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a b s t r a c t

Hepatitis A virus (HAV) is a hepatotropic member of the family Picornaviridae. HAV has several unique
biological characteristics that distinguish it from other members of this family. Recent and previous stud-
ies revealed that codon usage plays a key role in HAV replication and evolution. In this study, the patterns
of synonymous codon usage in HAV have been studied through multivariate statistical methods on 30
complete open reading frames (ORFs) from the available 30 full-length HAV sequences. Effective number
of codons (ENC) indicates that the overall extent of codon usage bias in HAV genomes is significant. The
relative dinucleotide abundances suggest that codon usage in HAV can also be strongly influenced by
underlying biases in dinucleotide frequencies. These factors strongly correlated with the first major axis
volution of correspondence analysis (COA) on relative synonymous codon usage (RSCU). The distribution of the
HAV ORFs along the plane defined by the first two major axes in COA showed that different genotypes
are located at different places in the plane, suggesting that HAV codon usage is also reflecting an evo-
lutionary process. It has been very recently described that fine-tuning translation kinetics selection also
contributes to codon usage bias of HAV. The results of these studies suggest that HAV genomic biases are
the result of the co-evolution of genome composition, controlled translation kinetics and probably the

iral c
ability to escape the antiv

. Introduction

Due to the degeneracy of the genetic code, most amino acids are
oded by more than one codon (synonymous codon usage). These
ynonymous codons are not used randomly. Rather, there are some
odons that are used more frequently than others. Mutational pres-
ure and translational selection are thought to be among the main
actors that account for codon usage variation among genes in dif-
erent organisms (Sharp and Li, 1986a; Karlin and Mrazek, 1996;
esnik et al., 2000).

Understanding the extent and causes of biases in codon usage is
ssential to the comprehension of viral evolution, particularly the
nterplay between viruses and the immune response (Shackelton
t al., 2006).

Hepatitis A virus (HAV) is a hepatotropic member of the family

icornaviridae (Wimmer and Murdin, 1991), and its viral genome
onsists of a 7.5-kilobase (kb), positive-stranded RNA with a single
pen reading frame (ORF). The ORF, which codes 2227 amino acids
s organized into three functional regions termed P1, P2 and P3. P1

∗ Corresponding author. Tel.: +598 2 525 09 01; fax: +598 2 525 08 95.
E-mail address: cristina@cin.edu.uy (J. Cristina).

168-1702/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.virusres.2011.01.012
ell responses.
© 2011 Elsevier B.V. All rights reserved.

encodes the capsid polypeptides VP1 to VP4, whereas P2 and P3
encode non-structural polypeptides. The ORF is preceded by a 5′

untranslated region (UTR) and is followed by a 3′ UTR with a short
poly A tail (Hollinger and Emerson, 2001).

The structure of HAV, its tissue tropism, and genetic distance
from other members of the family Picornaviridae indicate that HAV
is unique within this family (Martin and Lemon, 2006; Cristina and
Costa-Mattioli, 2007).

HAV has been shown to possess a single conserved immuno-
genic neutralization site, and isolates from different parts of the
world belong to a single serotype (Stapleton and Lemon, 1987;
Hollinger and Emerson, 2001). Nevertheless, the study of the HAV
evolution in cell culture revealed the presence of some antigenic
variants in the mutant spectra that were generated even in the
absence of immune selection (Sanchez et al., 2003). Furthermore,
several escape mutants, representing antigenic variants, have been
selected for their resistance to different monoclonal antibodies
(MAbs), suggesting the occurrence of severe structural constraints

in the HAV capsid that prevent the more extensive substitutions
necessary for the emergence of a new serotype (Nainan et al., 1992;
Ping and Lemon, 1992).

Very recent in vitro studies have shown the occurrence of highly
conserved clusters of rare codons in the HAV capsid-coding region

dx.doi.org/10.1016/j.virusres.2011.01.012
http://www.sciencedirect.com/science/journal/01681702
http://www.elsevier.com/locate/virusres
mailto:cristina@cin.edu.uy
dx.doi.org/10.1016/j.virusres.2011.01.012
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Table 1
Codon usage (RSCUa values) in HAV strains and human cells.

