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Recombination events were found in two human coxsackievirus B3 strains, Beijing0811 and SD2012CHN. The strains were iso-
lated separately from five newborns diagnosed with severe hospital-acquired acute myocarditis in Beijing in 2008 and from two
children diagnosed with hand, foot, and mouth disease with concurrent acute myocarditis in Shandong in 2012.

H uman enteroviruses (HEVs) belonging to the genus Entero-
virus under the family Picornaviridae are the causes of various
diseases, including hand, foot, and mouth disease (HFMD), myo-
carditis, meningitis, herpangina, and nonspecific febrile illness
(1). HEVs are classified into four species (A to D) based on their
molecular and antigenic properties (The Pirbright Institute).
HEV-B is comprised of 61 conventional serotypes, including cox-
sackieviruses (CV) B1 to B6 and A9, echoviruses (ECoV) 1to 7,9,
11to 21, 24 to 27, and 29 to 33, human enteroviruses 69, 73 to 75,
77 to 88, 93, 97, 98, 100, 101, 106, 107, 110, and 111, and simian
enterovirus 5 (SA5) (2). As a member of the HEV-B species, the
human coxsackievirus B3 serogroup (CVB3) is one of the most
common human pathogens associated with clinical acute and
chronic viral myocarditis. Some acute CVB3 infections are severe
and lethal. Previous studies have indicated that CVB3 is also asso-
ciated with severe cases of HFMD (3-5).

In the city of Beijing in 2008, five newborns with fever, short-
ness of breath, and coagulation disorders in the same hospital
were clinically diagnosed with hospital-acquired acute myocardi-
tis. Using pharyngeal swabs from the five newborns (each sam-
pling was done with the informed consent of the parents or guard-
ian of the patient), one CVB3 strain was confirmed by using
reverse transcription and seminested PCR, as described previously
(6). In the city of Pingdu in Shandong Province in 2012, we iden-
tified one CVB3 strain in pharyngeal swabs from two children
clinically diagnosed with HFMD, and concurrent acute myocar-
ditis sampling was performed (the sampling was done with the
informed consent of the parents of the patients). These two CVB3
strains produced typical cytopathic effects (CPEs) in human rhab-
domyosarcoma (RD) cells. After propagation and purification of
the plaque by cell culture, overlapping fragments of the two vi-
ruses were obtained by using degenerate primers based on the
genome sequences of existing CVB3 strains available in GenBank,
and the complete genome sequences of the two viruses were ob-
tained by assembling overlapping fragments using the SeqMan
program available in the Lasergene 7 package. The two CVB3
strains were designated Beijing0811 and SD2012CHN (7). The
complete genomes of these two isolates were submitted to
GenBank (accession numbers GQ141875 and JX976770).

The genomic RNA is 7,402 nucleotides (nt) for both Bei-
jing0811 and SD2012CHN. The characteristic order of Bei-
jing0811is 5’ (743 nt)-P1 (capsid region, 2,553 nt)-P2 (noncapsid
region, 1,734 nt)-P3 (noncapsid region, 2,271 nt)-3" (101 nt). The
characteristic order of SD2012CHN is 5" (744 nt)-P1 (2,562
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nt)-P2 (1,725 nt)-P3 (2,271 nt)-3’ (100 nt). Based on the Clust-
alW algorithm of MegAlign in the Lasergene 7 package, pairwise
similarity analysis revealed 88% nucleotide sequence identity
among the genome sequences, 92% nucleotide identity among the
P1 regions, 86% nucleotide identity among the P2 regions, and
83% nucleotide identity among the P3 regions of Beijing0811 and
SD2012CHN. The VP1 of these two viruses shared 93% nucleo-
tide identity. Among CVB3 strains, the VP1 of Beijing0811 and
SD2012CHN exhibited the highest nucleotide identity (92% to
98%) with CVB3 strains in mainland China and less than 83%
nucleotide identity with CVB3 strains in other regions. The max-
imum-likelihood phylogenetic tree obtained using MEGA5.0 (8)
based on the complete VP1 nucleotide sequences of HEV-B mem-
bers (Fig. 1A) indicated that the two new CVB3 strains clustered
with other CVB3 strains and were closely related to CVB3 China
strains. The phylogenetic tree based on the partial VP1 sequences of
89 CVB3 China strains (Fig. 1B) indicated that Chinese CVB3 strains
divided into a distinct lineage from other CVB3 strains in other re-
gions, and Beijing0811 and SD2012CHN were separately divided into
different sublineages. This finding reveals that CVB3 has been circu-
lating in China for many years and represents an independent evolu-
tion propensity. Notably, the whole-genome sequence of Beijing0811
was most closely related to another Chinese CVB3 strain, Fuyang19,
isolated from a severe case of HFMD in the city of Fuyang in Anhui
Province in 2008 (98% nucleotide identity). Fuyang19 can be consid-
ered the closest variant of Bejing0811.

