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a b s t r a c t 

Hand, foot, and mouth disease (HFMD) is one of the most common class C infectious diseases, posing a seri- 
ous threat to public health worldwide. Enterovirus A71 (EV-A71) and coxsackievirus A16 (CV-A16) have been 
regarded as the major pathogenic agents of HFMD; however, since an outbreak caused by coxsackievirus A6 
(CV-A6) in France in 2008, CV-A6 has gradually become the predominant pathogen in many regions. CV-A6 
infects not only children but also adults, and causes atypical clinical symptoms such as a more generalized rash, 
eczema herpeticum, high fever, and onychomadesis, which are different from the symptoms associated with EV- 
A71 and CV-A16. Importantly, the rate of genetic recombination of CV-A6 is high, which can lead to changes in 
virulence and the rapid evolution of other characteristics, thus posing a serious threat to public health. To date, 
no specific vaccines or therapeutics have been approved for CV-A6 prevention or treatment, hence it is essential 
to fully understand the relationship between recombination and evolution of this virus. Here, we systematically 
review the genetic recombination events of CV-A6 that have occurred worldwide and explore how these events 
have promoted virus evolution, thus providing important information regarding future HFMD surveillance and 
prevention. 
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. Introduction 

Hand, foot, and mouth disease (HFMD) is a common
nfectious disease, with epidemic outbreaks of this dis-
ase occurring worldwide. Enteroviruses (EVs) are the
ausative agents of HFMD, and enterovirus A71 (EV-A71)
nd coxsackievirus A16 (CV-A16) have long been consid-
red the predominant pathogenic agents [1] . However,
n recent years coxsackievirus A6 (CV-A6) has supplanted
V-A71 and CV-A16 as the predominant causative agent,
eing responsible for repeated large-scale HFMD out-
reaks [2 , 3] since its first outbreak in Finland [4] . Sim-
lar to other EVs, CV-A6 is a small, non-enveloped virus
ith a single-stranded, positive-sense RNA genome of ap-
roximately 7.4 kb comprising a long open reading frame
Abbreviations: HFMD, Hand, foot, and mouth disease; CV-A6, Coxsackievirus A6; 
4; PV, Poliovirus; EV, Enterovirus; RF, Recombination form; RdRp, RNA-dependent
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1 
ORF) flanked by 5 ́- and 3 ́-untranslated regions (UTRs).
his ORF is translated into a polyprotein of 2201 amino
cids, which can be cleaved into the three polyprotein
recursors P1, P2, and P3. P1 encodes the capsid pro-
eins VP1–VP4, whereas P2 and P3 encode the noncapsid
roteins 2A–2C and 3A–3D, respectively [5] . VP1, which
s highly conserved and serotype-specific, is used in in-
ernationally accepted methodology for EV typing [6] ,
hereas 3D is often used for recombinant lineage clas-

ification [7] . The clinical symptoms associated with CV-
6 differ from those of EV-A71 and CV-A16, with CV-
6 infection leading to herpangina and atypical HFMD
anifesting as a higher and longer-lasting fever, a more
idespread rash, and onychomadesis [8] . CV-A6 can in-
CV-A16, Coxsackievirus A16; EV-A71, Enterovirus A71; CV-A4, Coxsackievirus 
 RNA polymerases; UTR, Untranslated region. 

 April 2024 
iversity Press. This is an open access article under the CC BY-NC-ND license 

https://doi.org/10.1016/j.imj.2024.100115
http://www.ScienceDirect.com
http://www.elsevier.com/locate/imj
http://crossmark.crossref.org/dialog/?doi=10.1016/j.imj.2024.100115&domain=pdf
mailto:wenhongling@sdu.edu.cn
https://doi.org/10.1016/j.imj.2024.100115
http://creativecommons.org/licenses/by-nc-nd/4.0/


Z. Wang and H. Wen Infectious Medicine 3 (2024) 100115

f  

t  

o  

c
 

t  

o  

t  

(  

i  

i  

v  

c  

w  

o  

s  

t  

2  

T  

r  

w  

t  

v  

c  

w  

g  

c  

i  

t  

1  

d  

i  

t  

a  

a  

s  

A  

t  

p
 

E  

e  

b  

W  

s

2

 

h  

p  

e  

C  

t

2

2

d

 

r  

a  

i  

e  

t  

v  

r  

q  

A  

c  

l  

w  

t  

s  

u  

t  

t  

r  

p  

t  

a  

C  

g  

a  

m  

a  

i  

s  

o  

t  

b  

p  

b  

c

2

 

C  

i  

b  

w  

c  

w  

u  

p  

i  

c  

L  

R  

v  
ect not only children but also adults, sometimes leading
o severe HFMD and fatalities. Since no effective vaccines
r drugs are commercially available, CV-A6 is a signifi-
ant public health burden. 

Genetic recombination of RNA viruses, which was ini-
ially detected by Hirst [9] , is regarded as a driving force
f EV evolution. Researchers have demonstrated that
he 3Dpol error-prone RNA-dependent RNA polymerases
RdRps) of EVs lack proofreading function, leading to mis-
ncorporations of 10− 5 –10− 3 per nucleotide site [10] dur-
ng genome replication, while recombination can pre-
ent deleterious mutation accumulation, which may ac-
ount for the high-frequency recombination. Compared
ith other EVs, CV-A6 strains show a higher diversity
f genetic sequences. It was reported that most EV-A71
trains belonging to the same sub-genotype also clustered
ogether in the phylogenetic tree of other regions, such as
C and 3D, while CV-A6 showed the opposite trend [11] .
he evolutionary phenomenon of the noncapsid coding
egion in the same sub-genotype of CV-A6 might explain
hy this virus has shown rapid, worldwide dissemina-

ion. Based on the VP1 region, CV-A6 strains can be di-
ided into A, B1, B2, C1, C2, and D1–D3 genotypes; D3
an be further divided into D3a and D3b sub-genotypes,
ith D3a [11] and D3 [12 , 13] being the predominant
enotypes in China and worldwide, respectively, in re-
ent years. Based on the 3D coding region, previous stud-
es categorized global CV-A6 variants into 25 recombina-
ion forms (RFs), alphabetically termed RF-A to RF-Y [ 14-
6 ], among which RF-R, -S, -T, -U, and -V were newly
etected in France [17] and RF-Y was newly detected
n Thailand during 2019–2022 [18] . It is worth noting
hat the diversity in the noncapsid coding region within
 single sub-genotype observed in CV-A6 is uncommon
mong the other leading pathogenic agents of HFMD. Re-
earchers have demonstrated that conservation of the CV-
6 capsid gene has led to its high transmissibility, while

he noncapsid gene, which is lineage-specific, might affect
athogenicity [11] . 

In this review, taking information from studies on other
Vs into account, we summarize the global recombination
vents for CV-A6 and explore the mechanisms responsi-
le for this recombination and its role in virus evolution.
e therefore provide information relevant to the effective

urveillance and prevention of HFMD. 

. Global genetic recombination events for CV-A6 

It is well-established that CV-A6 has undergone
ighly frequent recombination events that correlate with
athogenicity during the processes of transmission and
volution [19 , 20] . Here, we detail the genetic diversity of
V-A6 strains by summarizing the recombination events
hat have been reported for CV-A6 worldwide. 
2

.1. CV-A6 recombination in China 

.1.1. CV-A6 recombination events not leading to the 

ivision of RFs 

During an outbreak of HFMD in Shanghai in 2013, a
ecombinant CV-A6 strain, with high similarity in the 2C
nd 3 ́-UTR regions to CV-A4 circulating in Shanghai, was
solated [21] . This recombinant strain caused a more gen-
ralized rash, implying that recombination may have led
o a change in pathogenicity associated with more se-
ere lesions [22] . Another study from Wenzhou, China,
eported a more widespread rash, larger blisters, subse-
uent desquamation, and onychomadesis caused by CV-
6, with the recombination breakpoints in this strain lo-
ated in the 2A, 3A, and 5 ́-UTR regions; however, the re-
ationship between recombination and clinical symptoms
as not confirmed further in their study [23] . Among

he 39 strains isolated in northeast China in 2013, four
trains with full length were probably recombinant prod-
cts of the CV-A6 prototype strain Gdula and CV-A4, and
he recombination breakpoints were mainly located in
he P2 region. Recombinant strains show differences in
eproducibility, their ability to release from cells, and
athogenicity in mice. An interesting phenomenon was
hat the nonlethal strain Changchun098 resided in a sep-
rate cluster from the three lethal strains Changchun046,
hangchun097, and Changchun099 according to phylo-
enetic analysis based on the P2 coding region. However,
 similar phenomenon was not observed for other frag-
ents such as the 5 ́-UTR, P1, and P3. Further genome

nalysis showed that Changchun098 shared higher sim-
larity with Gdula in the P2 region than the other three
trains, implying that P2 may contribute to the virulence
f CV-A6-Changchun strains, and that genetic recombina-
ion in this region can affect the virulence of the recom-
inant strains. Further experiments demonstrated that 2C
layed an important role in the pathogenicity of CV-A6
y causing autophagy and inducing cell death, which was
onsistent with the epidemiological results [24] . 

