breaks in recent years. The lineage 2, circulating in
mainland of China from 2004 till present, consisted of
many strains isolated from three outbreaks (aseptic men-
ingitis outbreak in 2008, HFMD outbreaks in 2012 and
2016). The lineage 3, which circulated in mainland of
China from 2005 till present, also included many strains
isolated from the above three outbreaks. In 2008, an out-
break of aseptic meningitis mainly caused by the lineage
2 of CV-B3 occurred in Shandong Province [41] (Fig. 2,
colored in yellow). This outbreak had also spread to

Fig. 1 The number of HFMD cases reported and laboratory-confirmed cases of HFMD and CV-B3 infection. The left panel show the sentinel
surveillance data of Shijiazhuang City of Hebei Province, from March to July, 2012. The right panel show the sentinel surveillance data of
Shandong Province, from April to August, 2016. The line chart represent the total number of HFMD cases corresponding to the left vertical
coordinates. The bar graph represent the laboratory-confirmed cases of HFMD and CV-B3 infection corresponding to the right vertical coordinates
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other regions of China, as seen by the similar strains that
were also isolated from Yunnan Province, Fujian Prov-
ince and Shenzhen City though these three regions are
distant. The strains of 08–2035 (GenBank accession
number JQ042700) and JB14080176 (GenBank accession
number KC867086), which were isolated from Fujian
Province and Shenzhen City respectively, cluster with
the strains of CV-B3 isolated from Shandong Province
in 2008 directly. The strain of KM06 (GenBank acces-
sion number KJ020100), which was isolated from Yun-
nan Province in 2009, was encompassed by other strains
of Shandong Province. It is indicated that the strain of
KM06 possibly originated from the Shandong Province
through the population movements. The small-scale out-
break of HFMD in 2012 in Hebei Province was mainly
caused by lineage 3 of CV-B3 (Fig. 2, colored in red).
Similar to the outbreak in 2012, the lineage 2 and
lineage 3 caused a small-scale HFMD outbreak in 2016
in Shandong Province (Fig. 2, colored in green).

Global groups distribution of CV-B3
The MCC tree of 236 entire VP1 sequences of CV-B3,
sampled from 1949 to 2016, classified all the CV-B3 se-
quences into 8 groups, A–H (Fig. 3). To avoid the bias
of Bayesian phylogenetic inference, the maximum likeli-
hood phylogenetic tree was also constructed to compare

the topology identity of these two phylogenetic tree.
And distinct difference was not observed by these two
methods. The names of groups were based on the dates
in order of appearance of groups and genetic distance
described below. The mean genetic distance between the
eight groups, which was calculated using the Kimura 2-
parameter model, is ranging from 12.6 to 31.6% and is
larger than the mean genetic distance within the eight
groups (ranging from 3.3 to 9.4%), indicating the reliabil-
ity of genotyping. The data included in the Bayesian ana-
lysis passed the date randomization tests showing no
overlaps between the 95% credibility intervals (CIs) of
rate estimate of real datasets and 95% CIs generated
from 20 replicates of date randomization (Additional file
1: Figure S1). Phylogenetic analysis illustrated that 5
groups (D–H) still circulates throughout the world,
whereas groups (A–C) have disappeared in the last cen-
tury. Moreover, each CV-B3 group was not located in
one region only, showing a global distribution pattern.
Group D has been persistently evolving and being trans-
mitted in the mainland of China, tending to develop
three major subgroups. In the mid-1980s, the group D
was formed and initially detected in 1990 in Shandong
Province of China [41]. Sporadic exporting of cases that
originated from the mainland of China, such as two
strains from Japan, one each strain from Thailand and

Fig. 2 Midpoint-rooted maximum likelihood phylogenetic trees of the 135 coxsackievirus B3 (CV-B3) isolates from mainland China. The scale bars
represent the substitutions per site per year. The three lineages are named according to appearing timescale of the isolated strains. The green
module represents the CV-B3 strains isolated in Shandong Province in 2016. The strains isolated in Hebei Province in 2012 are colored in red. The
branches colored in yellow represent the CV-B3 strains isolated from the outbreak of 2008
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Russia were monitored. The strains in the group E,
which included many sequences that originated from
European countries, persistently circulated in the Euro-
pean regions. Within the group E, strains sampled from
the different regions were observed, showing a certain
level of geographical gene flow, whereas most gene
groups may persist in a particular location, with occa-
sional movement of viral lineages among locations.
Groups F and G, which circulated in Taiwan of China,
have circulated for about 20 years and caused an out-
break in 2012 (unfortunately, not all entire VP1 se-
quences could be obtained from GenBank databases for
this analysis) [42]. Group H comprised a number of se-
quences isolated from acute flaccid paralysis cases in
India. Furthermore, the CV-B3 strains in India were
more likely to recombine with other serotypes of entero-
virus, such as enterovirus B74 from the Tibet Autono-
mous Region of China [9].