AA Codon HC HAV AA Codon HC HAV AA Codon HC HAV AA Codon HC HAV

Phe UUU 0.92 1.57 Ser UCU 1.14 2.27 Tyr UAU 0.88 1.53 Cys UGU 0.92 1.65

UUC 1.08 0.43 UCC 1.32 0.71 UAC 1.12 0.47 UGC 1.08 0.35

Leu UUA 0.48 1.18 UCA 0.90 2.04 TER UAA ** ** TER UGA ** **

UUG 0.78 2.48 UCG 0.30 0.11 UAG ** ** Trp UGG 1.00 1.00

CUU 0.78 1.12 Pro CCU 1.16 2.03 His CAU 0.84 1.59 Arg CGU 0.48 0.23

CUC 1.20 0.20 CCC 1.28 0.49 CAC 1.16 0.41 CGC 1.08 0.09

CUA 0.42 0.28 CCA 1.12 1.43 Gln CAA 0.54 1.02 CGA 0.66 0.13

CUG 2.40 0.74 CCG 0.44 0.05 CAG 1.46 0.98 CGG 1.20 0.03

Ile AUU 1.08 2.04 Thr ACU 1.00 1.81 Asn AAU 0.94 1.67 Ser AGU 0.90 0.75

AUC 1.41 0.29 ACC 1.44 0.41 AAC 1.06 0.33 AGC 1.44 0.13

AUA 0.51 0.67 ACA 1.12 1.68 Lys AAA 0.86 1.28 Arg AGA 1.26 4.16

Met AUG 1.00 1.00 ACG 0.44 0.10 AAG 1.14 0.72 AGG 1.26 1.37

Val GUU 0.72 2.26 Ala GCU 1.08 2.18 Asp GAU 0.92 1.64 Gly GGU 0.64 1.17

GUC 0.96 0.38 GCC 1.60 0.62 GAC 1.08 0.36 GGC 1.36 0.46
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GUA 0.48 0.34 GCA 0.92 1.16

GUG 1.84 1.02 GCG 0.44 0.03

a RSCU, relative synonymous codon usage; AA, amino acid; HC, human cells; HAV
** Means termination codon.

nd that substitutions in these clusters are negatively selected, sug-
esting that the need to maintain such clusters play a role in the
ow antigenic variability of HAV (Aragones et al., 2008). Moreover,
ecent studies suggest that fine-tuning translation kinetics selec-
ion is also underlying codon usage bias in this specific genome
egion (Aragones et al., 2010). These results reveal that codon usage
lays a key role in HAV replication and evolution. However, our
nowledge of other factors also contributing to shaping synony-
ous codon usage bias and nucleotide composition in human HAV

n vivo is rather scarce.
In order to gain insight into these matters, we analyzed the

odon usage and base composition of all available ORFs from 30
uman HAV isolates, and investigated the possible key evolutionary
eterminants of codon usage bias.

. Materials and methods

.1. Sequences

Full-length ORFs nucleotide sequences (corresponding to
227 amino acids) were obtained for 30 human HAV iso-

ates by mean of the use of ARSA at DDBJ database (available
t: http://arsa.ddbj.nig.ac.jp/) and EMBL database (available at:
ttp://www.ebi.ac.uk/embl/Access/index.html). For strain names,
ccession numbers, geographic location of isolation and genotypes,
ee Supplementary Material Table 1.

.2. Codon usage analyses

In order to investigate the extent of codon usage bias in HAV,
e first aligned the complete ORF code sequences from the HAV

trains, using the MUSCLE program (Edgar, 2004). Once aligned,
he relative synonymous codon usage (RSCU) values of each codon
ere determined in order to measure the synonymous codon usage

Sharp and Li, 1986b). This was done using the CodonW program
available at: http://mobyle.pasteur.fr). The RSCU is the observed
requency of a codon divided by the frequency expected, if all syn-
nymous codons for that amino acid were used equally. If RSCU
alue is close to 1.0, it indicates a lack of bias (Tsai et al., 2007).

