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Abstract Hand–foot–mouth disease due to enterovirus

71 (EV71) and coxsackievirus A16 (CA16) has recently

caused large outbreaks in mainland China in 2008. We

performed complete genome sequencing on two EV71

(SZ/HK08-5 and SZ/HK08-6) and two CA16 (SZ/HK08-3

and SZ/HK08-7) strains from patients in Shenzhen, China.

Phylogenetic, similarity plot and bootscan analyses

revealed recombination between EV71 genotypes B and C

at the 2A–2B junction, and between EV71 genotype B and

CA16 strain G-10 in the 3C region for EV71 strains. A

similar phenomenon was also found upon further gene

sequencing with other EV71 strains. Recombination

between CA16 strain G-10 and EV71 genotype A at the

2A–2B junction was also observed for CA16 strains. The

present ‘‘double-recombinant’’ EV71 strains circulating in

China and other EV71 subgenotype ‘‘C4’’ strains represent

an additional genotype, D. CA16 strains should also be

classified into two genotypes. This represents the first

evidence for a combination of intratypic and intertypic

recombination in EV71 strains.

Introduction

Human enteroviruses belong to the family Picornaviridae

and are divided into four species: Human enterovirus A

(HEV-A), HEV-B, HEV-C, and HEV-D, based on their

molecular and biological properties [14]. The species

HEV-A includes coxsackievirus A2-A8, A10, A12, A14,

A16, enterovirus 71 (EV71), EV76 and EV89–92. Among

these, EV71 and coxsackievirus A16 (CA16), which

commonly infect young children, are two major causative

agents of hand, foot, and mouth disease (HFMD) and

herpangina. However, EV71 infection is more frequently

associated with severe diseases such as acute flaccid

paralysis, myocarditis, aseptic meningitis, and fatal

encephalitis than CA16 [11].

Traditionally, human enteroviruses have been typed by

neutralization assay, which is labour-intensive and time-

consuming. In recent years, rapid and sensitive molecular

diagnostic tests such as reverse transcription polymerase

chain reaction (RT-PCR) have been increasingly used for

enterovirus identification and classification [3, 4, 14, 25].
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In addition, a molecular approach involving VP1 gene

analysis has been developed for typing of human entero-

viruses [5], which was in line with a previous study

showing a high correlation between molecular typing and

serotyping for enteroviruses [27]. EV71 is further classified

into three genotypes, A, B and C, based on VP1 gene

sequence analysis [3]. The prototype strain, BrCr, is the

only member of genotype A. Most EV71 strains belong to

genotype B (containing subgenotypes B1-B5) or C (con-

taining subgenotypes C1-C5) [4, 13]. Other regions,

including the 50 non-coding region (50 NCR) [1, 33] and

VP4 [4, 8] of the EV71 genome have also been used for

phylogenetic analysis.

Mutation and recombination are well-known phenom-

ena for enterovirus evolution. The infidelity of the 3D

polymerase of enteroviruses makes their mutation rates as

high as one mutation per newly synthesized genome [9].

Several studies have shown that recombination occurs

between vaccine and wild-type poliovirus strains as a result

of template switching during negative strand synthesis,

which is thought to be mediated by a ‘‘copy-choice’’

mechanism [15, 17]. Recombination among circulating

HEV-B strains has also been demonstrated [23]. A

molecular epidemiology study of coxsackievirus A9 sug-

gested that recombination among circulating strains may

have occurred in the non-structural region of the genome

[29]. Recently, intratypic recombination between EV71

genotypes B and C was shown to occur in one EV71 isolate

(N3340-TW-02) from Taiwan [12]. In addition to recom-

bination among enteroviruses of the same type, intertypic

recombination between EV71 subgenotype C2 and CA16

strain G-10 has also occurred in two EV71 isolates

(SHZH98 and SHZH03) from China, and between CA16

strain G-10 and EV71 genotype A in one CA16 isolate

(Tainan/5079/98) from Taiwan [35]. In China, 83,344

cases were reported in HFMD outbreaks in 2007, while

488,955 cases with 126 deaths were confirmed in HFMD

outbreaks in 2008 [26]. Since EV71 and CA16 are major

etiological agents of HFMD, the dramatic increase in

HFMD cases in China in 2008 suggested that these viruses

might have undergone mutation or recombination. To test

this hypothesis, the complete genomes of two EV71 strains

(SZ/HK08-5 and SZ/HK08-6) and two CA16 strains

(SZ/HK08-3 and SZ/HK08-7) from four different patients

from Shenzhen were amplified and sequenced.

