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A B S T R A C T

Hepatitis E virus (HEV) is an important pathogen causing public health burden. Swine has been recognized as a
main reservoir. Interestingly, genotype 1 HEV only infects human; whereas genotype 3 and 4 are zoonotic.
However, there is a lack of in-depth understanding in respect to the transmission from swine to human. Codon
usage patterns generally participate in viral survival and fitness towards its hosts. We have analyzed codon usage
patterns of the three open reading frames (ORFs) for 243 full-length genomes of HEV genotypes 1, 3 and 4. The
divergence of synonymous codon usage patterns is different in each ORF for genotypes 1, 3 and 4, but the
genotype-specific codon usage bias in genotype 1 is stronger than those of genotypes 3 and 4. In respect to
genotypes 3 and 4, compared with strains isolated from human, HEV isolated from swine shows appreciable
variation in adaptation of codon usages to human or swine. These results may help to understand the trans-
mission and host adaptation of HEV genotypes 3 and 4 from swine to human.

1. Introduction

Hepatitis E virus (HEV) infection imposes substantial threat to
public health (Meng, 2016). HEV is a non-enveloped virion and has a
single-strand positive-sense RNA sequence. In the viral genome, there
are three open reading frames (ORFs), namely ORF1 coding for the non-
structural polyprotein, ORF2 coding for viral capsid protein and ORF3
coding for a small phosphoprotein (Holla et al., 2013). It is classified
into the family Hepeviridae within the genus Orthohepevirus which
contains four species (Orthohepevirus A, B, C and D) (Doceul et al.,
2016). Within the proposed species Orthohepevirus A, at least four
genotypes (1–4) among the currently recognized eight genotypes have
been identified to infect human (Smith et al., 2016). Genotypes 1 and 2
have been only isolated from human, while genotypes 3 and 4 have
been isolated from many mammals including human, swine, wild boar,
goat, cattle, deer and yak (Smith et al., 2014). By genetic identification
of HEV strains isolated from different animal species, this virus is
broadening its host range and achieves cross-species infection (Meng,
2016). Some HEV strains originated from swine are thought to be
spillovers in transmission from swine to human. For example, a human

(HE-JA04-1911) and two swine HEV isolates (swJ8-5 and sw-J12-4) in
Japan may be originated from UK via the importation of pigs since 1900
(Inoue et al., 2006). In France, some human HEV strains (i.e. TLS25) are
related to swine strains previously identified in Europe (Legrand-
Abravanel et al., 2009). Phylogenetic analyses indicate that the swine
isolate (G8) closely resembles HEV derived from Chinese patients with
acute hepatitis (Wang et al., 2002). It is interesting that HEV strains
isolated from swine play noticeable role in cross-species infection, but
there is a lack of in-depth information about the transmission of HEV
from swine to human (Van der Poel et al., 2018).

Sequence mutations play a key role in viral emergence, but synon-
ymous mutations are good candidates for selectively neutral evolution,
due to not affecting the primary structure of protein. Nonrandom sy-
nonymous codon usage patterns strongly reflect the action of natural
selection on ‘silent’ changes in coding sequence (Novoa and Ribas De
Pouplana, 2012). Mutation biases or selection involved in synonymous
codon usage patterns have been suggested as important factors de-
termining the evolutionary changes of viruses which enable them to
enhance viral survival and viral fitness to their hosts (Butt et al., 2016;
Nasrullah et al., 2015; Wong et al., 2010; Zhou et al., 2013c). However,
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the viral and host factors that are involved in cross-species and zoonotic
HEV infection are largely unclear.

In this study, based on a large set of publicly available full-length
HEV genomes derived from human and swine, we analyzed genetic
features related to synonymous codon usage patterns in different ORFs
to understand new insights into HEV transmission from swine to
human.