SCU values are largely independent of amino acid composition and
re particularly useful in comparing codon usage between genes
hat differ in size and amino acid composition. The RSCU of HAV
RFs were compared with corresponding values of human cells

International Human Genome Sequencing Consortium, 2001). The
lu GAA 0.84 1.14 GGA 1.00 1.72

GAG 1.16 0.86 GGG 1.00 0.66

atitis A Virus. Highly biased codons with respect to human cells are shown in bold.

effective number of codons (ENC) and the frequency of use of GC3S
(G+C at synonymous variable third position codons, excluding Met,
Trp, and termination codons) were also calculated by the use of the
Codon W program. ENC was used to quantify the codon usage bias
of an ORF (Wrigth, 1990), which is one of the best overall esti-
mator of absolute synonymous codon usage bias (Comeron and
Aguade, 1998). The ENC values range from 20 to 61. The larger
the extent of codon bias in a gene, the smaller the ENC value is.
In an extremely biased gene where only one codon is used for each
amino acid, this value would be 20; in an unbiased gene, it would
be 61. Similarly, the fraction of the G+C nucleotides not involved
in the GC3S fraction (GC12) was also calculated. All these indices
were also calculated using the Codon W program. The relative fre-
quencies of dinucleotides were also calculated using this program
as implemented in the Mobile server (http://mobyle.pasteur.fr).

2.3. Correspondence analysis

COA is an ordination technique that identifies the major trends
in the variation of the data and distributes genes along contin-
uous axes in accordance with these trends. COA creates a series
of orthogonal axes to identify trends that explain the data varia-
tion, with each subsequent axis explaining a decreasing amount of
the variation (Greenacre, 1984). Each ORF is represented as a 59-
dimensional and each dimension is related to the RSCU value of
each triplet (excluding AUG, UGG and stop codons). This was done
using the CodonW program.

2.4. Statistical analysis

Correlation analysis was carried out using Spearman’s
rank correlation analysis method (Wessa, 2010; available at:
www.wessa.net).

3. Results

In order to study the extent of codon bias in HAV ORFs, the aver-
age codon usage values for all triplets were calculated. The results
of these studies are shown in Table 1.
Interestingly, the frequencies of codon usage in HAV ORFs are
significantly different than the ones used by human cells. Partic-
ularly, extremely highly biased codon frequencies were found for
Phe, His, Asn, Asp, Cys and Arg (see Table 1). Almost all extremely
high preferred codons were U-ended (see Table 1).

http://arsa.ddbj.nig.ac.jp/
http://www.ebi.ac.uk/embl/Access/index.html
http://mobyle.pasteur.fr/
http://mobyle.pasteur.fr/
http://www.wessa.net/
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Table 2
Correlation analysis between the first axis values in COA and GC3S and GC12 content
for 30 HAV ORFs.
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Axis 1
r 0.825 0.702
P <0.0001 <0.001

In order to investigate if these 30 HAV strain sequences display
imilar composition features, the ENC values were calculated for
ach ORF. The ENC values obtained vary from 38.53 to 41.04 (mean
NCs value of 39.78). For results obtained for all 30 HAV strains
nrolled in these studies, see Supplementary Material Table 2. Due
o the fact that almost all ENC values are less than 40, the results
btained for the HAV ORFs studied reveal that codon usage in HAV
s biased.

In order to investigate the patterns of synonymous codon usage,
he correlations between the positions of the ORFs along the first
rincipal axis generated by the COA and the respective GC3S and
C12 values of each strain were analyzed. The first principal axis

n COA accounts for 45.34% of the total variation, while the next
hree principal axes in account for 10.14%, 8.63% and 6.56% of the
ariability, respectively. The first axis in COA is highly correlated
ith the GC3S and GC12 values in HAV ORFs. This result reveals that
ucleotide composition plays an important key role in the codon
sage bias observed in HAV ORFs (see Table 2).