Materials and methods

Patients and microbiological methods

In this study, six stool specimens and eight nasal swabs

were collected from nine patients with HFMD at

Shenzhen East Lake Hospital, Shenzhen, China, in May

2008. All specimens were tested by RT-PCR for HEV-A.

The clinical features, laboratory results and outcome of

illness of patients who were positive for enterovirus were

analyzed.

RT-PCR for enterovirus and sequencing

Viral RNA was extracted from stool specimens and nasal

swabs using a QIAamp Viral RNA Mini Kit (QIAgen,

Hilden, Germany). RT was performed using random

hexamers and a SuperScript III Kit (Invitrogen, San Diego,

CA, USA) as described previously [18, 20]. PCR for

HEV-A was performed using forward primer LPW8417

50-ATAGCTATTGGATTGGCCAT-30 and reverse primer

LPW8418 50-TTCCARTACCAYCCCTTNGA-30, cover-

ing the VP4 region. The PCR mixture (25 ll) contained

cDNA, PCR buffer (10 mM Tris–HCl, pH 8.3, 50 mM

KCl, 2 mM MgCl2 and 0.01% gelatin), 200 lM of each

dNTP and 1.0 U Taq polymerase (Applied Biosystems,

Foster City, CA, USA). The mixtures were amplified by 60

cycles of 94�C for 1 min, 55�C for 1 min, and 72�C for

1 min, with a final extension at 72�C for 10 min. The

amplified products were detected by agarose gel electro-

phoresis. Both strands of PCR products were sequenced

twice using an ABI Prism 3700 DNA Analyzer (Applied

Biosystems, Foster City, CA, USA) with the PCR primers.

The nucleotide sequences of the PCR products were

compared with the sequences of enterovirus strains avail-

able in GenBank.

Complete genome sequencing and genome analysis

of EV71 and CA16

Since PCR and sequence analysis suggested the presence of

EV71 in clinical specimens from four patients and CA16 in

those from five patients, the genomes of two EV71 strains

and two CA16 strains from four patients were amplified

and sequenced using the strategy described in our previous

publications [19, 20, 34]. The RNA was converted to

cDNA by a combined random-priming and oligo (dT)

priming strategy. The cDNA was amplified using degen-

erate primers designed by multiple alignment of EV71 and

CA16 genomes available in GenBank and additional

primers designed from the results of the first and sub-

sequent rounds of sequencing. These primer sequences are

available on request. The terminal sequences were con-

firmed by rapid amplification of cDNA ends using a 50/30

rapid amplification of cDNA ends kit (Roche, Mannheim,

Germany). The nucleotide and the deduced amino acid

sequences of the single open reading frame (ORF) in each

genome were compared to those of EV71 and CA16 strains

with available sequences in GenBank.
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Phylogenetic analysis of complete VP4, partial 2B

and partial 3D regions

Four EV71 and five CA16 strains were included in the

phylogenetic tree of the VP4 region. Sequences for 207

nucleotide positions in each VP4 region were analyzed.

Four EV71 and two CA16 strains were included in the

phylogenetic trees of the partial 2B and partial 3D regions.

Sequences for 297 nucleotide positions in each partial 2B

region and 401 nucleotide positions in each partial 3D

region were analyzed. Sequence alignment was performed

using ClustalX version 1.81 [32]. The best evolutionary

model for each dataset (TN93 ? I for VP4 and partial 2B,

and GTR ? I for partial 3D) was determined using Mod-

elgenerator [16], based on the Hierarchical Likelihood

Ratio test and Akaike Information Criteria. Maximum-

likelihood phylogenetic trees were constructed using the

PhyML program [10], with bootstrap values calculated

from 1,000 trees.