.1.2. CV-A6 of different RFs reported in China 

Qiao et al. reported two recombination events for
V-A6 in Nanjing, China, with CV-A6 strains obtain-

ng partial 2B (4001–4045 bp) and 2C (4866–4873
p) regions from CV-A4 and CV-A8, respectively. There
ere two types of recombination patterns of CV-A6

o-circulating in Nanjing, namely RF-A and RF-J, but
hether the virulence differs between these RFs remains
nknown [25] . Among the four recombinant strains re-
orted in Hong Kong, China, HK459455/2013 belong-
ng to RF-J and HK458288/2015 belonging to RF-L
aused herpangina, HK446377/2015 belonging to RF-
 caused HFMD, and HK463069/2015 belonging to
F-M caused acute encephalitis. Further analysis re-
ealed that HK459455/2013 originated from the re-
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ombination of CV-A6 and CV-A4 in the P2 region,
K458288/2015 and HK446377/2015 were the recom-
inant products of CV-A6 and CV-A4 in the 3D re-
ion, and the 3D region of HK463069/2015 originated
rom the C4 genotype of EV-A71 [16] . By performing
 large-scale genetic analysis of global CV-A6 variants
rom 2010 to 2018, researchers revealed that recom-
ination of the non-structural region led to the emer-
ence of RF-J, -K2, and -L, which evolved from RF-A
n mainland China with a mutation rate of 5.20 × 10− 3 

ucleotide substitutions/site/year, which was slightly
igher than that of other strains worldwide. RF-J had un-
ergone three obvious recombination events with Shen-
hen CV-A4 strain (HQ728260/2009), Shenzhen CV-
8 strain (KM609478/2012), and Guangdong EV-A71
train (JF799986/2009). RF-K2 was reported to be a re-
ombinant of Jiangsu CV-A14 strain (KP036482/2012)
n the P3 region. Moreover, RF-L had undergone two
ecombination events with Shenzhen strains CV-A4
HQ728260/2009) and CV-A8 (KM609478/2012). Fur-
her analysis revealed that RF-J infection may cause a
ore generalized rash and RF-L tended to cause severe
FMD compared with RF-A. It is therefore clear that the
igh conservation of the structural coding regions means
hat CV-A6 remains highly transmissible, while the lin-
age specificity of the non-structural coding regions may
orrelate with the degree of pathogenicity. This study also
ighlighted that recombination within the same genotype
o produce new lineages was not common among other
athogens of HFMD [11] . Yu et al. reported that recombi-
ation and the change in sub-genotype may explain why
V-A6 is the predominant pathogen of HFMD in Beijing,
ith the two RFs, RF-C and -D, predominating in 2010
nd 2011, then changing to RF-A, -L, and -J from 2013.
ecombination breakpoints were mainly located in the P2
nd P3 regions, especially 2C and 3D [26] . CV-A6 strains
solated in Beijing from 2017 to 2019 tended to recom-
ine with EV-A114 in the 2B and 3D regions and RF-A
as the predominant recombinant lineage; however, this

tudy did not explore virulence changes after recombina-
ion [27] . 

.2. CV-A6 recombination events worldwide 

To determine whether virus-specific factors were in-
olved in the changes in clinical symptoms observed with
V-A6, Gaunt et al. found that all Finnish CV-A6 strains
elated to atypical HFMD in 2008 belonged to RF-A, while
ll strains in Edinburgh related to herpetic eczema in early
014 belonged to RF-H. This indicated a strong correla-
ion between genetic recombination and altered clinical
ymptoms. Further analysis demonstrated that both RF-A
nd RF-G had a strong correlation with atypical HFMD,
hile RF-B and RF-E mainly caused herpangina, and RF-
 mainly caused herpetic eczema. This provided strong
3

vidence that non-structural coding regions may play an
ssential role in the diversity of clinical phenotypes of
V-A6 infection. However, corresponding experimental
ata and statistical analyses to support these findings are
eeded in future research [14] . In another study, recom-
ination breakpoints were detected in the 2A–2C and 5 ́-
TR regions among 151 CV-A6 strains collected from Ger-
any, Spain, Sweden, Denmark, and Thailand from 2013

o 2014, and most strains belonged to RF-A (105/151)
nd RF-F (37/151). Regretfully, there was a lack of in-
ormation about the association between recombination
nd clinical changes in this study [15] . Joanna et al. re-
orted that CV-A6 in Australia had undergone recombina-
ion events in the 2C region with CV-A4, CV-A2, and EV-
71 and called for greater surveillance of EVs to improve
trategies for outbreak preparedness and vaccine develop-
ent [28] . During 2010–2018 in France, most strains of
V-A6 reportedly belonged to RF-A, -H, -G, and -F, among
hich RF-A was predominant, and the newly emerged RF-
 was detected. The researchers also claimed that 1–6 RFs
re circulating each year, reflecting the frequency of re-
ombination. It was stated that the large-scale spread of
V-A6 worldwide began from 2005 to 2007, which was
onsistent with the appearance of D3/RF-A [17] . In re-
ent research, CV-A6 was demonstrated to be the pre-
ominant pathogen of HFMD in Thailand, with four RFs
eported, namely RF-A, -N, -H, and -Y, with RF-A being
he most common. RF-Y was a newly discovered recombi-
ation lineage that shared high similarity with CV-A10 in
he 3D region. More detailed analysis showed that the ge-
etic recombination event generating RF-Y occurred 4.8
ears ago. This study also reported that the recombina-
ion frequency of CV-A6 peaks every five years; however,
nalysis on full-length genomes was lacking [18] . 

.3. Summary of global CV-A6 recombination events 

Genetic recombination of CV-A6 is frequent both in
hina and in other countries ( Table 1 ). Human EVs have a
igh mutation rate due to evolutionary pressure and fre-
uent recombination, with the rate for CV-A6 reported
o be 4.20 × 10− 3 –4.73 × 10− 3 substitutions/site/year
11 , 14 , 18] . However, it is interesting that CV-A6 in main-
and China evolved faster according to the substitution
ate of P1 (5.20 × 10− 3 substitutions/site/year), although
he reason for this phenomenon remains unknown. 

The recombination breakpoints of EV-A, -B, and -C are
istributed across the 5 ́-UTR, P1, P2, and P3 regions [29–
1] , among which P1 is not often reported. The recom-
ination breakpoints of EV-B and -C are mostly located
t the junction of the 5 ́-UTR and P1 regions and the
tart of P2, while recombination of EV-A occurs relatively
niformly in both the P2 and P3 regions [32] . This was
onsistent with the CV-A6 recombination events reported
lobally. Researchers found that recombining the capsid
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Table 1 

Genetic recombination events for CV-A6 worldwide. 

Time Location Number of patients Number of CV-A6 strains Genotype Recombination 
breakouts 

Parents Recombination forms Association between 
recombination and clinical 

symptom changes 

2013.1–2013.12 Nanjing, China 
[25] 

16551 HFMD 
patients 

Selected 28 strains for further 
study of VP1, 2C and 3D, among 
which full-length sequences of 8 
strains were sequenced 

N/A 4001–
4045bp(2B)4866–
4873bp(2C) 

CV-A2, CV-A4, 
CV-A8, 
EV-A71 

co-existence of RF-A and RF-J N/A 

2013 Shanghai, China 
[21] 

N/A N/A N/A 2C, 3 ́-UTR CV-A4 N/A N/A 

2012.1–2013.9 Shanghai, China 
[22] 

626 HFMD patients Recombinant CV-A6 accounted 
for 21.9% (64/292) of all CV-A6 
strains 

D6, D7 2C CV-A4 N/A Recombinant strains caused 
wider rash than did the 
non-recombinant CV-A6. 

2017–2019 Beijing, China 
[27] 

1721 HFMD patients VP1 of 120 strains were used for 
genotyping, 14 were full-length 
sequenced 

D3a more than D3b 2B and 3D EV-A114 RF-A N/A 

2013 Northeast China 
[24] 

N/A 39 circulating CV-A6 strains N/A P2/P3, 
especially in P2 

CV-A4, CV-A6 N/A Changchun098 strain which had 
a higher similarity with Gdula 
showed less virulence. 

2010.1–2017.12 Hong Kong, 
China [16] 

36 CV-A6 positive 
patients 

28 strains D5 3D, P2/P3 EV-A71 
CV-A4, CV-A6 

RF-J, -L, -M RF-J,-L caused herpangina, while 
RF-M caused acute encephalitis. 

2010–2016 Beijing, China 
[26] 

N/A 64 CV-A6 positive samples D2→D3, (2013) noncapsid 
regions, 
especially P2 
and P3 

CV-A4, CV-A6 RF-C, -D(2010,2011), RF-A, 
-J, -L(2013) 

Recombination of CV-A6 may be 
a cause of it being the 
predominant pathogen for HFMD. 

2013 Wenzhou, China 
[23] 

955 HFMD patients CV-A6 was the predominant 
(77.8%) 

N/A 3 ́end of 5 ́-UTR 
and 2A, 3A 

CV-A2, CV-A8 N/A CV-A6 caused severer skin lesions 
than EV-A71 and CV-A16; nail 
loss was significantly associated 
with desquamation ( p = 0.002). 
However, comparation of clinical 
symptoms between 
non-recombinants and 
recombinants were not 
mentioned. 

2010–2018 Mainland China 
[11] 

N/A 336 strains, among which 158 (2 
were reported as fatal cases, 17 
were severe cases, and 139 were 
mild cases) were isloated in this 
study, 178 were downloaded 
from GeneBank 

D2, D3 Noncapsid 
region 

EV-A71, 
CV-A4, CV-A8, 
CV-A14 

7 RFs including -A, -C, -D, 
-K1, -K2, -J, and -L, with 
most of the Chinese CV-A6 
strains belonging to lineages 
-A, -J, and -L 

Lineage-L may be more likely to 
cause severe HFMD than 
lineage-A. 

2014.1–2014.2 Edinburgh [14] Children and young 
adults with 
CVA6-associated 
eczema herpeticum 

N/A N/A 2A-2C,VP1, VP3, 
5 ́-UTR 

N/A Except for 8 RFs circulating 
worldwide over the past 10 
years, all CV-A6 associated 
with eczema herpeticum 

cases in Edinburgh in 2014 
belonged to RF-H . 

RF-A and RF-G caused atypical 
HFMD, RF-B and RF-E mainly 
caused herpangina, RF-H mainly 
caused herpetic eczema. 