In order to detect the possibility of codon usage variation of
ifferent HAV genomes, the HAV ORFs were divided according to
heir HAV genotype (IA, IB, IIA, IIB, IIIA and IIIB). COA was performed
n the RSCU values of each HAV ORF and the distribution of the six
enotypes along the first two principal axes of COA was determined.
he results of these studies are shown in Fig. 1.

Surprisingly, the distribution of the six genetic groups in the
lane defined by the first two major axes showed that different
enotypes were located at different places, suggesting that differ-
nt HAV genotypes exhibit differences in their codon usage patterns
see Fig. 1).

In order to gain insight into these findings, the average codon
sage values for all codons were calculated for genotype IA and

IIA strains enrolled in these studies, accounting for 24,416 and
1,108 codons, respectively. The results of these studies are shown

n Supplementary Material Table 3. Interestingly, the frequencies
f codon usage in the different HAV genotypes show significant
ifferent frequencies in CCA (Pro) and CGC (Arg) codons.

In order to observe if different frequencies of codon usage
re found in different HAV genome regions, the same studies
ere repeated for the structural (P1) and non-structural regions

P2 + P3) of the HAV genome. The results of these studies are shown
n Supplementary Material Table 4. Roughly similar values are
btained for both regions for most codons, although significant
ifferences were found for Arg codons (CGC and AGG).

It has been suggested that dinucleotide biases can affect codon
ias (Tao et al., 2009). To study the possible effect of dinucleotide
omposition on codon usage of the HAV ORFs, the relative abun-
ances of the 16 dinucleotides in the ORFs of the 30 HAV strains
ere established. The results of these analyses are shown in Table 3.

The occurrences of dinucleotides are not randomly distributed
nd no dinucleotides were present at the expected frequencies
Table 3). The relative abundance of CpG showed a strong devia-
ion from the “normal range” (mean ± SD = 0.063 ± 0.009) and was

arkedly underrepresented. On the other had, the frequency of

pU was above the expected value (mean ± SD = 1.891 ± 0.051)

Table 3). Among the 16 dinucleotides, 14 are highly correlated
ith the first axis value in COA (Table 4). These observations indi-

ate that the composition of dinucleotides also plays a key role in
he variation found in synonymous codon usage among HAV ORFs.
arch 157 (2011) 19–24 21

To study the possible effects of CpG under-representation on
codon usage bias of HAV ORFs, the RSCU value of the eight codons
that contain CpG (CCG, GCG, UCG, ACG, CGC, CGG, CGU, CGA) were
analyzed. These eight codons [CCG (mean 0.05), GCG (mean 0.03),
UCG (mean 0.11), ACG (mean 0.10), CGC (mean 0.09), CGG (mean
0.03) and CGU (mean 0.23), GCC (mean 0.13)] were markedly sup-
pressed.

Besides, the position of each codon in each of the four major
axes of COA was determined for the 30 HAV ORFs. Table 5 shows
the codons for which the maximum and minimum values were
obtained for each of the axes studied (i.e. the most divergent codons
values), indicating bias in their use by HAV. As it can be seen in the
table, most of the divergent codons were triplets coding for Arg.

In order to observe if dinucleotides frequencies may vary among
different genotypes, the same studies were repeated using geno-
type IA and IIIA strains. The results of these studies are shown in
Supplementary Material Table 5. No significant differences were
observed among the two genotypes or using all 30 HAV strains
representing all known HAV genotypes. A similar study conducted
in order to study dinucleotide frequencies in structural and non-
structural regions of the HAV genome also found no significant
differences among the different regions of the HAV genome (see
Supplementary Material Table 6).