Phylogenetic analysis of the 50 NCR, P1, P2 and P3

regions

Two EV71 and two CA16 strains with complete genome

sequences were included in the analysis. Sequences for 759

nucleotide positions in each 50 NCR region, 2,586 nucle-

otide positions in each P1 region, 1,734 nucleotide posi-

tions in each P2 region and 2,259 nucleotide positions in

each P3 region were analyzed. The best evolutionary model

(GTR ? I) for each dataset was determined using Model-

generator [16]. Maximum-likelihood phylogenetic trees

were constructed using the PhyML program [10], with

bootstrap values calculated from 1,000 trees.

Recombination analysis

A nucleotide alignment of the genome sequences of our

EV71 and CA16 strains, EV71 genotype A prototype strain

BrCr (GenBank accession no. U22521), EV71 genotype B

strain MS/7423/87 (GenBank accession no. U22522), EV71

genotype C strain Tainan/4643/98 (GenBank accession no.

AF304458), and CA16 prototype strain G-10 (GenBank

accession no. U05876) was generated using ClustalX ver-

sion 1.81 and edited manually. Once aligned, similarity plot

and bootscan analyses were performed using SimPlot

version 3.5.1 (window size, 1,000 bp; step, 20 bp).

Phylogenetic analysis of regions

before and after the recombination sites

Two EV71 strains (SZ/HK08-5 and SZ/HK08-6) were

included in the analysis. Sequences before nucleotide

position 3600, those between nucleotide positions 3600 and

5430, and those after nucleotide position 5430 were ana-

lyzed. The best evolutionary model for each dataset

(GTR ? I for the region before position 3600 and the

region between position 3600 and 5430, and GTR ? I ? G

for the region after position 5430) was determined using

Modelgenerator [16]. Maximum-likelihood phylogenetic

trees were constructed using the PhyML program [10],

with bootstrap values calculated from 1,000 trees.

Partial 2B and 3D gene sequencing of additional EV71

strains

Since our similarity plot and bootscan analyses indicated

that recombination events have taken place in the genomes

of the two EV71 strains, the partial 2B and 3D genes of the

EV71 strains from the other two patients were amplified

and sequenced. PCR for partial 2B was performed using

forward primer LPW8419 (50-GARGCTAGYGAGTAY

TAYCC-30) and reverse primer LPW8420 (50-TGCTC

TTGAACTGCATGTA-30), and PCR for partial 3D was

performed using forward primer LPW8453 (50-CCTTACT

CCACTTATGTCAA-30) and reverse primer LPW8456

(50-TTGAGTTGAAAATGGATGTT-30), using the same

PCR conditions described above. Phylogenetic analysis

was performed, and the results were compared with those

obtained using the VP4 gene.

Nucleotide sequence accession numbers

The complete genome sequences of the two EV71 strains

(SZ/HK08-5 and SZ/HK08-6) and the two CA16 strains

(SZ/HK08-3 and SZ/HK08-7) have been deposited in the

GenBank database under accession numbers GQ279368 to

GQ279371.

Results

Detection of HEV-A in clinical specimens

Among the 6 stool specimens and 8 nasal swabs, 11

specimens from 9 patients were positive for HEV-A by

RT-PCR. Most patients were young children (median age

20 months; range 8 months to 8 years). Six were males and

two were females, while clinical information for the only

patient who was not hospitalized was not available. The

clinical characteristics of these nine patients are summa-

rized in Table 1. All patients presented with HFMD,

manifested by fever and vesicular lesions in the oral cavity,

palms and in some cases, buttocks and knees. One case was

complicated by acute encephalitis (patient 2) and two by

acute bronchiolitis (patients 4 and 6). Leukocytosis with

neutrophilia was observed in two patients (patients 1 and
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8). In addition to the two patients with bronchiolitis, chest

radiographs showed mild diffuse interstitial infiltrates in

four other patients, suggesting that lung involvement may

be common. All of the patients survived.