2013 and 2014 Germany, Spain, 
Sweden, 
Denmark, 
Thailand [15] 

N/A 151 variants for VP1 and 3D 
analysis; 39 variants for nearly 
full-length analysis 

N/A 2A-2C and 5 ́
-UTRs 

N/A RF-A, -F, -G, -H N/A 

2016.2–2017.7 western Sydney, 
Australia [28] 

N/A 24 strains for whole genome 
sequencing 

N/A 2C CV-A4, CV-A2, 
EV-A71 

N/A N/A 

2010–2018 France [17] Throat specimens of 
245 children 

213 complete CVA6 genomes D1, D3 N/A N/A RF-A(58%),-H 

(19%),-G(6.1%), -F(5.2%), 
-B, -N, -V 

N/A 

2019.1–2022.10 Thailand [18] N/A CV-A6 (23.7%) was the 
predominant genotype 

The majority were 
D3.1, others 
belonged to D3.2 

3D CV-A10 RF-A(147,84.5%), RF-N (11, 
6.3%), RF-H (1, 0.6%), and 
newly RF-Y (15, 8.6%) 

N/A 

Note : N/A, not applicable. 
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egion with different serotypes of EVs resulted in poor
eplication ability or even the loss of replication of po-
iovirus (PV), while the opposite was true for recombi-
ation in the noncapsid region. This demonstrated that
ecombination in the capsid region negatively effects the
urvival of EVs and illustrates why recombination in the
1 region is rare [33] . Other studies revealed that differ-
nt EVs recognize different cell receptors and that recom-
ined capsid protein may not produce the correct recogni-
ion structure thus preventing cell adhesion and/or entry,
hich may also explain why the recombination sites of
Vs are mostly located in the P2 and P3 regions [34 , 35] .

As for recombination in non-structural regions, the
A–2C, 3D, and 5 ́-UTR regions of CV-A6 are predomi-
antly reported [ 14-16 , 18 , 21-28 ]. CV-A6 can recombine
ith other CV-A6 strains as well as other EVs, among
hich CV-A6 prototype Gdula, CV-A4, CV-A8, and EV-
71 are most frequently reported. The length of recom-
ination breakpoints varies for different recombination
vents. To date, 25 RFs (RF-A–RF-Y) have been reported
orldwide, among which RF-A is the most common and

s the ancestor of the other RFs. Many studies have also
eported an association between different RFs of CV-A6
nd changes in clinical symptoms, although most of these
tudies lack experimental data to support the epidemio-
ogical findings. Further research is therefore needed to
rovide stronger evidence that genetic recombination can
mpact on disease manifestations and severity. 

. Potential mechanism of genetic recombination 

Currently there are two possible mechanisms under-
ying the genetic recombination of EVs, namely replica-
ive recombination and non-replicative recombination
 36-38 ]. According to the genetic characteristics of re-
ombinant products, recombination can also be divided
nto homologous recombination and non-homologous re-
ombination [39 , 40] , which are also known as precise
ecombination and non-precise recombination. Homolo-
ous recombination always occurs at the same site in two
arental chains, whose products have the same structure
s the parental chains with no base insertions or deletions,
hereas for non-homologous recombination the recombi-
ation breakpoints of the two parental chains are located
t different sites [41] ( Fig. 1 ). In other words, homolo-
ous recombination occurs in regions with highly similar
equences and is always reported in RNA viruses, while
on-homologous recombination usually occurs in regions
ith different sequences and may produce harmful geno-

ypes, making it uncommon [ 42-44 ]. Non-homologous re-
ombination can be observed under experimental condi-
ions and is not stable [41] and the repetitive and ab-
ormal sequences generated during non-homologous re-
ombination may be deleted through unknown pathways
5

r replaced by homologous recombination strains with
tronger adaptability [45] . 

Genetic recombination of EVs also includes inter-
pecies recombination and intra-species recombination
43] , the former being relatively rare [38] . However, both
V-D111 and EV-D120 can infect animals, and EV-D111
f humans and animals belongs to the same branch in
hylogenetic trees based on VP1, indicating the possibil-
ty of cross-species transmission of EVs [46] . Although
here have been no reports of cross-species transmission
f CV-A6, surveillance should be strengthened based on
his possibility. Intra-species recombination was first dis-
overed in PV by Hirst [9] , which was also the first case
f RNA virus genetic recombination. 

.1. Replicative recombination 

Since it is widely recognized that PV homologous re-
ombination is mediated by template switching during
eplication (also known as copy-choice recombination or
emplate-switching replication) [47] , it can be deduced
hat other EVs such as CV-A6 might also follow the same
echanism. This is supported by the fact that CV-A6 has

 single-stranded, positive-sense RNA genome, similar to
V. 

.1.1. The core content of replicative recombination 

The core content of replicative recombination is based
n the replication selection hypothesis proposed by Cop-
er et al. [48] , which is a widely accepted concept. During
irus replication, copy choice recombination occurs when
he RdRp dissociates from the virus genome to prevent
he synthesis of new negative-stranded RNA molecules
nd then binds to a second genome from another virus
o continue the replicative process, generating a new
osaic-like genome with regions originating from differ-

nt parental strains [ 49-51 ]. Several researchers reported
imilar recombination mechanisms for RNA viruses, sug-
esting that RNA polymerase regulates RNA replication
nd switches from one RNA molecule (donor template) to
nother (receptor template) during the synthesis process
52 , 53] . Correspondingly, the RNA polymerase in most
Vs is RdRp, and in retroviruses is RT [50] . Consistent
ith this hypothesis, Lowry et al. illustrated that recombi-
ation of EVs was a “copy-choice ” process with the poly-
erase switching template during negative-strand syn-

hesis [54] and at the same time maintaining binding
ith newly-formed nucleic acid chains, resulting in RNA
olecules with mixed ancestors. 
Recombination of EVs is a biphasic replicative process.

n the first stage, greater than genome length “impre-
ise ” intermediates with duplicate fragments (up to hun-
reds of bases) from the parental gene are generated. In
he second stage, the virus undergoes an “elimination ”
rogram during the passage process and variants with
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Fig. 1. Mechanisms of homologous recombination and non-homologous recombination. (A) Homologous recombination occurs when two parental genomes (gray and 
yellow) have the same recombination breakpoints, and the recombination products have the same length and structure as their parental chains. (B) Non-homologous 
recombination will lead to base insertion or deletion because parental chains have different recombination breakpoints. 

s  

R  

d  

t  

c  

t  

“  

i

3

r

 

p  

e  

C  

s  

s  

t  

s  

R  

t

3

 

c  

a  

v  

R  

t  

t

(1
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(2  

 

 

 

 

 

 

 

 

tronger adaptability are selected to continue replicating.
epeated fragments produced in the first stage are deleted
uring this process, ultimately generating a genome of
he appropriate length [55] . This study introduced the
oncepts of precise and imprecise recombination, but fur-
her research is needed on the detailed mechanism of the
elimination ” process. Hence, replicative recombination
s currently the most widely recognized concept. 

.1.2. Conditions for the occurrence of replicative 

ecombination 

A prerequisite for replicative recombination is that two
arental strains must share homologous regions. The pres-
nce of a specific base composition, such as high U-A or G-
, at the crossover site is also essential. Similar secondary
tructure between the two parental genomes is also con-
idered as an important prerequisite. Evidence suggests
hat co-infections of multiple viruses within cells of the
ame host, as well as the simultaneous replication of all
NA viruses, are also of great importance for recombina-

ion mediated by replicative mechanisms [41 , 49] . 

.1.3. Factors that influence replicative recombination 

Multiple factors such as RdRp, gene structure, base
omposition, sequence consistency of the RNA template,
nd transcription dynamics have been identified to be in-
olved in replicative recombination. For example, during
NA replication, the insertion of incorrect bases can stop

he process, thus leading to the occurrence of recombina-
ion [56] . 

) The role of viral RdRp in EV recombination 

Numerous studies have illustrated that recombination
of EVs is related to the accuracy or fidelity of the viral
RdRp. The higher the fidelity of RdRp, the less likely
it is to undergo genetic recombination [52] . Mutations
in RdRp can impact on genetic recombination and the
key sites have been identified. Researchers found that
6

the amino acid mutation D79H decreased the recom-
bination rate but did not affect the replication rate and
fidelity, whereas mutation H273R affected fidelity thus
increasing the mutation rate. It was demonstrated that
H273R and G64S mutants correlated with low-fidelity
and high-fidelity, respectively. The D79H mutation did
not affect virulence, but H273R and G64S mutations
were associated with a less virulent phenotype. The
specific mechanism was that a single D79H mutation
could not lead to a decrease in accumulated favorable
mutations and an increase in harmful mutations in the
virus strain [57] . However, double mutations affect-
ing both recombination (D79H) and fidelity (H273R
or G64S) can decrease the recombination rate whilst
also changing the fidelity of replication, thus dramati-
cally reducing the adaptability of the virus in the host
and altering the tissue tropism, leading to weaker and
less virulent strains. These findings have important im-
plications for the treatment and prevention of viral in-
fections. However, a D79H mutation in the 3D coding
region had no observable impact on the frequency of
recombination in one study [58] . In another study, a
mutation (L420A) in RdRp, which reduced recombina-
tion in PV, similarly reduced EV-A71 recombination,
suggesting conservation of RdRp-mediated recombina-
tion mechanisms [59] , which was consistent with the
results of Brian et al. [58] . 