2. Materials and methods

2.1. Full-length genome data of HEV

The full-length genomes and coding sequence annotations of 243
HEV strains, which belong to genotypes 1, 3 and 4, were obtained from
the National Center for Biotechnology (NCBI) GenBank database, ac-
cessed on 1st March 2018. The demographics of the selected strains are
listed in Supplementary Table S1, including genotype 1 (n=31),
genotype 3 derived from human (n=80), genotype 4 derived from
human (n=50), genotype 3 isolated from swine (n=56), and geno-
type 4 isolated from swine (n=26).

2.2. Parity rule 2 analysis

The Parity rule 2 (PR2) plot analysis was carried out for identifying
the effects of mutation pressure and natural selection on codon usage of
individual ORF of each HEV strain. PR2 plot is composed of the abscissa
represented by AU bias [A3/(A3+U3)] and the ordinate represented by
GC bias [G3/(G3+C3)] (Sueoka, 1999). A3, U3, G3 and C3 mean nu-
cleotide A, U, G and C content at the third codon position of the four-
codon amino acids (alanine, arginine, glycine, leucine, proline, serine,
threonine and valine) in ORF, respectively. When both of AU bias and
GC bias are equal to 0.5, it means where A=U and G=C (PR2), with
no bias between the influence of the mutation and selection rates
(substitution rates) (Sueoka, 1995, 1999).

2.3. The general codon usage patterns in the three ORFs for different
genotypes

For avoiding influence of amino acid composition or the coding
sequence lengths in calculating synonymous codon usage bias of dif-
ferent gene samples, the relative synonymous codon usage value
(RSCU) (Sharp and Li, 1986) was calculated for the three ORFs of each
HEV strain. Based on RSCU data for the specific ORF of different gen-
otypes, principal component analysis (PCA) can compress the high-di-
mensional information about multiple HEV strains within the specific
genotype into a two-dimensional map. This provides visualization of
the differences in the general codon usage pattern for the specific ORF
between different genotypes. To better identify synonymous codon
usage divergence between different genotypes, the codon usage pat-
terns of HEV ORFs 1–3 of genotype 1 were regarded as references, re-
spectively. The usage divergence of each synonymous codon in each
ORF between genotype 1 and other genotypes was quantified by the
simple formula ( = +c a b2 2 ). In this formula, an is represented by the
difference between f1′ value of the specific synonymous codon in ORF of
genotype 1 and f1′ value of the corresponding synonymous codon in the
same ORF of the given genotype (genotype 3 or genotype 4). bn is re-
presented by the difference between f2′ value of this synonymous codon
of genotype 1 and f2′ value of this synonymous codon of the given
genotype. The c value represents codon usage divergence of the specific
synonymous codon in ORF between genotype1 and the given genotype.

2.4. Analysis of the overall codon usage bias for HEV ORFs

To better investigate the overall codon usage bias for HEV ORF
without the confounding influences of amino acid composition and

gene size, effective number of codons (ENC) analysis was performed.
The range of ENC values is from 20 (extreme codon usage bias caused
by selecting only one of the possible synonymous codons for the specific
amino acid) to 61 (usage of the possible synonymous codons for the
specific amino acid in random and equivalence), according to a pre-
vious study (Wright, 1990).

2.5. The similarity extent of codon usage between HEV ORF and host

Identifying the effect of the general codon usage pattern of host on
shaping general codon usage pattern of HEV ORF was carried out by
similarity index. The similarity index was calculated by D (A,B) formula
(Zhou et al., 2013b).
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where R(A,B) is defined as a cosine value of an included angle between
A and B special vectors representing the degree of similarity between
HEV ORF and cattle at the aspect of the overall codon usage pattern, ai
is defined as the RSCU value for a specific codon in 59 synonymous
codons in the specific ORF of different genotypes, bi is termed as the
RSCU value for the same codon of hosts (human or swine) (Zhou et al.,
2013a; Zhou et al., 2013b). Of note, the 59 RSCU were calculated for
human and swine from a codon usage database (Nakamura et al.,
2000). D(A,B) represents the potential effect of the overall codon usage
of different hosts on that of HEV ORFs. When D(A,B) value is closer to
zero, the two codon usage patterns should share higher similarity extent
of codon usage. When D(A,B) value is closer to 1.0, the two codon usage
patterns represent the significant divergence.