Phylogenetic analysis of the VP4 gene sequences of the

HEV-A strains from these nine patients showed that four

(SZ/HK08-2, SZ/HK08-5, SZ/HK08-6 and SZ/HK08-9)

were EV71, and five (SZ/HK08-1, SZ/HK08-3, SZ/HK08-4,

SZ/HK08-7 and SZ/HK08-8) were CA16 (Fig. 2a). Apart

from the patient who had encephalitis due to EV71 infection,

the clinical features of HFMD appeared to be similar in other

patients infected with EV71 and CA16.

Complete genome analysis of EV71 and CA16

The genomes of the two EV71 strains was similar to other

reported genomes of EV71, with 7,405 nucleotides and a

G ? C content of 48.1–48.2% (excluding the 30 polyA

tract), and including a 50 NCR of 742 nucleotides, a single

ORF of 6,579 nucleotides encoding a single polyprotein of

2,193 amino acids, and a 30 non-coding region (30 NCR) of

84 nucleotides preceding the polyA tract (Fig. 1). The

predicted amino acid sequences of the polyprotein of the

two EV71 strains (SZ/HK08-5 and SZ/HK08-6) showed

99% identity to that of EV71 strain 984-TW (GenBank

accession no. DQ133458).

The genomes of the two CA16 strains were similar to

other reported genomes of CA16, with 7,409 nucleotides

and a G ? C content of 47.13–47.33% (excluding the 30

polyA tract). The genome organization was similar to that

of other CA16 strains, comprising a 50 NCR of 745

nucleotides, a single ORF of 6,579 nucleotides encoding a

single polyprotein of 2,193 amino acids, and a 30 NCR of

85 nucleotides preceding the polyA tract (Fig. 1). The

predicted amino acid sequences of the polyprotein of the

two CA16 strains (SZ/HK08-3 and SZ/HK08-7) showed

98% identity to that of CA16 strain shzh00-1 (GenBank

accession no. AY790926).

Phylogenetic and recombination analysis of EV71

strains

Phylogenetic trees using the nucleotide sequences of the

50 NCR, P1 (VP4–VP1), P2 (2A–2C) and P3 (3A–3D)

regions of the two EV71 strains (SZ/HK08-5 and SZ/

HK08-6) and other EV71 strains with complete genome

sequences available in GenBank were constructed (Fig. 3).

Phylogenetic analysis showed that our two EV71 strains

were clustered with EV71 genotype C strains for the 50

NCR and P1 regions, but with EV71 genotype B strains for

the P2 region. Intriguingly, our two EV71 strains and EV71

subgenotype B3 strains were most closely related to CA16

prototype strain G-10 in the P3 region.

Since the incongruent phylogenetic relationships

observed among different regions of the genomes sug-

gested that recombination events may have taken place in

the two EV71 strains (SZ/HK08-5 and SZ/HK08-6), sim-

ilarity plot and bootscan analyses were performed to

identify potential recombination sites (Fig. 4a). In the

similarity plot analysis, our two EV71 strains showed high

sequence similarity (C80%) to EV71 genotype C strain

Tainan/4643/98 before position 3600. However, a higher

similarity (C78%) to EV71 genotype B strain MS/7423/87

between positions 3600 and 5430 was noted in EV71 strain

SZ/HK08-6 but not SZ/HK08-5. After position 5430, our

two EV71 strains had higher similarities (C80%) to CA16

Table 1 Results of enterovirus RT-PCR in the nine patients with hand–foot–mouth disease included in this study

Patient

no.

Sex/age Underlying

disease

Diagnosis Duration of

fever (days)

Duration of

hospitalization (days)

Enterovirus PCR and sequencing result Strain no.