) RdRp is not the only factor that can affect EV recom-
bination 

The speed and fidelity of the RdRp are not the only
determinants of recombination efficiency and mecha-
nism; other biochemical properties of RdRp may also
affect the incidence of recombination [60] . The con-
tribution of secondary structure and homologous se-
quences among the parental genes is controversial.
Some studies found that recombination breakpoints
were mostly located in regions with RNA secondary
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structures and homologous sequences [61] , highlight-
ing the importance of sequence identity between the
nascent strand and the acceptor RNA, as well as the
donor templates. While others illustrated that there
was no significant correlation between the frequency
of viral recombination and the above two factors, at-
taching greater importance to genome function and
fitness for genetic recombination [54 , 62] . Addition-
ally, the relationship between recombination and base
composition varies among viruses. In plant viruses and
retroviruses, a higher U-A base composition could in-
crease the frequency of recombination, and recombi-
nation breakpoints were often located in areas with a
higher proportion of U-A bases [63] . However, a high
proportion of G-C rather than U-A will increase the
recombination frequency of PV [61] . Moreover, a re-
cent study reported that GC-rich sequences could in-
crease the recombination frequency of PV and Brome
Mosaic Virus (BMV), while recombination sites were
often found to be located in AU-rich sequences in
many positive-strand RNA viruses such as PV, be-
cause the weak annealing of A-U nucleotides may pro-
mote the nascent strand to dissociate from the donor
strand, thus facilitating the initiation of the template-
switching process [41] . Further research is needed to
explore the molecular mechanisms that contribute to
the above phenomena. 

.2. Non-replicative recombination 

Non-replicative recombination (also known as
racture-connection recombination or the breaking-
oining model) was first demonstrated for bacteriophage
β [64] . Non-replicative recombination has since been
onfirmed for Hepatitis C Virus (HCV), Bovine Viral
iarrhea Virus (BVDV), and PV [ 65-67 ], but to date no
vidence has been found in CV-A6. This theory suggests
hat different RNA chains are cleaved and then their
xposed ends are rejoined at the cleavage site by a
rans-esterification reaction, which is not related to the
ctivity of replication enzymes. It is evident that neither
he 5 ́ or 3 ́ components that undergo non-replicative re-
ombination need to be translated, suggesting that viral
roteins are not involved in this process [38 , 66] . Gmyl
t al. demonstrated that PV can still undergo homologous
nd non-homologous recombination in the absence of
iral RdRp [68] . In other words, non-replicative re-
ombination can occur between both homologous and
on-homologous RNA fragments, and does not require
onsistent or specific RNA sequences except for RNA sec-
ndary structures such as pseudo-knots, bulges, or loops
41 , 67] . Although viral proteins such as RdRps are not
ssential during the non-replicative process, researchers
uggested that there must be a need for host cell proteins
n this process [69] . Several enzymatic mechanisms have
7

een proposed to explain non-replicative recombination,
nd it is the secondary structure of the RNA rather than
he similarity of sequences that is widely considered as
he main factor mediating this type of recombination
50] . 

In summary, both of the above mechanisms are feasible
 Fig. 2 ). However, due to the inability to distinguish the
nd products of different recombination mechanisms in
pidemic strains, the natural recombination mechanism
f viruses cannot be determined, and it is not yet pos-
ible to determine which theory dominates under natu-
al conditions [38] . Nevertheless, the replicative mecha-
ism is widely recognized. The prerequisite of both mech-
nisms is that two or more virus strains co-circulating
n a limited geographic area over a short period of time
imultaneously infect the same host cell, providing spa-
ial support for genetic recombination. Co-localization of
arental genomes can also not be ignored, and recom-
inant gene fragments need to be compatible. The re-
ombinant products can replicate and produce infectious
ffspring virus particles. The prevalence of recombinant
trains also requires them to be competitive enough to
urvive during the limited transmission process [41 , 69] .
lthough there are fewer studies on the recombination
echanism of CV-A6, there has been much research on

ther EVs, such as PV and EV-A71. In the future, it is im-
ortant to explore the mechanism of CV-A6 recombina-
ion events to better explain the diversity of CV-A6. 

. Recombination promotes the occurrence of new 

trains with different clinical symptoms and 

irulence 

To date, many scientists have regarded genetic recom-
ination as the driving force of CV-A6 evolution. It is
ell-established that recombination can lead to a change

n virulence, drug-resistance, antigenicity, and transmis-
ibility [38] , thus leading to outbreaks of HFMD. Recom-
ination in CV-A6 can also generate strains capable of in-
ucing specific clinical symptoms such as onychomade-
is and a generalized rash [14 , 22] . In summary, recombi-
ation and mutation are the core processes driving virus
volution, and are crucial for the transmission and viru-
ence of viruses. 

.1. Recombination and changes in virulence 

.1.1. Recombination-enhanced virulence 

Typically, recombination is considered an important
actor that can enhance the virulence of EVs, leading to
ore severe clinical symptoms and even fatalities [ 70-
2 ]. Recombination between circulating strains may also
ead to viral disease outbreaks. In 2013, an epidemic
train generated from recombination between CV-A6 and
V-A4 caused an outbreak of HFMD in Shanghai. The re-
ombinant strains caused more severe skin lesions than



Z. Wang and H. Wen Infectious Medicine 3 (2024) 100115

Fig. 2. Comparison of the replicative and non-replicative recombination mechanisms. (A) Replicative recombination is mediated by RdRp (blue), RdRp dissociates 
from the viral genome (gray) to prevent the synthesis of new negative-stranded RNA molecules and then binds to a second genome (yellow) from another virus to 
continue the replicative process, generating a new mosaic-like genome with regions originating from different parental chains. (B) During non-replicative recombi- 
nation, different RNA chains are cleaved and then their exposed ends are rejoined at the cleavage site by a trans-esterification reaction, which is not related to the 
activity of replication enzymes. 

n  

p  

r  

a  

s  

E  

w  

i  

p  

t  

c  

r  

G  

t  

i  

o  

u  

p  

t  

a  

c  

u  

f  

i  

s
 

c  

P  

2  

o  

t  

s  

i  

t  

n  

g  

B  

a  

o  

d  

i  

r  

s  

t  

t  

s

4

 

d  

t  

P  

a  

c  

c  

i  

t

4

o

 

t  

o  

b  

t  

t  

r  

d  

c  
on-recombinant strains, possibly due to the increased
athogenicity caused by recombination [22] . This type of
ecombination was also found in Beijing at the same time
nd caused a heavy burden on public health [26] . In the
ame year, CV-A6 strains underwent recombination with
V-A71 in the connecting zone of the P1 and P2 regions,
hich may have been related to the outbreak of HFMD

n Guangdong [73] . In 2015, a study in Hong Kong re-
orted that CV-A6 recombinant strains that had acquired
he 3D region from EV-A71, caused acute encephalitis in
hildren [16] . Another study in Changchun found that
ecombinant CV-A6 strains that had higher similarity to
dula in the P2 region, showed weaker virulence in mice

han recombinant CV-A6 strains that had higher similar-
ty to CV-A4 in the P2 region, suggesting that the degree
f genetic recombination may be highly related to the vir-
lence of the recombinant strains [24] . In other research,
atients infected with recombinant CV-A6 had more ex-
ensive skin lesions in their upper limbs, lower limbs, and
nterior abdomen than non-recombinants, with statisti-
ally significant differences, but the mechanism remains
nclear [22] . However, a further study by the same group
ound no significant differences in biological character-
stics between recombinant and non-recombinant CV-A6
trains. 

Additionally, recombination can also lead to the in-
reased virulence of other EVs. Recombination between
V Sabin 2 and non-polio EV-C in the 5 ́-UTR resulted in
5%–50% paralysis in mice, which was higher than that
f non-recombinants [74] . Moreover, recombination be-
ween PV live vaccines with non-poliovirus C could re-
tore the pathogenicity of the vaccine strains, resulting
n an outbreak of vaccine-derived poliovirus. Therefore,
he recombination of PV vaccine strains cannot be ig-
ored [41] . Based on phylogenetic analysis of the P3 re-
8

ion, enterovirus C could be divided into three branches.
ranch I mainly included strains from healthy children
nd children with acute flaccid paralysis and acute hem-
rrhagic conjunctivitis, while strains causing respiratory
iseases only clustered in Branch III. Distinct from strains
n Branch III, strains in both Branch I and Branch Ⅱ could
eplicate in the gastrointestinal tract. This suggests an as-
ociation between the P3 region and disease manifesta-
ions [75] . However, due to the limited sample size of
he above studies, more clinical data and virus genome
equences are needed to verify this conclusion. 

.1.2. Recombination-decreased virulence 

Several researchers maintain that some recombinants
isplay decreased virulence. Compared with recombina-
ion in the 5 ́-UTR, recombination in the P2 or/and the
3/3 ́-UTR region of Sabin2 and non-polio EV-C gener-
ted strains with attenuated virulence lacking neurotoxi-
ity [74] . Considering that virulence may decrease or in-
rease after recombination, it is imperative that changes
n virulence are urgently analyzed when new recombina-
ion events occur. 

.2. Recombination may change biological characteristics 

ther than virulence 

It is also possible that genetic recombination has lit-
le effect on virulence and instead leads to changes in
ther biological characteristics. Researchers found that
oth recombinant and non-recombinant EVs could lead
o either mild or severe clinical symptoms, suggesting
hat there may be no difference in virulence between
ecombinant and non-recombinant EVs [76 , 77] . In ad-
ition, by constructing recombinant chimeric viruses of
VDVP (circulating vaccine-derived poliovirus) and non-
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V, researchers found different recombinant strains had
ifferent temperature sensitivity and plaque size without
hanges in replication ability [74] . The above studies pro-
ide evidence that genetic recombination may not always
ead to disease outbreaks, and such events may remain
ndetected, making it difficult to determine the initial
ource of gene fragments in the recombinants. Therefore,
his hidden type of recombination may also have public
ealth implications and should be taken into considera-
ion. 