3. Results

3.1. Biased nucleotide usages in four-fold degenerate codon family in HEV
ORFs

To identify whether the biased codon selections function at ORFs
1–3 of HEV isolated from human and swine, the relationship between U
and A composition and C and G composition in four-fold degenerate
codon families were analyzed by PR2 plot (Fig. 1). A and U were used
more frequently than G and C in four-fold degenerate codon families of
HEV ORF1 (Fig. 1A). The preference towards codon selections for ORF1
of genotype 1 was generally stronger than those of genotypes 3 and 4
derived from either human or swine by evolutional selections, including
natural selection. C and G were used more frequently than A and U in
ORF2, and preference towards codon selections in genotype 1 was
strongly shaped by evolutionary dynamics including mutation pressure
and natural selection (Fig. 1B). Compared with nucleotide usage trends
in ORF3 of genotypes 3 and 4 derived from human or swine, it is more
stable in ORF3 of genotype 1 (Fig. 1C).

3.2. Genotype-specific codon usages in HEV ORFs

PCA can be used to compress the high-dimensional vectors into a
two-dimensional map. Because the amount of the first axis (f1’) and the
second axis (f2’) of ORF in each genotype accounted for> 85% of the
data inertia (Table S2), PCA can provide a more convenient way to
visualize differences in codon usage patterns in HEV ORFs 1–3. As
shown in Fig. S1, the divergence of 59 synonymous codon usages in the
three ORFs was displayed in different genotypes, respectively. Further
scoring the extent of codon usage bias for the specific synonymous
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Fig. 1. Parity Rule 2 (PR2) bias plot for HEV. (A) PR2 biasness plot is calculated
for each HEV ORF1 of different genotypes. (B) PR2 biasness plot is calculated
for each HEV ORF2 of different genotypes. (C) PR2 biasness plot is calculated
for each HEV ORF3 of different genotypes. Red dots: genotype 1 HEV strains;
yellow dots: genotype 3 human HEV strains; green dots: genotype 4 human HEV
strains; black dots: genotype 3 swine HEV strains; empty circles: genotype 4
swine HEV strains. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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codon in each ORF between genotype 1 and other genotypes was car-
ried out based on the data of f1’ and f2’, and 59 synonymous codons in
each ORF were analyzed via this identification, respectively (Table S3).
According to the similarity extent of codon usage pattern of the three
ORFs between genotype 1 and other genotypes (Table S2), the codons
with obviously divergent usage pattern were found (Table 1). These
codons were also regarded as genetic signs to reflect evolutional di-
vergence between genotype 1 and other genotypes.

To analyze the role of mutation pressure, selection or drift caused by
nucleotide composition constraint in the overall codon usage bias, we
have assessed this by ENC versus GC3 contents. Most dots for ORFs 1
and 2 did not fall on the theoretical curve though tend to cluster to
some degree, indicating that natural selection took part in the forma-
tion of the overall codon usage pattern. Of note, HEV ORFs 1 and 2 of
genotype 1 were obviously separated from those of genotypes 3 and 4
(Fig. 2A and B). In contrast, the dots for ORF3 scattered to a large
degree and strode across the theoretical curve, indicating that the for-
mation of the overall codon usage pattern is mainly caused by mutation
pressure due to nucleotide usage at the third position of codon in
random (Fig. 2C).