Evolutionary characteristics of CV-B3 groups
To understand the evolutionary dynamics of CV-B3, we
estimated the dates of origin of each group using a Bayes-
ian relaxed molecular clock method. We calculated the
evolutionary rate of the VP1 sequence to be 6.19 × 10− 3

substitutions per site per year (95% HPD, 4.77–7.56)
(Additional file 1: Table S2). The results indicated substan-
tial heterogeneity in evolutionary rates among different
lineages, with an estimated coefficient of variation of
0.9153 (95% HPD, 0.8358–0.9915), suggesting that relaxed
molecular clock was more suited. Using the estimated
molecular clock, the common ancestor of group D was
dated to about 1984 (95% HPD, 1978–1988) when it was
first isolated in 1990 in China. Group F and G have
emerged in 1995 (95% HPD, 1991–1998) and 1996 (95%
HPD, 1992–1999), respectively. The group E was dated to
1989 (95% HPD, 1984–1992), whereas the group H have
emerged in 2000 (95% HPD, 1993–2004) before its first
isolation in the world. The various groups were identified
approximately 4 to 8 years after their dates of common
ancestry.
Except for some insufficient samples, the isolates tended

to cluster according to their geographical origin. Although
the MCC phylogenetic tree showed a trend in geograph-
ical cluster (Fig. 3), the association index (p < 0.001) and
parsimony score values (p < 0.001) clearly showed that the
CV-B3VP1 sequence was more phylogenetically clustered
by regions. The maximum monophyletic clade of all re-
gions showed high scores (p < 0.01). We observed the

Fig. 3 Maximum clade credibility (MCC) phylogenetic tree for the entire VP1 sequences of coxsackievirus B3 (CV-B3) in the world. The branches
were colored according to the location of isolates. The isolates were classified into 8 groups, shown in the figure, denoted A to H (names based
on the dates in order of appearance of groups). The detailed information of isolates, including GenBank accession numbers and names of strains,
are presented in Additional file 1: Table S1
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significant feature of geographical structure when the iso-
lates were grouped by geographical origin (Table 1). The
phylogeny-trait association test provided further evidence
that the diversification of CV-B3VP1 sequences were
accounted for by geographical-driven adaptation. In
addition, no positive selection positions were detected
using the method of phylogenetic analysis by maximum
likelihood. However, the purifying selection was detected
at the majority of polymorphic sites by datamonkey ana-
lysis, illustrating that many mutations in VP1 sequence of
CV-B3 were harmful and consequently eliminated by
natural selection.

Discussion
It is well known that HFMD is a common infectious dis-
ease in young children, especially those aged < 5 years
[43, 44]. The most common etiological agents of HFMD
are EV-A71 and CV-A16, which were reported and con-
firmed in various studies [15, 16, 21, 45–48]. Except for
EV-A71 and CV-A16, CV-A6 and CV-A10 were grad-
ually confirmed as pathogens that caused large-scale
outbreaks of HFMD worldwide [17, 20, 23, 49]. How-
ever, CV-B3 was not confirmed as a major pathogen re-
sponsible for outbreaks of HFMD, although it was
usually reported as a pathogen causing the outbreaks of
aseptic meningitis and myocarditis [6, 10, 14, 41, 50, 51].
In this study, two HFMD outbreaks associated with CV-
B3 were confirmed, and it has been proved that CV-B3
is a pathogen that causes HFMD. Genetically linked CV-
B3 was identified in HFMD patients and healthy

individuals, which is in line with the characteristics of
enterovirus infection and transmission. The different
levels of outbreaks associated with CV-B3 in China,
which formed the peak in 2000–2002 (aseptic meningi-
tis), 2004–2005 (aseptic meningitis), 2008 (aseptic men-
ingitis), and 2012 (symptoms related to enterovirus
infection), were also reported in addition to the two out-
breaks described in this study [14, 41, 42]. Different
areas, though far away, might experience CV-B3 out-
breaks over a similar timescale, such as the Shandong
Province and Hong Kong of China experienced the simi-
lar aseptic meningitis outbreaks in 2008.
The analysis of entire VP1 sequence in mainland of

China illustrated that lineage 2 and lineage 3 persistently
circulated and evolved in North China (Hebei Province
and Shandong Province). However, the number of entire
VP1 sequences of CV-B3 collected in GenBank was very
few due to possibly incomplete surveillance of enterovi-
ruses worldwide and unreported studies of CV-B3. Al-
though the bias caused by the above-mentioned factors
existed, we tried our best to collect all the entire VP1 se-
quences of CV-B3 from GenBank and analyze the pos-
sible transmissible routes of CV-B3. The clusters of VP1
sequences of CV-B3 indicated that Shandong Province
acted as a ‘reservoir’ for transmission of CV-B3, such as
the CV-B3 isolates of Shandong Province clustered with
strains isolated from Yunnan Province of China (Fig. 2).
We found that the CV-B3, which was isolated from the
outbreak of HFMD in 2012 and 2016, evolved from the
outbreak of the 2008 aseptic meningitis. Fortunately, the