.3. Recombination and viral antigenicity 

Although changes in viral antigenicity caused by re-
ombination have barely been reported in CV-A6, stud-
es with EV-A71 confirmed that recombination may in-
rease virus binding ability and reduce its neutralizing
ffect on patient serum. Huang et al. found that the B4
nd B5 genotypes of EV-A71 showed different antigenic-
ty and the recombinants EV-A71 VP1-98K/145Q/164E
howed increased virus-binding ability, which may affect
he efficacy of vaccines [78] . Based on antigen analy-
is of serum from infected children, genotype A viruses
iffered in antigenicity between genotype B5 and C4a
iruses [79] . In 2008, during the prevalence of EV-A71 in
aiwan, China, Huang et al. reported a new sub-genotype,
amed C2-like, which may be generated by the recombi-
ation of C2 and B3 sub-genotypes. Compared with other
ub-genotypes, the neutralization ability of C2-like was
enerally poor, with a maximum difference of up to 128
imes [80] . Collectively, these data suggested that genetic
ecombination might play an important role in viral anti-
enicity and may present a challenge to vaccine devel-
pment. Regrettably, it remains elusive whether recom-
ination can change the antigenicity of CV-A6, which is
orthy of further investigation. Considering that recom-
ination has been shown to affect the efficacy of the EV-
71 and PV vaccines, greater efforts should be devoted to
eal-time monitoring of recombinant viruses, and recom-
ination should not be ignored when selecting strains for
V-A6 vaccine development. 

. Perspectives and conclusion 

HFMD has always been the predominant Class C infec-
ious disease [81] , posing a serious threat to public health.
urrently, there is no vaccine available to prevent HFMD
athogenic agents, except for EV-A71, and no antiviral
rugs for HFMD treatment have been approved [82 , 83] .
revious studies have shown extensive recombination in
he genome of CV-A6, which may be a key factor in its
apid evolution. This likely contributed to it becoming
he dominant pathogen of HFMD and to the fact that it
nduces unique clinical symptoms compared with EV-A71
nd CV-A16 [84] . However, little is known regarding the
9

echanism of viral genetic recombination, and there is a
ack of research on the underlying reasons for the frequent
ecombination of CV-A6. 

In this review, we discussed the frequently occurring
enetic recombination events of CV-A6 and highlighted
he underlying mechanism of how it promotes viral evo-
ution. Global CV-A6 strains have undergone frequent re-
ombination during the evolutionary process, with conse-
uential changes in virulence and clinical outcomes. Dur-
ng this process, CV-A6 has acquired partial genomes from
ther viruses, especially EVs. The underlying mechanism
ediating recombination may be divided into replicative

nd non-replicative mechanisms, the former is accepted
o occur naturally, while the latter has only been proven
xperimentally [85] . 

Recently, HFMD caused by EV-A71 has rarely been
etected [86] , while CV-A6 is becoming the predomi-
ant causative agent. However, it remains to be proven
hether this phenomenon is caused by the widespread
se of EV-A71 vaccines or by specific evolutionary pro-
esses. Genetic recombination has been commonly ob-
erved among EVs [ 87-89 ], and as we mentioned above,
any studies have proven its association with changes in

irulence and antigenicity, thus leading to altered clini-
al symptoms and disease outbreaks. Taken together, we
ay hypothesize that genetic recombination plays an im-
ortant role in CV-A6 evolution. Unfortunately, studies
o date lack sufficient experimental data to support this
ypothesis and the detailed mechanisms remain unclear.
urther research is therefore needed on virus genetic re-
ombination and its relationship with pathogenesis. Re-
earchers have used reverse genetic systems to explore the
echanisms of recombination [54] , and the construction

f such a system in CV-A6, along with an animal model
90 , 91] , may aid our understanding of the in vivo evolu-
ionary process and the interactions of this virus with the
ost. More attention should be paid to the impact of CV-
6 recombination on vaccine development and safety. It

s also essential to strengthen the monitoring and whole
enome sequencing of CV-A6 to detect significant pop-
lation size fluctuations and new genetic recombination
vents in a timely manner, thus optimizing public health
trategies and implementing effective measures to pre-
ent large-scale outbreaks. 

By summarizing the data on genetic recombination
f CV-A6 and other EVs, this review will not only en-
ance our understanding of the mechanism and impact
f viral genome recombination but will also potentially
ead to the development of anti-HFMD strategies, sug-
esting the necessity of continuous surveillance of HFMD
athogens to determine whether the predominant lineage
ill change in the future. 
This review also enriches the information on global CV-

6 genetic recombination and its influence on viral evo-
ution and transmission. It highlights two key problems
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hat urgently need to be resolved. First, much of the pre-
ious research has been based on only partial regions of
he CV-A6 genome, such as VP1 for genotyping and 3D
or recombinant lineage categorizing [ 92-94 ], leading to
 lack of essential information in other regions. So it is
ecessary in future studies to use the full-length CV-A6
equence for systematic and comprehensive analyses. Sec-
nd, the association between recombination and atypical
FMD has been reported in many studies but experimen-

al data is lacking, indicating the need for more compre-
ensive research into the mechanisms involved, as well
s the pathogenesis of CV-A6. 

unding 

This research did not receive any specific grant from
unding agencies in the public, commercial, or not-for-
rofit sectors. 

uthor contributions 

Zequn Wang : Conceptualization, Writing – review &
diting. Hongling Wen : Conceptualization, Supervision. 

cknowledgments 

None. 

eclaration of competing interest 

The authors declare that they have no known compet-
ng financial interests or personal relationships that could
ave appeared to influence the work reported in this pa-
er. 

ata available statement 

Data sharing not applicable to this article as no datasets
ere generated or analysed during the current study. 

thics statement 

Ethics approval were waived for this study because no
atients’ data were reported. 

nformed consent 

Not applicable. 

eferences 

[1] P. Zhu, W. Ji, D. Li, et al., Current status of hand-foot-and-mouth disease, J. Biomed.
Sci. 30 (1) (2023) 15, doi: 10.1186/s12929-023-00908-4 . 

[2] E. Kamau, D. Nguyen, C. Celma, et al., Seroprevalence and virologic surveillance of
enterovirus 71 and coxsackievirus A6, United Kingdom, 2006–2017, Emerg. Infect.
Dis. 27 (9) (2021) 2261–2268, doi: 10.3201/eid2709.204915 . 

[3] Q. Yang, F. Liu, L. Chang, et al., Molecular epidemiology and clinical characteristics
of enteroviruses associated HFMD in Chengdu, China, 2013–2022, Virol. J. 20 (1)
(2023) 202, doi: 10.1186/s12985-023-02169-x . 
10
[4] R. Osterback, T. Vuorinen, M. Linna, et al., Coxsackievirus A6 and hand, foot,
and mouth disease, Finland, Emerg. Infect. Dis. 15 (9) (2009) 1485–1488,
doi: 10.3201/eid1509.090438 . 

[5] J. Chen, C. Zhang, Y. Zhou, et al., A 3.0-angstrom resolution cryo-electron mi-
croscopy structure and antigenic sites of coxsackievirus A6-like particles, J. Virol.
92 (2) (2018) e01257–e01217, doi: 10.1128/JVI.01257-17 . 

[6] Y. Song, Y. Zhang, T. Ji, et al., Persistent circulation of Coxsackievirus A6 of genotype
D3 in mainland of China between 2008 and 2015, Sci. Rep. 7 (1) (2017) 5491,
doi: 10.1038/s41598-017-05618-0 . 

[7] E.C. McWilliam Leitch, J. Bendig, M. Cabrerizo, et al., Transmission networks
and population turnover of echovirus 30, J. Virol. 83 (5) (2009) 2109–2118,
doi: 10.1128/JVI.02109-08 . 

[8] H.H. Chiu, M.T. Liu, W.H. Chung, et al., The mechanism of onychomadesis (nail
shedding) and beau’s lines following hand-foot-mouth disease, Viruses 11 (6) (2019)
522, doi: 10.3390/v11060522 . 

[9] G.K. Hirst, Genetic recombination with Newcastle disease virus, polioviruses,
and influenza, Cold Spring Harb. Symp. Quant. Biol. 27 (1962) 303–309,
doi: 10.1101/sqb.1962.027.001.028 . 

10] E. Domingo, J.J. Holland, RNA virus mutations and fitness for survival, Annu. Rev.
Microbiol. 51 (1997) 151–178, doi: 10.1146/annurev.micro.51.1.151 . 

11] Y. Song, Y. Zhang, Z. Han, et al., Genetic recombination in fast-spreading coxsack-
ievirus A6 variants: a potential role in evolution and pathogenicity, Virus Evol. 6 (2)
(2020) veaa048, doi: 10.1093/ve/veaa048 . 

12] H. Liu, M. Zhang, C. Feng, et al., Characterization of coxsackievirus A6 strains iso-
lated from children with hand, foot, and mouth disease, Front. Cell. Infect. Microbiol.
11 (2021) 700191, doi: 10.3389/fcimb.2021.700191 . 

13] K. Mizuta, S. Tanaka, K. Komabayashi, et al., Phylogenetic and antigenic analyses
of coxsackievirus A6 isolates in Yamagata, Japan between 2001 and 2017, Vaccine
37 (8) (2019) 1109–1117, doi: 10.1016/j.vaccine.2018.12.065 . 

14] E. Gaunt, H. Harvala, R. Österback, et al., Genetic characterization of human cox-
sackievirus A6 variants associated with atypical hand, foot and mouth disease: a
potential role of recombination in emergence and pathogenicity, J. Gen. Virol. 96
(5) (2015) 1067–1079 Pt, doi: 10.1099/vir.0.000062 . 

15] J. Puenpa, S. Vongpunsawad, R. Österback, et al., Molecular epidemiology and the
evolution of human coxsackievirus A6, J. Gen. Virol. 97 (12) (2016) 3225–3231,
doi: 10.1099/jgv.0.000619 . 