3.3. Different codon usage adaptation of HEV ORFs to host

The similarity extent of codon usage between human and swine is
0.004, indicating that human and swine share a very high similarity
extent of codon usage. The similarity extent of codon usage between
HEV ORF1 and human is the highest (Fig. 3A), while it is the lowest
between HEV ORF3 and human (Fig. 3C). Furthermore, compared with
the codon usage adaptation of genotype 1 HEV ORF1 to human, the
codon usage patterns of genotypes 3 and 4 HEV ORF1 have higher si-
milarity with that of human (p value< .001) (Fig. 3A). Compared with
the similarity extent of codon usage in ORFs 2 and 3 between genotype
1 HEV and human, the similarity extent between other genotypes and
human highly varied (Fig. 3B and C). As for codon usage adaptation of
HEV ORFs to swine, the codon usages of genotype 1 HEV ORFs re-
presented the relatively stable models, but those of genotypes 3 and 4
showed the fluctuations with wide spectrum (Fig. 4). Compared with
similarity extent of codon usage of HEV ORF 3 between genotype 1 HEV
and swine (Fig. 4C), it is interesting that genotype 1 HEV ORFs 1 and 2
generally represent the better codon usage adaptation to swine than

those of genotypes 3 and 4 (Fig. 4A and B). The codon usage adaptation
of HEV ORFs to the two hosts indicates that codon usage patterns of
genotype 1 HEV ORFs are strongly limited in either human or swine,
while codon usage patterns of genotypes 3 and 4 HEV ORFs represent
the relatively high dispersal. Interestingly, the similarity extent of
codon usage between genotypes 3 and 4 HEV ORFs and human is
stronger than that between genotypes 3 and 4 HEV ORFs and swine.
These results seem paradoxical, but further indicate that genotypes 3
and 4 HEV strains derived from either human or swine have more di-
verse codon usage patterns in ORFs than those of genotype 1.

4. Discussion

In this study, we have performed a systematic approach to estimate
the role of synonymous codon usage patterns in HEV ORFs in cross-
species transmission. Obvious divergence of codon usage bias in four-
fold degenerate codon family was identified in HEV ORFs between
genotype 1 and genotypes 3 and 4. The genotype-specific codon usage,
which results from the balance between mutational and natural selec-
tion, is an important evolutionary pathway at viral cross-species
transmission. It is a type of synonymous codon usage bias which tends
to be specific in viral coding sequences within a genotype and is shaped
by multiple factors involved in itself and cellular environment. The
clues of HEV transmission from swine to human have been indicated in
respect to nucleotide identity and suggested the relationship between
some specific nucleotide substitutions in HEV ORFs and cross-species
transmission (Fu et al., 2011; Geng et al., 2011). It has also been pro-
posed that mutagenesis of HEV ORFs is associated with the interactions
between viral proteins and host cellulr proteins involved in metabolism
and energy production (Ma et al., 2018; Ojha and Lole, 2016; Parvez,
2017).

HEV with high mutation rate is expanding host range and achieves
cross-species infection, and this high mutation rate is also displayed by
synonymous codon usage pattern of HEV genotypes 3 and 4 isolated
from either human or swine. But it is noticed that long-term evolution
of genotype 1 in human is strongly linked with synonymous codon
usage patterns of HEV genotype 1. Genotype 1 HEV has a rather limited
host range and is restricted to human, because attempts to experi-
mentally infect other species including pigs, goats, and rats with gen-
otype 1 HEV were not successful (Meng., 2016). This is an interesting

Fig. 2. The relationship between the overall codon usage patterns represented by ENC values and GC content at the third synonymous codon position (GC3 content)
in the three ORFs of HEV. The solid curve is the expected line, which indicates that the overall codon usage pattern is only affected by mutation pressure caused by
GC composition constraint. gt1: genotype 1; hgt3: genotype 3 derived from human; hgt4: genotype 4 means genotype 4 derived from human; sgt3: genotype 3 derived
from swine; and sgt4: genotype 4 derived from swine.
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Fig. 3. Similarity index analysis of codon usage between HEV ORFs and human.
(A) ORF1; (B) ORF2; (C) ORF3. The caption, e.g. ‘human ORF1 gt1’, means
genotype 1 HEV ORF1 derived from human; ***p value<0.001.

