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Enterovirus 71 (EV71) and coxsackievirus A16 (CVA16) have been consideredmajor pathogens of hand, foot and
mouth disease (HFMD) throughout the world for decades. In recent years, coxsackievirus A6 (CVA6) and
coxsackievirus A10 (CVA10) have raised attention as two other serious pathogens of HFMD. The present study
focused on the synonymous codon usage of four viruses isolated from 2008 to 2015, with particular attention
on P1 (encoding capsid proteins) and P2-P3 regions (both encoding non-structural proteins) in the genomic
RNA. Relative synonymous codon usage, effective number of codons, neutrality and correspondence were ana-
lyzed. The results indicated that these viruses prefer A/T at the third position in codons rather than G/C. The
most frequent codons of 4 essential and 2 semi-essential amino acids, as well as a key amino acid of metabolic
junctions (Glu) used in the four viruses are also themost frequently used in humans. Effective number of codons
(ENC) values indicated weak codon usage bias in all the viruses. Relatively, the force of mutation pressure in the
P1 regionwas found to be stronger than that in the P2-P3 region, and this force in the P1 region of CVA6 and EV71
was stronger than that of CVA10 and A16. The neutrality analysis results implied that mutation pressure plays a
minor role in shaping codon bias of these viruses. Correspondence analysis indicated that the codon usage of
EV71 strains varied much more than that of other viruses. In conclusion, the present study provides novel and
comparative insight into the evolution of HFMD pathogens at the codon level.

© 2017 Published by Elsevier B.V.
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1. Introduction

Enterovirus (EV) is a genus of small, non-enveloped, RNA viruses in
the family picornaviridae. EV has a 30 nM, icosahedral capsid, with an
approximately 7.4 kb, single-stranded, positive-sense RNA genome.
The EV genome encodes a polyprotein which can be divided into P1,
P2 and P3 regions. The P1 region encodes capsid proteins VP1, VP2,

VP3 and VP4, while the other two regions encode non-structural pro-
teins such as 2A protease, 3C protease, 3D polymerase and VPg.

The EV genus includes four human EV species: A, B, C and D. Virus
members within an EV species share N70% amino acid identity in the
polyprotein and N60% amino acid identity in the P1 region (Smura et
al., 2011). They also share a significant degree of compatibility in pro-
teolytic processing, replication, encapsidation and genetic recombina-
tion (David et al., 2013). EV-A consists of 17 serotypes: coxsackievirus
(CV) A2-A8, A10, A12, A14, A16, EV71, 76, 89–91 and 114 (David et
al., 2013). These pathogens induce clinical symptoms such as rash,
herpangina, paralysis, encephalitis, meningitis and myelitis (de Crom
et al., 2016). Some of these symptoms also correspond to hand, foot
and mouth disease (HFMD).

HFMD is caused generally by infection with CVA6, A10, A16 and
EV71, and it only is sporadically caused by infection with other EV-A
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and some EV-B serotypes (Zhuang et al., 2015). EV71 infection has long
been known to result in severe illness, such as aseptic encephalitis,
meningitis, myelitis and pulmonary edema, which can ultimately lead
to death (Wang and Liu, 2014). By contrast, clinical features of CVA16
infection are mild and self-limiting, such as papulovesicular rash and
fever (Mao et al., 2014). CVA6 and CVA10 were reported as pathogens
of HFMD initially in recent years, and the proportions of HFMD cases at-
tributed by these viruses have increased sharply. Infection with CVA10
causes typical HFMD (Yang et al., 2015), while the clinical symptoms
with CVA6 are different, usually including atypical herpes and
onychomadesis (Bian et al., 2015). In addition, CVA6-associated HFMD
presents high morbidity in adults. CVA6 has become the primary path-
ogen causing HFMD globally since 2009 (Bian et al., 2015). Variations in
HFMDpathogenswould lead to changes in thedirection and strategy for
prevention and treatment of this disease. In this context, mechanisms
underlying the evolution and variability of pathogenic enterovirus sero-
types need to be extensively explored.

Variations in the RNA virus genome during replication produce di-
verse populations. The populationswill contain, or be able to quickly ac-
quire, the necessary adaptive mutations to survive within the dynamic
host environment. Thesemutations and selections are significant for fit-
ness, evolvability and virulence of RNA viruses (Burch and Chao, 2000;
Pfeiffer and Kirkegaard, 2005; Vignuzzi et al., 2006). Synonymous
codon usage bias patterns are considered to reflect the action of natural
selection, mutation and evolution of genomes. While synonymous mu-
tation is often thought to be selectively neutral, the observed variation
in codon usage across both viral and organismal taxa suggests the pres-
ence of mutational bias and/or selective pressure (Jenkins and Holmes,
2003; Plotkin and Kudla, 2011). Translational efficiency has been in-
voked as a selective pressure to explain the evolution of codon bias,
codon pair bias and codon order (Cannarrozzi et al., 2010; Coleman et
al., 2008; Tuller et al., 2010). In RNA viruses, constraints on RNA struc-
tures necessary for replication and packaging have been recognized as
another important basis for codon bias (Goodfellow et al., 2000;
Simmonds and Smith, 1999).