4. Discussion

The results of these studies revealed that codon usage in HAV
ORFs is quite different from that of human genes (see Table 1). This
is in agreement with previous results found for the capsid struc-
tural region of HAV (Sanchez et al., 2003). In other members of
the family Picornaviridae, like Poliovirus or foot-and-mouth disease
virus (FMDV) the codon usage is very similar to that of their hosts,
implying competence for tRNAs among virus and host (Sanchez
et al., 2003). In these cases, competition is avoided by the induction
of cellular shutoff of protein synthesis through carboxy cleavage
of translation initiation factor 4G (eIF4G) by 2A and L proteases,
respectively (Racaniello, 2001). HAV lacks mechanisms of inducing
cellular shutoff and needs an intact eIF4G factor for the initiation
of translation (Racaniello, 2001; Ali et al., 2001). Moreover, HAV
has a very inefficient IRES (Whetter et al., 1994). For these reasons,
HAV may be able to synthesize its proteins by adapting their codon
usage to those less commonly used cellular tRNAs. This may also
account for its low replicative rate (Pinto et al., 2007; Moratorio
et al., 2007).

In this study, we analyzed synonymous codon usage and
nucleotide compositional constraints in HAV ORFs. Interestingly,
contrary to previous results found for other viruses such H5N1
Influenza A Virus (mean ENC = 50.91) (Ahn et al., 2006; Zhou
et al., 2005); SARS (mean ENC = 48.99) (Zhao et al., 2008); foot-
and-mouth disease virus (mean ENC = 51.42) (Zhong et al., 2007);
classical swine fever virus (mean ENC = 51.7) (Tao et al., 2009) and
Duck Enteritis virus (mean ENC = 52.17) (Jia et al., 2009), the ENC
values found for human HAV are comparatively low (mean ENC
value of 39.78), indicating that the overall extent of codon usage
bias in HAV is significant. This is in agreement with recent in vitro
studies on HAV capsid variability constraints (Aragones et al., 2008).

A general correlation between codon usage bias and base com-
position was observed in these studies. Moreover, highly significant
correlations between the first axis of COA and GC3S and GC12 val-
ues were obtained for all HAV ORFs studied. These results suggest

that mutational pressure significantly contributes to the codon
usage bias in HAV strains. Nevertheless, as previously suggested
for other viral systems, when significant distance among expected
and actual ENC values are found, other factors additional to muta-
tional bias may be also contributing to codon usage bias (Shackelton
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Fig. 1. Positions of the 30 HAV ORFs in the plot of the first two major axes by correspondence analysis (COA) of relative synonymous codon usage (RSCU) values. The first and
second axes account for 45.34% and 10.14% of the total variation, respectively. The HAV ORFs are divided according to their HAV genotype, genotype IA strains are indicated
by a white circle (©), genotype IB by a white square (�), genotype IIA by a black circle (�), genotype IIB by a black square (�), genotype IIIA by a black diamond (�) and
genotype IIIB by a black triangle (�).

Table 3
Relative abundance of dinucleotides in HAV ORFs.

Relative abundance of the 16 dinucleotides

UU UC UA UG CU CC CA CG

Mean ± SDa 1.891 ± 0.051 0.901 ± 0.027 0.925 ± 0.025 1.465 ± 0.036 0.904 ± 0.040 0.506 ± 0.036 1.079 ± 0.024 0.063 ± 0.009

AU AC AA AG GU GC GA GG

Mean ± SD 1.493 ± 0.027 0.674 ± 0.026 1.590 ± 0.025 1.068 ± 0.053 0.893 ± 0.020 0.470 ± 0.016 1.228 ± 0.026 0.841 ± 0.017

a Mean values of 30 HAV ORFs relative dinucleotide ratios ± standard deviation.

Table 4
Summary of correlation analysis between the axis in COA and sixteen dinucleotides frequencies in HAV ORFs.