Fecal sample Nasal swab

1 M/8m None HFMD 2 6 CA16 Not done SZ/HK08-1

2 M/18m Burn injury

1 month ago

HFMD, acute

encephalitis

4 16 EV71 -ve SZ/HK08-2

3 M/20m None HFMD 2 6 CA16 CA16 SZ/HK08-3

4 M/2 None HFMD, acute

bronchiolitis

1 8 CA16 -ve SZ/HK08-4

5 F/4 None HFMD 2 3 EV71 EV71 SZ/HK08-5

6 M/8 Kawasaki

disease

HFMD, acute

bronchiolitis

2 6 EV71 -ve SZ/HK08-6

7 NA NA NA NA 0 Not done CA16 SZ/HK08-7

8 M/20m History of

pneumonia

HFMD 3 9 Not done CA16 SZ/HK08-8

9 F/12m None HFMD 2 7 Not done EV71 SZ/HK08-9

HFMD Hand–foot–mouth disease, NA not available because the patient only visited an outpatient clinic

1416 C. C. Y. Yip et al.

123



strain G-10. In the bootscan analysis, the results showed

that from the 50 end of the genome to position 3200, high

bootstrap support for clustering between EV71 genotype C

strain Tainan/4643/98 and our two EV71 strains was

observed. From position 4000 to 5200, high bootstrap

support for clustering between EV71 genotype B strain

MS/7423/87 and our two EV71 strains was observed. From

position 5800 to the 30 end of the genome, high bootstrap

support for clustering between CA16 strain G-10 and our

two EV71 strains was observed. These findings indicated

that recombination events have possibly occurred between

nucleotide positions 3200 and 4000, corresponding to the

P1 P2 P3

207bp 297bp 401bp

AAAAAAAA

Fig. 1 Schematic representation of the human enterovirus A genome. VP4, partial 2B and partial 3D regions used for phylogenetic analysis are

indicated by black bars
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2A–2B junction, and between nucleotide positions 5200

and 5800, corresponding to the 3A–3C region.

Based on the two recombination breakpoints revealed by

SimPlot analysis, three phylogenetic trees were constructed

using sequences before and after the recombination sites

(Fig. 5). The results showed that our two EV71 strains

clustered with EV71 genotype C strains for the region

upstream of nucleotide position 3600, but with EV71

genotype B strains for the region between nucleotide

positions 3600 and 5430. Interestingly, our two EV71

strains and the EV71 subgenotype B3 strains were most

closely related to CA16 strain G-10 for the region down-

stream of nucleotide position 5430. This is in line with the

results of the recombination analysis, indicating that both

intratypic and intertypic recombination events may have

occurred in our two EV71 strains.

Since both phylogenetic and recombination analysis

showed that there was a possible recombination breakpoint

at the 2A–2B junction and in the 3A–3C region, multiple

alignments among the nucleotide sequences of one EV71

strain SZ/HK08-5 and putative parental strains were also

performed to identify the recombination sites. Upstream of

nucleotide position 3590 (the first predicted breakpoint by

bootscan analysis) of EV71 strain SZ/HK08-5, there was a

high degree of nucleotide identity between the sequences

of EV71 strain SZ/HK08-5 and the EV71 genotype C strain

(Tainan/4643/98), whereas downstream of nucleotide

position 3589 of EV71 strain SZ/HK08-5, there was a high

degree of nucleotide identity between the sequences of

EV71 strain SZ/HK08-5 and the EV71 genotype B strain

(MS/7423/87) (see Fig. S1a in Supplemental Material). In

addition, upstream of nucleotide position 5420 (the second

predicted breakpoint by bootscan analysis) of EV71 strain

SZ/HK08-5, there was a high degree of nucleotide identity

between the sequences of EV71 strain SZ/HK08-5 and the

EV71 genotype B strain (MS/7423/87), whereas down-

stream of nucleotide position 5419 of EV71 strain

SZ/HK08-5, there was a high degree of nucleotide identity
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per site along the branches
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between the sequences of EV71 strain SZ/HK08-5 and

CA16 strain G-10 (see Fig. S1b in Supplemental Material).