In recent years, more attention has been paid to codon usage bias
patterns of enteroviruses which induce HFMD (Liu et al., 2011). At
least three studies have evaluated the codon usage of complete RNA se-
quences of EV71 and described the influence of mutation pressure and
natural selection in the evolution of this virus (Liu et al., 2011; Ma et
al., 2014; Zhang et al., 2014). However, comparative research of codon
bias patterns across several main HFMD pathogens in EV, which
would imply potential information on prevalence and pathogenicity of
dominant viruses, is still lacking.

The capsid proteins (i.e., structural proteins) of EV determine infec-
tious specificity and prevalence, whereas the non-structural proteins
determine replication features, pathogenicity and virulence. The codon
usage patterns of structural and non-structural gene regions in HFMD
viruses are also unclear. In the present study, synonymous codon
usage patterns of major pathogenic serotypes, including CVA6, A10,
A16 and EV71 isolated recently (from 2008 to 2015), were analyzed.
Additionally, codon usages of structural and non-structural genes of
these viruses were analyzed separately. A final aim was to understand
the contribution of mutation pressure and natural selection to codon
usage bias of HFMD pathogens.

2. Materials and methods

2.1. Genomes of viruses

Sixty-eight full-length genomes of HFMD virus strains isolated from
2008 to 2015 (15 for CVA6, 9 for CVA10, 18 for CVA16 and 26 for EV71)
were chosen in this study (Table S1). Strainswith duplicate information
in the region, date of isolation and sub-genotype were avoided. There-
fore, the chosen groups represented diversity in the above three aspects.

2.2. Calculation of relative synonymous codon usage (RSCU)

The RSCU value is defined as the ratio of the observed codon usage
frequency to the frequency expected, and it is rarely influenced by the
amino acid composition. RSCU values of P1 and P2-P3 regions in the
CVA6, A10, A16 and EV71 genomes were calculated according to a pre-
viously described method (Sharp et al., 1986). A RSCU value of a codon
near 1.00 means that the observed frequency is equal to the expected
frequency, indicating that this codon lacks bias and is used randomly
and equally. Correspondingly, a value of RSCU N1 (or RSCU b1) means
that the codon is more (or less) frequently used than expected.

2.3. Analysis of codon usage bias

Effective number of codons (ENC) is generally used to quantify the
codon usage bias for individual genes. ENC values of P1 and P2-P3 re-
gions in CVA6, A10, A16 and EV71 genomes were calculated according
to a previously described method (Wright, 1990). ENC values range
from 20 to 61. An ENC value of 20 means that this gene uses only one
synonymous codon for the corresponding amino acid, showing extreme
bias, whereas a value of 61 indicates no bias and all synonymous codons
are equally used.

2.4. Correspondence analysis (COA)

COA is a commonly usedmultivariate statistical analysis for studying
themajor trends in codon usage patterns. COA uses amathematical pro-
cedure to transform RSCU values into uncorrelated principal compo-
nents. Each strain was represented as a 59 dimensional vector, and
each dimension corresponded to the RSCU value of each sense codon,
which only included several synonymous codons for a particular
amino acid, excluding the codon of AUG, UGG and three stop codons
(Liu et al., 2011).

2.5. Neutral evolution analysis

The neutrality analysis is used to estimate the varying roles of muta-
tional pressure and natural selection in the P1 and P2-P3 regions in the
CVA6, A10, A16 and EV71 genomes. In the analysis, the GC12s value of
the synonymous codon was plotted against its GC3s value (Sueoka,
1988), and then the slope of the regression line, correlation (r) and sig-
nificance (p) were calculated.

2.6. Statistical analysis

Statistical analysis was performed using the two-tailed t-test. Data
are expressed as the mean ± standard deviation (SD).

3. Results

3.1. Synonymous codon usage of P1 and P2-P3 regions in CVA6, A10, A16
and EV71 genomes

TheRSCUvalues of the P1 region and P2-P3 region of the four viruses
were calculated and shown in Tables S2 and S3. Notably, codon bias of 7
amino acids (Lys, Val, His, Glu, Asp, Asn and Gln)were found to be iden-
tical in full-length genomes of nearly all serotypes, while the other 11
(Arg, Ile, Leu, Phe, Thr, Tyr, Ala, Cys, Gly, Pro, Ser) were not (Table 1).
In comparing the human codon bias of the 18 amino acids with that of
the four viruses, they were shown to be the same at Lys, Val, His, Glu
and Asn, and nearly the same at Ile, Thr, Arg and Tyr (Table 1). We ob-
served an interesting phenomenon that Lys, Val, Ile and Thr are essential
amino acids for humans, Arg and His are semi-essential amino acids,
and Glu is a significant precursor of the deamination reaction, which
produces α-ketoglutarate as an important intermediate of the tricar-
boxylic acid (TCA) cycle. Codon bias of an amino acid in humans is
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