16] S.K.P. Lau, P.S.H. Zhao, S. Sridhar, et al., Molecular epidemiology of coxsack-
ievirus A6 circulating in Hong Kong reveals common neurological manifestations
and emergence of novel recombinant groups, J. Clin. Virol. 108 (2018) 43–49,
doi: 10.1016/j.jcv.2018.09.002 . 

17] S. Tomba Ngangas, M. Bisseux, G. Jugie, et al., Coxsackievirus A6 recombinant
subclades D3/A and D3/H were predominant in hand-foot-and-mouth disease out-
breaks in the paediatric population, France, 2010–2018, Viruses 14 (5) (2022) 1078,
doi: 10.3390/v14051078 . 

18] J. Puenpa, N. Saengdao, N. Khanarat, et al., Evolutionary and genetic recombina-
tion analyses of coxsackievirus A6 variants associated with hand, foot, and mouth
disease outbreaks in Thailand between 2019 and 2022, Viruses 15 (1) (2022) 73,
doi: 10.3390/v15010073 . 

19] H. Khan, A. Khan, Genome-wide population structure inferences of human
coxsackievirus-A; insights the genotypes diversity and evolution, Infect. Genet. Evol.
95 (2021) 105068, doi: 10.1016/j.meegid.2021.105068 . 

20] J. Zhou, Y. Shi, L. Miao, et al., Molecular epidemiology and recombination of En-
terovirus A71 in mainland China from 1987 to 2017, Int. Microbiol. 24 (3) (2021)
291–299, doi: 10.1007/s10123-021-00164-2 . 

21] X. Feng, W. Guan, Y. Guo, et al., Genome sequence of a novel recombinant cox-
sackievirus a6 strain from Shanghai, China, 2013, Genome Announc. 3 (1) (2015)
e01347–e01314, doi: 10.1128/genomeA.01347-14 . 

22] X. Feng, W. Guan, Y. Guo, et al., A novel recombinant lineage’s contribution to the
outbreak of coxsackievirus A6-associated hand, foot and mouth disease in Shanghai,
China, 2012–2013, Sci. Rep. 5 (2015) 11700, doi: 10.1038/srep11700 . 

23] W.P. Guo, X.D. Lin, Y.P. Chen, et al., Fourteen types of co-circulating recombi-
nant enterovirus were associated with hand, foot, and mouth disease in children
from Wenzhou, China, J. Clin. Virol. 70 (2015) 29–38, doi: 10.1016/j.jcv.2015.06.
093 . 

24] S.H. Wang, A. Wang, P.P. Liu, et al., Divergent pathogenic properties of circulating
coxsackievirus A6 associated with emerging hand, foot, and mouth disease, J. Virol.
92 (11) (2018) e00303–e00318, doi: 10.1128/JVI.00303-18 . 

25] M. Qiao, W. Yong, X. Wang, et al., Identification of recombinant coxsackievirus A6
variants in hand, foot and mouth disease in Nanjing, China, 2013, J. Med. Microbiol.
67 (8) (2018) 1120–1129, doi: 10.1099/jmm.0.000780 . 

26] F. Yu, R. Zhu, L. Jia, et al., Sub-genotype change and recombination of coxsackievirus
A6s may be the cause of it being the predominant pathogen for HFMD in children
in Beijing, as revealed by analysis of complete genome sequences, Int. J. Infect. Dis.
99 (2020) 156–162, doi: 10.1016/j.ijid.2020.07.010 . 

27] M. Zhang, X. Chen, W. Wang, et al., Genetic characteristics of Coxsackievirus A6
from children with hand, foot and mouth disease in Beijing, China, 2017–2019,
Infect. Genet. Evol. 106 (2022) 105378, doi: 10.1016/j.meegid.2022.105378 . 

28] J.C.A. Cobbin, P.N. Britton, R. Burrell, et al., A complex mosaic of en-
teroviruses shapes community-acquired hand, foot and mouth disease transmis-
sion and evolution within a single hospital, Virus Evol. 4 (2) (2018) vey020,
doi: 10.1093/ve/vey020 . 

29] Z. Kyriakopoulou, G.D. Amoutzias, T.G. Dimitriou, et al., Intra- and inter-serotypic
recombinations in the 5 ́UTR-VP4 region of Echovirus 30 strains, Arch. Virol. 163
(2) (2018) 365–375, doi: 10.1007/s00705-017-3600-1 . 

30] E.C. McWilliam Leitch, M. Cabrerizo, J. Cardosa, et al., The association of re-
combination events in the founding and emergence of subgenogroup evolu-

https://doi.org/10.1186/s12929-023-00908-4
https://doi.org/10.3201/eid2709.204915
https://doi.org/10.1186/s12985-023-02169-x
https://doi.org/10.3201/eid1509.090438
https://doi.org/10.1128/JVI.01257-17
https://doi.org/10.1038/s41598-017-05618-0
https://doi.org/10.1128/JVI.02109-08
https://doi.org/10.3390/v11060522
https://doi.org/10.1101/sqb.1962.027.001.028
https://doi.org/10.1146/annurev.micro.51.1.151
https://doi.org/10.1093/ve/veaa048
https://doi.org/10.3389/fcimb.2021.700191
https://doi.org/10.1016/j.vaccine.2018.12.065
https://doi.org/10.1099/vir.0.000062
https://doi.org/10.1099/jgv.0.000619
https://doi.org/10.1016/j.jcv.2018.09.002
https://doi.org/10.3390/v14051078
https://doi.org/10.3390/v15010073
https://doi.org/10.1016/j.meegid.2021.105068
https://doi.org/10.1007/s10123-021-00164-2
https://doi.org/10.1128/genomeA.01347-14
https://doi.org/10.1038/srep11700
https://doi.org/10.1016/j.jcv.2015.06.093
https://doi.org/10.1128/JVI.00303-18
https://doi.org/10.1099/jmm.0.000780
https://doi.org/10.1016/j.ijid.2020.07.010
https://doi.org/10.1016/j.meegid.2022.105378
https://doi.org/10.1093/ve/vey020
https://doi.org/10.1007/s00705-017-3600-1


Z. Wang and H. Wen Infectious Medicine 3 (2024) 100115

 

[  

 

 

[  

 

[  

 

[  

 

[  

 

[  

[  

 

[  

 

[  

 

[  

[  

 

[  

 

 

[  

 

 

[  

 

 

[  

[  

 

[  

[  

 

[  

 

[  

[  

[  

 

[  

 

[  

 

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

 

[  

 

 

[  

 

[  

 

 

[  

 

[  

 

[  

 

[  

 

 

[  

 

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

 

[  

 

[  

[  

[  

 

 

tionary lineages of human enterovirus 71, J. Virol. 86 (5) (2012) 2676–2685,
doi: 10.1128/JVI.06065-11 . 

31] Y.F. Hu, F. Yang, J. Du, et al., Complete genome analysis of coxsackievirus A2, A4,
A5, and A10 strains isolated from hand, foot, and mouth disease patients in China
revealing frequent recombination of human enterovirus A, J. Clin. Microbiol. 49 (7)
(2011) 2426–2434, doi: 10.1128/JCM.00007-11 . 

32] M. Nikolaidis, K. Mimouli, Z. Kyriakopoulou, et al., Large-scale genomic analysis
reveals recurrent patterns of intertypic recombination in human enteroviruses, Vi-
rology 526 (2019) 72–80, doi: 10.1016/j.virol.2018.10.006 . 

33] A.D. Murdin, H.H. Lu, M.G. Murray, et al., Poliovirus antigenic hybrids simultane-
ously expressing antigenic determinants from all three serotypes, J. Gen. Virol. 73
(Pt 3) (1992) 607–611, doi: 10.1099/0022-1317-73-3-607 . 

34] P. Simmonds, J. Welch, Frequency and dynamics of recombination within
different species of human enteroviruses, J. Virol. 80 (1) (2006) 483–493,
doi: 10.1128/JVI.80.1.483-493.2006 . 

35] M.S. Oberste, S. Peñaranda, M.A. Pallansch, RNA recombination plays a major role
in genomic change during circulation of Coxsackie B viruses, J. Virol. 78 (6) (2004)
2948–2955, doi: 10.1128/jvi.78.6.2948-2955.2004 . 

36] P.D. Nagy, A.E. Simon, New insights into the mechanisms of RNA recombination,
Virology 235 (1) (1997) 1–9, doi: 10.1006/viro.1997.8681 . 

37] D. Sergiescu, A. Aubert-Combiescu, R. Crainic, Recombination between guanidine-
resistant and dextran sulfate-resistant mutants of type 1 poliovirus, J. Virol. 3 (3)
(1969) 326–330, doi: 10.1128/jvi.3.3.326-330.1969 . 

38] Z. Kyriakopoulou, V. Pliaka, G.D. Amoutzias, et al., Recombination among human
non-polio enteroviruses: implications for epidemiology and evolution, Virus Genes
50 (2) (2015) 177–188, doi: 10.1007/s11262-014-1152-y . 

39] A. Bruyere, M. Wantroba, S. Flasinski, et al., Frequent homologous recombination
events between molecules of one RNA component in a multipartite RNA virus, J.
Virol. 74 (9) (2000) 4214–4219, doi: 10.1128/jvi.74.9.4214-4219.2000 . 

40] M. Figlerowicz, Role of RNA structure in non-homologous recombination between
genomic molecules of brome mosaic virus, Nucleic Acids Res. 28 (8) (2000) 1714–
1723, doi: 10.1093/nar/28.8.1714 . 

41] C. Muslin, A. Mac Kain, M. Bessaud, et al., Recombination in enteroviruses,
a multi-step modular evolutionary process, Viruses 11 (9) (2019) 859,
doi: 10.3390/v11090859 . 