(caption on next page)
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aspect of HEV evolution, but there is a lack of information about the
effects of mutation and natural selection on the codon usage of HEV
ORFs and codon adaptation of viral ORFs to hosts. By analyzing nu-
cleotide sequences in HEV genomes isolated from different animals, it
has suggested that the Orthopepevirus A species is originated in human
and subsequently may evolve into the zoonotic and human-restricted
genotypes (Forni et al., 2018). The genotype-specific codon usage
pattern further provides an evolutionary pathway in which HEV gen-
otype 1 with neutral evolution (caused by synonymous mutations) is
able to sustain its stable genetic characterization by strong natural se-
lection. In contrast, the synonymous codon usage patterns of genotypes
3 and 4 HEV seem not to be explained by neutral evolution. The various
synonymous codon usage patterns of genotypes 3 and 4 HEV reflect
better codon usage adaptation to different hosts than those of genotype
1. The genotype-specific synonymous codon usage patterns of both
genotype 1 and genotypes 3 and 4 can reflect the requirement of viral
adaptation to host. It has been recognized that the synonymous codon
usage in viral coding sequence functions as an important mediator in
viral adaptation to host (Bahir et al., 2009). The restricted host infec-
tion and broad host infection of HEV serve as the strong natural se-
lection for shaping the codon usage pattern of different genotypes HEV.
Viral adaptation to host in codon usage is an evolutional feedback in the
long-term evolution derived from host-range with HEV infection.

A previous in silico analysis has pointed out that geographical or
host factors played weak roles in shaping the slight codon usage bias of
HEV (Bouquet et al., 2012). To further assess the host factor related to
natural selection in codon usages of HEV ORFs, the adaptation of codon
usage in HEV ORFs to its hosts (human and swine) was estimated by D
(A,B) formula. This index is frequently used as a measure to assess the
adaptation of viral genes to their hosts. We found a high similarity in
codon usage pattern between human and swine. Host antiviral re-
sponses, e.g. interferon (IFN) response, essentially modulate viral in-
fection. HEV infection elicits an active IFN-related antiviral response,
initiated by the viral RNA sequence (Wang et al., 2018). Interestingly,
each mammal owns a unique repertoire of IFN-stimulated genes and
exert distinct responses, which potentially cause pathogen emergence
and facilitate cross-species transmission (Shaw et al., 2017). Virus-host
co-evolution has partially shaped the innate immune response, most
frequently by placing antiviral genes under positive selection. The
distinct host responses to different genotypes might drive the HEV
evolutionary pathway. To evade immune system defense of host, the
CpG and UpA dinucleotide frequencies play important roles in RNA
virus replication and virulence. Synonymous codon usage pattern
caused by dinucleotide usages represents selection pressures in-
dependently of coding capacity and profoundly influences host-pa-
thogen interactions (Atkinson et al., 2014; Burns et al., 2009; Fros et al.,
2017; Simon et al., 2017; Tulloch et al., 2014).

Besides host immune system, viral factors (especially viral geno-
types and mutants) can modulate HEV life cycle and pathogenesis (van
Tong et al., 2016). Compared with viral replication kinetics of geno-
types 3 and 4, genotype 1 HEV has clear difference of either replication
kinetics or antiviral response (Wu et al., 2018). Although HEV re-
plication is controlled by the host immune system, viral factors (espe-
cially specific viral genomic variability and mutants) can modulate HEV
replication, infection and pathogenesis(Okamoto, 2007; van Tong et al.,
2016). The adaptation of codon usage of HEV ORFs to hosts is able to
reflect a balance between mutation selection from virus and natural
selection from hosts.

In summary, the genotype-specific codon usage bias in HEV geno-
type 1 is generally stronger than that of genotypes 3 and 4. Compared

with the unique codon usage pattern of HEV genotype 1, the diverse
synonymous codon usage patterns of genotypes 3 and 4 are evolu-
tionary statues which may explain the transmission from swine to
human. These results are helpful for better understanding the trans-
mission and evolutionary adaptation of HEV to its hosts.
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