Table 1 Analysis of the geographical structure of coxsackievirus B3 (CV-B3) strains

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

AI 2.06 (1.70,2.43) 16.75 (15.32,17.98) < 0.001***

PS 22.86 (22,24) 97.24 (94.01,100.68) < 0.001***

MC (Mainland of China) 135 31.75 (31,33) 5.15 (3.72,7.21) 0.00999999**

MC (France) 11 5.03 (5,5) 1.14 (1,2) 0.00999999**

MC (USA) 2 N/A N/A N/A

MC (Australia) 5 2.33 (2,3) 1.02 (1,1.19) 0.02*

MC (Denmark) 1 N/A N/A N/A

MC (Taiwan of China) 46 33 (33,33) 2.19 (1.6,3) 0.00999999**

MC (India) 20 9.63 (9,13) 1.41 (1,2.01) 0.00999999**

MC (Germany) 3 2 (2,2) 1.01 (1,1) 0.00999999**

MC (Indonesia) 1 N/A N/A N/A

MC (Madagascar) 2 N/A N/A N/A

MC (Poland) 4 2 (2,2) 1.02 (1,1.11) 0.00999999**

MC (Thailand) 2 N/A N/A N/A

MC (Russia) 3 2 (2,2) 1.001 (1,1) 0.00999999**

MC (Japan) 3 2 (2,2) 1.004 (1,1) 0.00999999**

AI association index, PS parsimony score, MC maximum monophyletic clade, HPD highest probability density interval;
N/A, no data available due to insufficient sample size (n < 3);
Significance thresholds: *, 0. 01 < p < 0. 05; **, 0. 001 < p < 0. 01; ***, p < 0. 001
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symptoms of HFMD patients caused by CV-B3 infection
were all mild, and no severe cases or deaths were
reported.
Global entire VP1 sequences of CV-B3, available from

GenBank and our databases, were analyzed through
Bayesian phylogenetic inference. The MCC tree of CV-
B3 based on entire VP1 sequences showed that all the
strains were clustered into 8 divergent groups (Fig. 3).
Sporadic exporting and importing of cases were ob-
served in almost all regions, indicating a tendency of
globalization of infectious diseases. A ladder-like tree
structure, sampling in different timescales and locations,
showed that the virus evolved over time. Isolation of en-
teroviruses in cell culture, followed by serotyping based
on a neutralization assay, is regarded as the recom-
mended method for diagnosing enteroviral infections be-
fore the era of molecular serotyping arrives. In the
GenBank, nearly half of the entire VP1 sequences of
CV-B3 were from China. One of the reasons may be the
improvement of enterovirus surveillance in mainland of
China so that more CV-B3 strains have been sequenced.
Another possible reason is that CV-B3 is very preva-
lent in China. Therefore, this could likely cause some
bias in analyzing the phylogenetic dynamics. However,
we cannot obtain more data on CV-B3 from the pub-
lic databases to analyze the epidemiological character-
istics. Although the sample size is low, the collective
outbreak and close phylogenetic association show the
evidence between the isolation of CV-B3 and the oc-
currence of outbreak. More enterovirus surveillances
must be perfected to trace the evolutionary dynamics
of enterovirus, responding to the appeal from Euro-
pean scientists [52]. Current surveillance and basic re-
search efforts must be strengthened for understanding
viral pathogenesis and developing effective medical
countermeasures [53].
Except for some strains with insufficient sample size,

most global CV-B3 strains showed a tendency of geo-
graphical clustering. The results of phylogenetic trait as-
sociation analysis provided evidence for geographical
clustering of CV-B3 isolates from nine countries. It is
speculated that geographically driven adaptation was re-
sponsible for the CV-B3 diversification. But we also real-
ized that the geographical clustering of CV-B3 global
isolates should be illustrated cautiously. Due to unavail-
able data of most hosts, the possible role of host-driven
adaptation was not investigated. We need further studies
to investigate possible host-driven adaptation of CV-B3
sequences.

Conclusion
In summary, this study is the first to confirm that CV-
B3 can cause HFMD outbreaks and also provides insight
into the evolutionary history of CV-B3 worldwide. The

pathogen spectrum of HFMD was amplified again so
that we could more clearly understand HFMD. We
found that genetic variations were correlated with geo-
graphical regions. These results have increased our
knowledge about the evolution and outbreaks of CV-B3
and can help in developing sustainable management
strategies to control this virus.

Additional file

Additional file 1: Figure S1. The result of date-randomization tests
(DRTs). The temporal signal of CV-B3 datasets was tested using the Tip
Dating Beast package. Based on 20 random replicates of the sampling
dates produced by this package and the real datasets, the CV-B3 datasets
are assured to have sufficient temporal signals for next assessment of
evolutionary timescale. Table S1. The information of 236 coxsackievirus
B3 (CV-B3) strains used in this analysis, including 25 isolates first reported
in this study. Table S2. Evolutionary characteristics of coxsackievirus B3
(CV-B3) groups based on the entire VP1 gene. (DOCX 165 kb)
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