42] M. Schibler, I. Piuz, W. Hao, et al., Chimeric rhinoviruses obtained via genetic en-
gineering or artificially induced recombination are viable only if the polyprotein
coding sequence derives from the same species, J. Virol. 89 (8) (2015) 4470–4480,
doi: 10.1128/jvi.03668-14 . 

43] C. Muslin, M.L. Joffret, I. Pelletier, et al., Evolution and emergence of enteroviruses
through intra- and inter-species recombination: plasticity and phenotypic impact
of modular genetic exchanges in the 5 ′ untranslated region, PLoS Pathog. 11 (11)
(2015) e1005266, doi: 10.1371/journal.ppat.1005266 . 

44] B. Holmblat, S. Jégouic, C. Muslin, et al., Nonhomologous recombination be-
tween defective poliovirus and coxsackievirus genomes suggests a new model
of genetic plasticity for picornaviruses, mBio 5 (4) (2014) e01119–e01114,
doi: 10.1128/mBio.01119-14 . 

45] J.N. Barr, R. Fearns, How RNA viruses maintain their genome integrity, J. Gen. Virol.
91 (Pt 6) (2010) 1373–1387, doi: 10.1099/vir.0.020818-0 . 

46] S.A. Sadeuh-Mba, M.L. Joffret, A. Mazitchi, et al., Genetic and phenotypic charac-
terization of recently discovered enterovirus D type 111, PLoS Negl. Trop. Dis. 13
(10) (2019) e0007797, doi: 10.1371/journal.pntd.0007797 . 

47] K. Kirkegaard, D. Baltimore, The mechanism of RNA recombination in poliovirus,
Cell 47 (3) (1986) 433–443, doi: 10.1016/0092-8674(86)90600-8 . 

48] P.D. Copper, A. Steiner-Pryor, P.D. Scotti, et al., On the nature of poliovirus genetic
recombinants, J. Gen. Virol. 23 (1) (1974) 41–49, doi: 10.1099/0022-1317-23-1-41 .

49] M.B. Mandary, C.L. Poh, Changes in the EV-A71 genome through recombina-
tion and spontaneous mutations: impact on virulence, Viruses 10 (6) (2018) 320,
doi: 10.3390/v10060320 . 

50] E. Simon-Loriere, E.C. Holmes, Why do RNA viruses recombine? Nat. Rev. Microbiol.
9 (8) (2011) 617–626, doi: 10.1038/nrmicro2614 . 

51] M. Worobey, E.C. Holmes, Evolutionary aspects of recombination in RNA viruses, J.
Gen. Virol. 80 (Pt 10) (1999) 2535–2543, doi: 10.1099/0022-1317-80-10-2535 . 

52] A. Woodman, J.J. Arnold, C.E. Cameron, et al., Biochemical and genetic analysis of
the role of the viral polymerase in enterovirus recombination, Nucleic Acids Res. 44
(14) (2016) 6883–6895, doi: 10.1093/nar/gkw567 . 

53] B.J. Kempf, O.B. Peersen, D.J. Barton, Poliovirus polymerase Leu420 facilitates
RNA recombination and ribavirin resistance, J. Virol. 90 (19) (2016) 8410–8421,
doi: 10.1128/JVI.00078-16 . 

54] K. Lowry, A. Woodman, J. Cook, et al., Recombination in enteroviruses is a bipha-
sic replicative process involving the generation of greater-than genome length ‘im-
precise’ intermediates, PLoS Pathog. 10 (6) (2014) e1004191, doi: 10.1371/jour-
nal.ppat.1004191 . 

55] K. Bentley, F.G. Alnaji, L. Woodford, et al., Imprecise recombinant viruses evolve
via a fitness-driven, iterative process of polymerase template-switching events, PLoS
Pathog. 17 (8) (2021) e1009676, doi: 10.1371/journal.ppat.1009676 . 

56] D. Dulin, I.D. Vilfan, B.A. Berghuis, et al., Elongation-competent pauses govern the
fidelity of a viral RNA-dependent RNA polymerase, Cell Rep. 10 (6) (2015) 983–992,
doi: 10.1016/j.celrep.2015.01.031 . 

57] Y. Xiao, I.M. Rouzine, S. Bianco, et al., RNA recombination enhances adaptability
and is required for virus spread and virulence, Cell Host Microbe 22 (3) (2017) 420,
doi: 10.1016/j.chom.2016.03.009 . 

58] B.J. Kempf, C.L. Watkins, O.B. Peersen, et al., Picornavirus RNA recombina-
tion counteracts error catastrophe, J. Virol. 93 (14) (2019) e00652–e00619,
doi: 10.1128/JVI.00652-19 . 
11
59] A. Woodman, K.M. Lee, R. Janissen, et al., Predicting intraserotypic recombination in
enterovirus 71, J. Virol. 93 (4) (2019) e02057–e02018, doi: 10.1128/JVI.02057-18 .

60] H. Kim, V.D. Ellis 3rd, A. Woodman, et al., RNA-dependent RNA polymerase speed
and fidelity are not the only determinants of the mechanism or efficiency of recom-
bination, Genes 10 (12) (2019) 968, doi: 10.3390/genes10120968 . 

61] C. Runckel, O. Westesson, R. Andino, et al., Identification and manipulation of the
molecular determinants influencing poliovirus recombination, PLoS Pathog. 9 (2)
(2013) e1003164, doi: 10.1371/journal.ppat.1003164 . 

62] F.G. Alnaji, K. Bentley, A. Pearson, et al., Generated randomly and selected func-
tionally? the nature of enterovirus recombination, Viruses 14 (5) (2022) 916,
doi: 10.3390/v14050916 . 

63] N. Shapka, P.D. Nagy, The AU-rich RNA recombination hot spot sequence
of Brome mosaic virus is functional in tombusviruses: implications for the
mechanism of RNA recombination, J. Virol. 78 (5) (2004) 2288–2300,
doi: 10.1128/jvi.78.5.2288-2300.2004 . 

64] A.B. Chetverin, H.V. Chetverina, A.A. Demidenko, et al., Nonhomologous
RNA recombination in a cell-free system: evidence for a transesterification
mechanism guided by secondary structure, Cell 88 (4) (1997) 503–513,
doi: 10.1016/s0092-8674(00)81890-5 . 

65] T.K. Scheel, A. Galli, Y.P. Li, et al., Productive homologous and non-homologous re-
combination of hepatitis C virus in cell culture, PLoS Pathog. 9 (3) (2013) e1003228,
doi: 10.1371/journal.ppat.1003228 . 

66] M. Kleine Büning, D. Meyer, S. Austermann-Busch, et al., Nonreplicative RNA recom-
bination of an animal plus-strand RNA virus in the absence of efficient translation of
viral proteins, Genome Biol. Evol. 9 (4) (2017) 817–829, doi: 10.1093/gbe/evx046 .

67] A.P. Gmyl, E.V. Belousov, S.V. Maslova, et al., Nonreplicative RNA
recombination in poliovirus, J. Virol. 73 (11) (1999) 8958–8965,
doi: 10.1128/JVI.73.11.8958-8965.1999 . 

68] A.P. Gmyl, S.A. Korshenko, E.V. Belousov, et al., Nonreplicative homologous RNA
recombination: promiscuous joining of RNA pieces? RNA 9 (10) (2003) 1221–1231,
doi: 10.1261/rna.5111803 . 

69] K. Bentley, D.J. Evans, Mechanisms and consequences of positive-strand RNA virus
recombination, J. Gen. Virol. 99 (10) (2018) 1345–1356, doi: 10.1099/jgv.0.001142 .

70] J. Zhang, H. Zhang, Y. Zhao, et al., Molecular characterization of a new
human coxsackievirus B2 associated with severe hand-foot-mouth disease in
Yunnan Province of China in 2012, Arch. Virol. 162 (1) (2017) 307–311,
doi: 10.1007/s00705-016-3075-5 . 

71] Y.F. Hu, J. Du, R. Zhao, et al., Complete genome sequence of a recombinant cox-
sackievirus B4 from a patient with a fatal case of hand, foot, and mouth disease in
Guangxi, China, J. Virol. 86 (19) (2012) 10901–10902, doi: 10.1128/JVI.01808-12 .

72] C.C. Yip, S.K. Lau, P.C. Woo, et al., Recombinant coxsackievirus A2 and deaths
of children, Hong Kong, 2012, Emerg. Infect. Dis. 19 (8) (2013) 1285–1288,
doi: 10.3201/eid1908.121498 . 

73] R.H. Zeng, J. Lu, H.Y. Zheng, et al., Full-length genetic analysis of 18 Coxsack-
ievirus A6 strains in Guangdong, China, Bing DU Xue Bao 32 (05) (2016) 566–573,
doi: 10.13242/j.cnki.bingduxuebao.003022 . 

74] M. Bessaud, M.L. Joffret, B. Blondel, et al., Exchanges of genomic domains between
poliovirus and other cocirculating species C enteroviruses reveal a high degree of
plasticity, Sci. Rep. 6 (2016) 38831, doi: 10.1038/srep38831 . 

75] N. Junttila, N. Lévêque, L.O. Magnius, et al., Complete coding regions of the proto-
types enterovirus B93 and C95: Phylogenetic analyses of the P1 and P3 regions of EV-
B and EV-C strains, J. Med. Virol. 87 (3) (2015) 485–497, doi: 10.1002/jmv.24062 . 

76] S.C. Huang, Y.W. Hsu, H.C. Wang, et al., Appearance of intratypic recombination of
enterovirus 71 in Taiwan from 2002 to 2005, Virus Res. 131 (2) (2008) 250–259,
doi: 10.1016/j.virusres.2007.10.002 . 

77] Y. Zhang, Z. Zhu, W. Yang, et al., An emerging recombinant human enterovirus 71
responsible for the 2008 outbreak of hand foot and mouth disease in Fuyang city of
China, Virol. J. 7 (2010) 94, doi: 10.1186/1743-422X-7-94 . 