Phylogenetic and recombination analysis of CA16

strains

Phylogenetic trees using the nucleotide sequences of the

50 NCR, P1, P2 and P3 regions of our two CA16 strains

(SZ/HK08-3 and SZ/HK08-7) and other CA16 strains with

complete genome sequences available in GenBank were

constructed (Fig. 3). Phylogenetic analysis showed that our

two CA16 strains clustered with CA16 strain G-10 in the

50 NCR and P1 regions, but with EV71 genotype A strain

BrCr in the P2 and P3 regions. As this finding suggested

that recombination may have occurred in our two CA16

strains, similarity plot and bootscan analyses were per-

formed to identify potential recombination sites (Fig. 4b).

In the similarity plot analysis, our two CA16 strains

showed high sequence similarity (C69%) to CA16 strain

G-10 before position 3770 but shared higher similarity

(C76%) with EV71 genotype A strain BrCr after position

3770. In the bootscan analysis, the results showed that from

the 50 end of the genome to position 3600, high bootstrap

support for clustering between CA16 strain G-10 and our

CA16 strains was observed. From position 4000 to the 30

end of the genome, high bootstrap support for clustering

between the EV71 genotype A strain BrCr and our CA16

strains was observed. These findings indicated that

recombination had possibly occurred between nucleotide

positions 3600 and 4000, corresponding to the 2A–2B

junction.

Partial 2B and 3D gene analysis of additional EV71

strains

To determine whether recombination events have taken

place in the other two EV71 strains in this study, their

partial 2B and 3D genes, in addition to their VP4 genes,

Fig. 4 Recombination analysis of the two EV71 and two CA16

complete genomes. Bootscanning (upper panel) and similarity plot

analysis (lower panel) were conducted with SimPlot version 3.5.1

(Kimura distance model; window size, 1,000 bp; step, 20 bp) on a

gapless nucleotide alignment, generated with ClustalX, with the

genome sequences of the a two EV71 strains (SZ/HK08-5 and

SZ/HK08-6) and b two CA16 strains (SZ/HK08-3 and SZ/HK08-7) as

the query sequences

Enterovirus 71 recombination 1419

123



which correspond to the three different regions with

incongruent phylogenetic positions resulting from recom-

bination, were amplified and sequenced. Phylogenetic

analysis supported similar recombination events in these

additional EV71 strains, which clustered with EV71

genotype C strains in the VP4 gene (Fig. 2a) but with

EV71 genotype B strains in the partial 2B gene (Fig. 2b)

and with CA16 strain G-10 in the partial 3D gene (Fig. 2c).

Discussion

The present study demonstrates for the first time a com-

bination of intratypic and intertypic recombination events

occurring in EV71 strains associated with HFMD in chil-

dren from Shenzhen in 2008. Both phylogenetic and

recombination analysis of the complete genome sequences

of two strains (SZ/HK08-5 and SZ/HK08-6) showed that

their nucleotide sequences were most closely related to

those of EV71 genotype C strains in the 50 NCR and P1

regions (Fig. 3a, b) and the region upstream of nucleotide

position 3600 (Fig. 5a). However, a notable change was

observed in the topology of the phylogenetic tree for the P2

region (Fig. 3c) and the region between nucleotide posi-

tions 3600 and 5430 (Fig. 5b), where their nucleotide

sequences were most closely related to those of EV71

genotype B strains. This is supported by high bootstrap

support for EV71 genotype B from 2B to 3C upon bootscan

analysis, suggesting that intratypic recombination had

occurred between EV71 genotypes B and C in the two

EV71 strains, and the recombination site was possibly

located at the 2A–2B junction. Results from multiple

alignments of nucleotide sequences of the 2A–2B region of

EV71 strain SZ/HK08-5 and EV71 genotypes B and C

(Fig. S1a) also demonstrated a recombination site located

in the 2A–2B region, further supporting the findings of the

phylogenetic and recombination analyses. Similar intra-

typic recombination between EV71 genotypes B and C has

previously been shown to occur in one EV71 isolate,

N3340-TW-02, from Taiwan in 2002 [12]. One of the

recombination sites was located at the 30 terminus of the

2A region, similar to our two EV71 strains. In a previous

Fig. 4 continued
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study on recombination in enteroviruses, the 2A region was