Pairwise similarity and phylogenetic analysis based on the P3
regions (Fig. 1C) showed that Beijing0811 was most closely related
to Chinese CVB5 strains (95% to 97% nucleotide identity) and
SD2012CHN was most closely related to Chinese CVB3 strains
(95% nucleotide identity). This finding indicates that RNA re-
combination occurred between CVB3 and CVB5. Using SimPlot
software (9), similarity plot (Fig. 2A), and bootscan analysis (Fig.
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FIG 1 Maximum-likelihood phylogenetic trees based on the complete VP1 nucleotide sequences of HEV-B members (A), the partial VP1 sequences of 89 CVB3
China strains (B), and the complete nucleotide sequences of the P3 regions of Chinese CVB3 strains (C) generated by MEGA5.0. The bootstrap values are shown

as percentages of 1,000 replicates for the major lineages within the trees.

2B) demonstrated that Beijing0811 had the highest degree of sim-
ilarity to SD2012CHN and other Chinese CVB3 strains in the P1
region but was most similar to Chinese CVB5 strain CVB5/
CC10/17 and its related strains in the P3 region. Recombination
was confirmed by detecting putative breakpoints within the ge-
nomes using GARD (10) and substantiated by positive KH test
results, which demonstrated significant incongruent topologies
before and after each breakpoint. Nine breakpoints were found for
the alignment of CVB3 Beijing0811, CVB3 SD2012CHN, CVB5/
CC10/17, and CVB5/SD/09 (at positions 650, 702, 744, 1311,
3353, 3371, 4170, 4601, 4784), but only the topology flanking
position at nt 4601 was significantly discordant via the KH test
(P < 0.05), supporting that it is a recombination breakpoint. The
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AAICc (improvement in Bozdogan’s consistent Akaike informa-
tion criterion of the breakpoint-partitioned model over a no-re-
combination single-phylogeny model) for this alignment was
8.60179. The GARD analysis results were consistent with the sim-
ilarity plot and bootscan analysis results.

From the phylogenetic tree based on the P3 regions (Fig. 1C),
ECoV6 strain FJLY2010327 exhibited a close relationship with the
clade of Beijing0811 and related Chinese CVB5 strains, and
ECoV9 strain DM exhibited a close relationship with the clade of
SD2012CHN and related Chinese CVB3 strains. Recombination
events were found between ECoV6 and Bejing0811 and related
Chinese CVB?5 strains by using similarity plot and bootscan anal-
ysis (Fig. 3). Another recombination event was also found be-
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FIG 3 SimPlotand bootscan analyses based on the full-length genomes of CVB3 strain Beijing0811, CVB5 strain CVB5/CC10/17, CVB3 strain SD2012CHN, and
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tween SD2012CHN and related Chinese CVB3 strains. This find-
ing indicates that ECoV6 and ECoV9 act as recombinant
counterparts for Chinese CVB3 and CVB5 strains among molec-
ular evolution and recombination events in circulating enterovi-
ruses.

In this study, the analysis of CVB3 strains Beijing0811 and
SN2012CHN revealed two separate evolutionary tendencies of
CVB3 in mainland China. The existence of SD2012CHN and pre-
viously reported Chinese CVB3 strains represents a traditional
evolutionary lineage of CVB3 in China (11, 12). These Chinese
CVB3 strains are distinct from CVB3 strains outside mainland
China, and ECoV9 may act as a recombinant counterpart for these
Chinese CVB3 strains. The existence of Bejing0811 and Fuyang19
indicate that recombination events occurred in noncapsid regions
between CVB3, CVB5, and ECoV6 strains circulating in mainland
China over the past several years, and a distinct, novel evolution-
ary lineage of CVB3 formed as a result of these recombination
events. These findings indicate that more studies are required to
investigate the pathogenic potentials and pathogenic roles of
emerging recombinant CVB3 strains.
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