78] S.W. Huang, C.H. Tai, J.M. Fonville, et al., Mapping enterovirus A71 anti-
genic determinants from viral evolution, J. Virol. 89 (22) (2015) 11500–11506,
doi: 10.1128/JVI.02035-15 . 

79] S.T. Luo, P.S. Chiang, W.Y. Chung, et al., Reemergence of enterovirus 71 epidemic
in northern Taiwan, 2012, PLoS One 10 (3) (2015) e0116322, doi: 10.1371/jour-
nal.pone.0116322 . 

80] Y.P. Huang, T.L. Lin, L.C. Hsu, et al., Genetic diversity and C2-like
subgenogroup strains of enterovirus 71, Taiwan, 2008, Virol. J. 7 (2010) 277,
doi: 10.1186/1743-422X-7-277 . 

81] X. Zhang, Y. Zhang, H. Li, et al., Hand-foot-and-mouth disease-associated enterovirus
and the development of multivalent HFMD vaccines, Int. J. Mol. Sci. 24 (1) (2022)
169, doi: 10.3390/ijms24010169 . 

82] J.R. Head, P.A. Collender, J.A. Lewnard, et al., Early evidence of inactivated en-
terovirus 71 vaccine impact against hand, foot, and mouth disease in a major center
of ongoing transmission in China, 2011–2018: a longitudinal surveillance study,
Clin. Infect. Dis. 71 (12) (2020) 3088–3095, doi: 10.1093/cid/ciz1188 . 

83] Z. Zhang, Z. Dong, Q. Wei, et al., A neonatal murine model of coxsackievirus A6
infection for evaluation of antiviral and vaccine efficacy, J. Virol. 91 (9) (2017)
e02450–e02416, doi: 10.1128/JVI.02450-16 . 

84] J. Zhou, Y. Li, Q. Yin, et al., Coxsackievirus A6 pneumonia in a child, Lancet Infect.
Dis. 23 (12) (2023) e567, doi: 10.1016/S1473-3099(23)00576-5 . 

85] M. Peyambari, S. Guan, M.J. Roossinck, RdRp or RT, that is the question, Mol. Biol.
Evol. 38 (11) (2021) 5082–5091, doi: 10.1093/molbev/msab235 . 

86] P. Noisumdaeng, P. Puthavathana, Molecular evolutionary dynamics of en-
terovirus A71, coxsackievirus A16 and coxsackievirus A6 causing hand, foot
and mouth disease in Thailand, 2000–2022, Sci. Rep. 13 (2023) 17359,
doi: 10.1038/s41598-023-44644-z . 

https://doi.org/10.1128/JVI.06065-11
https://doi.org/10.1128/JCM.00007-11
https://doi.org/10.1016/j.virol.2018.10.006
https://doi.org/10.1099/0022-1317-73-3-607
https://doi.org/10.1128/JVI.80.1.483-493.2006
https://doi.org/10.1128/jvi.78.6.2948-2955.2004
https://doi.org/10.1006/viro.1997.8681
https://doi.org/10.1128/jvi.3.3.326-330.1969
https://doi.org/10.1007/s11262-014-1152-y
https://doi.org/10.1128/jvi.74.9.4214-4219.2000
https://doi.org/10.1093/nar/28.8.1714
https://doi.org/10.3390/v11090859
https://doi.org/10.1128/jvi.03668-14
https://doi.org/10.1371/journal.ppat.1005266
https://doi.org/10.1128/mBio.01119-14
https://doi.org/10.1099/vir.0.020818-0
https://doi.org/10.1371/journal.pntd.0007797
https://doi.org/10.1016/0092-8674(86)90600-8
https://doi.org/10.1099/0022-1317-23-1-41
https://doi.org/10.3390/v10060320
https://doi.org/10.1038/nrmicro2614
https://doi.org/10.1099/0022-1317-80-10-2535
https://doi.org/10.1093/nar/gkw567
https://doi.org/10.1128/JVI.00078-16
https://doi.org/10.1371/journal.ppat.1004191
https://doi.org/10.1371/journal.ppat.1009676
https://doi.org/10.1016/j.celrep.2015.01.031
https://doi.org/10.1016/j.chom.2016.03.009
https://doi.org/10.1128/JVI.00652-19
https://doi.org/10.1128/JVI.02057-18
https://doi.org/10.3390/genes10120968
https://doi.org/10.1371/journal.ppat.1003164
https://doi.org/10.3390/v14050916
https://doi.org/10.1128/jvi.78.5.2288-2300.2004
https://doi.org/10.1016/s0092-8674(00)81890-5
https://doi.org/10.1371/journal.ppat.1003228
https://doi.org/10.1093/gbe/evx046
https://doi.org/10.1128/JVI.73.11.8958-8965.1999
https://doi.org/10.1261/rna.5111803
https://doi.org/10.1099/jgv.0.001142
https://doi.org/10.1007/s00705-016-3075-5
https://doi.org/10.1128/JVI.01808-12
https://doi.org/10.3201/eid1908.121498
https://doi.org/10.13242/j.cnki.bingduxuebao.003022
https://doi.org/10.1038/srep38831
https://doi.org/10.1002/jmv.24062
https://doi.org/10.1016/j.virusres.2007.10.002
https://doi.org/10.1186/1743-422X-7-94
https://doi.org/10.1128/JVI.02035-15
https://doi.org/10.1371/journal.pone.0116322
https://doi.org/10.1186/1743-422X-7-277
https://doi.org/10.3390/ijms24010169
https://doi.org/10.1093/cid/ciz1188
https://doi.org/10.1128/JVI.02450-16
https://doi.org/10.1016/S1473-3099(23)00576-5
https://doi.org/10.1093/molbev/msab235
https://doi.org/10.1038/s41598-023-44644-z


Z. Wang and H. Wen Infectious Medicine 3 (2024) 100115

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

87] Y. Shi, Y. Liu, Y. Wu, et al., Molecular epidemiology and recombina-
tion of enterovirus D68 in China, Infect. Genet. Evol. 115 (2023) 105512,
doi: 10.1016/j.meegid.2023.105512 . 

88] Z.H. Ma, A. Nawal Bahoussi, P. Tariq Shah, et al., Phylogeographic dynamics and
molecular characteristics of Enterovirus 71 in China, Front. Microbiol. 14 (2023)
1182382, doi: 10.3389/fmicb.2023.1182382 . 

89] T. Yang, Q. Sun, D. Yan, et al., Characterizing enterovirus C96 genome and phy-
lodynamics analysis, J. Med. Virol. 95 (12) (2023) e29289, doi: 10.1002/jmv.
29289 . 

90] Z. Jiang, Y. Zhang, H. Lin, et al., A 10-day-old murine model of coxsackievirus A6 in-
fection for the evaluation of vaccines and antiviral drugs, Front. Immunol. 12 (2021)
665197, doi: 10.3389/fimmu.2021.665197 . 
12
91] R. Wang, Q. Sun, J. Xiao, et al., Effects of glycine 64 substitutions in RNA-dependent
RNA polymerase on ribavirin sensitivity and pathogenicity of coxsackievirus A6,
Virus Res. 339 (2024) 199268, doi: 10.1016/j.virusres.2023.199268 . 

92] N.T. Anh, L.N.T. Nhu, H.M.T. Van, et al., Emerging coxsackievirus A6 causing
hand, foot and mouth disease, Vietnam, Emerg. Infect. Dis. 24 (4) (2018) 654–662,
doi: 10.3201/eid2404.171298 . 

93] S.A. Pattassery, S.S. Kutteyil, M. Lavania, et al., Molecular epidemiology of hand,
foot, and mouth disease in Karnataka, India in 2022, Indian J. Med. Microbiol. 46
(2023) 100429, doi: 10.1016/j.ijmmb.2023.100429 . 

94] X. Fu, Z. Wan, Y. Li, et al., National epidemiology and evolutionary history of four
hand, foot and mouth disease-related enteroviruses in China from 2008 to 2016,
Virol. Sin. 35 (1) (2020) 21–33, doi: 10.1007/s12250-019-00169-2 . 

https://doi.org/10.1016/j.meegid.2023.105512
https://doi.org/10.3389/fmicb.2023.1182382
https://doi.org/10.1002/jmv.29289
https://doi.org/10.3389/fimmu.2021.665197
https://doi.org/10.1016/j.virusres.2023.199268
https://doi.org/10.3201/eid2404.171298
https://doi.org/10.1016/j.ijmmb.2023.100429
https://doi.org/10.1007/s12250-019-00169-2

	A review of the recombination events, mechanisms and consequences of Coxsackievirus A6
	1 Introduction
	2 Global genetic recombination events for CV-A6
	2.1 CV-A6 recombination in China
	2.1.1 CV-A6 recombination events not leading to the division of RFs
	2.1.2 CV-A6 of different RFs reported in China

	2.2 CV-A6 recombination events worldwide
	2.3 Summary of global CV-A6 recombination events

	3 Potential mechanism of genetic recombination
	3.1 Replicative recombination
	3.1.1 The core content of replicative recombination
	3.1.2 Conditions for the occurrence of replicative recombination
	3.1.3 Factors that influence replicative recombination

	3.2 Non-replicative recombination

	4 Recombination promotes the occurrence of new strains with different clinical symptoms and virulence
	4.1 Recombination and changes in virulence
	4.1.1 Recombination-enhanced virulence
	4.1.2 Recombination-decreased virulence

	4.2 Recombination may change biological characteristics other than virulence
	4.3 Recombination and viral antigenicity

	5 Perspectives and conclusion
	Funding
	Author contributions
	Acknowledgments
	Declaration of competing interest
	Data available statement
	Ethics statement
	Informed consent
	References