also found to be a hot spot for such events [23]. In addition

to this intratypic recombination, intertypic recombination

was also found in our two EV71 strains by complete

genome analysis. The apparent close relationships between

the P3 regions of the two strains and those of EV71 sub-

genotype B3 strains (Fig. 3d) implied that the two strains

were actually closely related to those of CA16 strain G-10,

as EV71 subgenotype B3 strains were previously shown to

be recombinants of an EV71 genotype B strain and the

CA16 strain G-10 [6]. This finding is in line with the result

shown in Fig. 5c, indicating that intertypic recombination

has occurred between EV71 genotype B and CA16 strain

G-10 at the 3C region. Results from multiple alignments of

nucleotide sequences of the 3A–3C regions of EV71 strain

SZ/HK08-5, EV71 genotype B and CA16 strain G-10 (Fig.

S1b) also revealed a recombination site located in the 3C

region, further supporting the findings of phylogenetic and

recombination analyses (Figs. 3, 4a, 5). A similar phe-

nomenon has also been observed in a previous study, in

which intertypic recombination between EV71 genotype C

and CA16 strain G-10 was identified at the 3C region in

two EV71 isolates from Shenzhen in 1998 and 2003

(SHZH98 and SHZH03) [35]. However, none of the pre-

vious strains were reported to be the result of both

intratypic and intertypic recombination events. In fact,

when we performed similar phylogenetic and recombina-

tion analyses on previously reported strains with complete

genome sequence available, strains N3340-TW-02,

SHZH98 and SHZH03 were found to possess ‘‘double

recombination’’ similar to that of our present strains. We

speculated that the recent epidemic of EV71 infection in

China may be due to the emergence of this ‘‘double

recombinant’’ strain resulting from recombination between

EV71 genotypes B and C, and CA16 strain G-10, which

were present as early as 1998 in Shenzhen and spread to

Taiwan no later than 2002. Partial 2B and 3D gene analysis

of the other two EV71 strains in the present study sup-

ported our speculation. Further studies on complete gen-

ome sequence analysis of more EV71 strains from China

are required to determine the prevalence of this ‘‘double

recombinant’’ strain.

The present recombinant EV71 strains should be con-

sidered a novel genotype, genotype D, which requires

sequence analysis of multiple gene regions for accurate

genotyping. In the present study, we demonstrated

recombination events between different CA16 and EV71

strains or between different genotypes of EV71 in our

enterovirus strains, resulting in incongruent phylogenetic

positions in different regions of their genomes. The
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Fig. 5 Phylogenetic analysis of sequences before and after recom-

bination breakpoints revealed by SimPlot analysis. Three phyloge-

netic trees were constructed using a the region upstream of nucleotide
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5430, and c the region downstream of nucleotide position 5430. EV71

strains with evidence of recombination are shaded. Bootstrap values

expressed as percentage are shown at the nodes, and the scale reflects
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sequences of the P1, P2 and P3 regions of our EV71 strains

were most closely related to those of EV71 genotype C,

EV71 genotype B and CA16 strain G-10, respectively.

Hence, amplification and sequencing of only one gene

region may lead to false conclusion about the true genotype

identity. This is similar to the phenomenon reported for

coronaviruses, which are also positive-sense single-stran-

ded RNA viruses, in which we have previously identified

recombination between different genotypes of human

coronavirus HKU1 in the generation of a new genotype

[34]. Sequencing of at least three gene regions (e.g. VP4,

2B and 3D) is required to determine the actual genotype of

these recombinant EV71 strains. In previous studies, EV71

isolates SHZH98 and SHZH03 were classified as subge-

notype C4 based on phylogenetic analysis using the VP1

gene sequence only [21]. The existence of EV71 ‘‘subge-

notype C4’’ was first reported in China (SHZH98) and

Taiwan (3254-TAI-98) in 1998 [21]. This subgenotype was

then identified in Japan, Vietnam and Thailand and was

further divided into two clusters, C4a (2003–2008) and

C4b (1998–2004) [36]. Since 2007, a large number of

EV71 strains with VP1 sequences corresponding to sub-

genotype C4a have been identified in China, indicating that

this subgenotype was predominant in China, causing

HFMD outbreaks [36]. Sequencing of different gene

regions or complete genome sequencing will reveal if these

strains also belong to the novel EV71 genotype D. In fact,

the reclassification of subgenotype C4 as a new genotype

was also supported in a recent study by phylogenetic

analysis using EV71 complete genome sequences [7].

In addition to the recombinant EV71 strains, intertypic

recombination was also detected in two CA16 strains

(SZ/HK08-3 and SZ/HK08-7) from Shenzhen in 2008.

Both phylogenetic and recombination analysis showed that

the nucleotide sequences of the two CA16 strains were

most closely related to those of CA16 strain G-10 in the

50 NCR and P1 regions, but to those of EV71 genotype A

strain BrCr in the P2 and P3 regions, suggesting that

intertypic recombination had occurred between CA16

strain G-10 and EV71 genotype A. This is in line with a

previous report of a similar recombination event between

CA16 strain G-10 and EV71 genotype A in one CA16

isolate (Tainan/5079/98), where the site of crossover was

located within a 166-bp region between nucleotide posi-

tions 3616 and 3781 in the 2A–2B region [35]. Based on

the present phylogenetic analysis, CA16 strains should be

divided into two genotypes, A and B. For the 50 NCR and

P1 region, our two CA16 recombinant strains, together

with shzh00-1, shzh05-1, GZ08 and Tainan/5079/98, were

most closely related to the CA16 strains G-10 and FY18.

However, for the P2 and P3 regions, the former CA16

strains were more closely related to EV71 genotype A

strain BrCr than CA16 strains G-10 and FY18. Therefore,

we propose that CA16 strains G-10 and FY18 should be

classified as genotype A, and the remaining CA16 strains

should be classified as genotype B. Sequencing of at least

two gene regions (50 NCR or P1 and P2 or P3) is needed to

differentiate between the two genotypes of CA16.

The non-structural regions P2 and P3 are likely the hot

spot for recombination in enteroviruses. Recombination is

a well-known phenomenon in enterovirus evolution. Our

present findings are in line with a previous study demon-

strating that several recombination breakpoints were loca-

ted within the P2 and P3 regions of enteroviruses of same

species, while no breakpoint was found within the P1

region by genomic analysis [30]. Other studies have also

shown recombination sites located within non-structural

regions, such as 2A in EV11/EV19 [24], 2B in coxsac-

kievirus B4 [22], and 2C in echovirus 9/18 [2]. One pos-

sible reason for frequent detection of recombination sites

within non-structural regions of the enterovirus genome is

that non-structural regions are more homologous than

capsid regions among enteroviruses of the same species.

Instead, mutation rather than recombination frequently

occurred in the capsid region of enteroviruses, particularly

in VP1, which bears most of the motifs essential for

interaction with antibodies and the host-cell receptor, and

these result from evasion of host immune attack. The

combination of mutations in the P1 region and recombi-

nation in the P2 and P3 regions of the enterovirus genome

is probably important for the generation of the high

diversity of enteroviruses circulating in the human popu-

lation. This unique mechanism for generation of novel

enterovirus genotypes may allow for the emergence of new

strains and new epidemics.

The reason for the dramatic increase in HFMD cases in

2008 in China remains to be determined. Although the

present study identifies a new combination of recombination

events in the present EV71 strains from children with

HFMD in China, their sequences in the VP1 region, bearing

major antigenic epitopes, did not show dramatic changes

when compared to those of EV71 strains of subgenotype C4

in China in 2007. In addition, the amino acid residues

‘RAGLVGEIDLPLEGTTNP’, which have been predicted

to comprise the immunogenic BC loop in the VP1 sequences

of EV71 strains [28, 31], were also present in our two EV71

strains. The only difference observed was an amino acid

substitution of alanine753 by serine in strain SZ/HK08-6

(data not shown). Further studies are required to find out if

this substitution and/or the present double recombinant

events contribute to altered antigenicity that might explain

the recent rapid emergence of EV71 in China.
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