UU UC UA UG CU CC CA CG

Axis 1
r −0.865 0.733 −0.637 −0.781 0.679 0.820 −0.366 0.557
P <0.0001 <0.0001 <0.001 <0.0001 <0.001 <0.0001 0.041 0.002

AU AC AA AG GU GC GA GG

742
0001

e
p
s
t
a

T
P

Axis 1
r −0.625 0.706 0.431 −0.
P <0.001 <0.001 0.019 <0.
t al., 2006). This is in agreement with very recent studies on HAV
opulations adapted to propagate in cells with impaired protein
ynthesis in which fine-tuning translation kinetics selection rather
han translation selection was identified as the underlying mech-
nism of codon usage bias in the capsid coding region (Aragones

able 5
osition of codons in each of the four major axes of COA for 30 HAV ORFs.

Axis 1

Codon Value Aminoacid

CGC −0.54535 Arg
CGU 0.46586 Arg

Axis 3

Codon Value Aminoacid

GCG −0.53899 Ala
CGA 0.1961 Arg
0.798 −0.569 0.699 0.755
<0.0001 0.002 <0.001 <0.0001
et al., 2010). Thus, both mutation pressure, as well as selection
pressure for correct protein folding, play a critical role shaping HAV
codon usage, indicating that HAV genomic bias is multi-factorial.

In order to detect possible codon usage variation of different
genomes, the HAV ORFs were divided according to their geno-

Axis 2

Codon Value Aminoacid

CGG −125.916 Arg
CGC 0.26321 Arg

Axis 4

Codon Value Aminoacid

CGG −0.70233 Arg
CUC 0.15466 Leu
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ype. Unexpectedly, the distribution of the six genetic groups along
he first two major axes in COA showed that different genotypes
re distantly located in the plane defined by the first two axes of
he analysis (Fig. 1). Moreover, the frequencies of codon usage of
enotype IA and IIIA showed significant differences in Pro and Arg
odons (see Supplementary Material Table 3). Since species with a
lose genetic relationship always present a similar codon usage pat-
ern (Sharp et al., 1988), these findings suggest that codon usage in
AV is undergoing also an evolutionary process, probably reflecting
dynamic process of mutation and selection to re-adapt its codon
sage to different environments (see Fig. 1 and Supplementary
aterial 3).
The structural and non-structural regions of the genome roughly

hare the same frequencies of codon usage, except for some of the
rg codons (see Supplementary Material Table 4). This is in agree-
ent with COA analysis, were most of the divergent codons were

riplets coding for Arg (see Table 4). This reveals that the use of
rg codons plays also a role in the evolution and the variability
bserved among HAV strains.

The frequencies of occurrence for dinucleotides were not ran-
omly distributed and most dinucleotides did not follow the
xpected frequencies in HAV ORFs (Table 3). The high correlation
ound between the first axis of COA and the relative dinucleotide
bundances (Table 4) suggests that codon usage in HAV ORFs can
lso be strongly influenced by underlying biases in dinucleotide
requencies. All CpG containing codons are markedly suppressed
Table 3) in the 30 HAV strains included in the study, confirming
hat has been very recently noted (Bosch et al., 2010). Marked
pG deficiency has been also observed in Coronaviruses (Woo
t al., 2007), vertebrate-infecting members of the family Flaviviri-
ae (Lobo et al., 2009), Poliovirus (Rothberg and Wimmer, 1981)
nd other RNA viruses (Karlin et al., 1994). Moreover, polioviruses
ynthetically deoptimized either by codon deoptimization or codon
air deoptimization are generally marked by a higher content of
pG (and also UpA) dinucleotide (Burns et al., 2006, 2009; Mueller
t al., 2006; Coleman et al., 2008), indicating that polioviruses have
aturally evolved to eliminate these dinucleotides. CpG deficiency
as proposed to be related to the immunostimulatory properties

f unmethylated CpG, which were recognized by the host’s innate
mmune system as a pathogen signature (Shackelton et al., 2006;

oo et al., 2007). Escaping from the host antiviral response may
ct as another selective pressure contributing to the multifactorial
odon usage shaping (Vetsigian and Goldenfeld, 2009).

Thus, the results of these studies suggest that HAV genomic
iases are the result from the coevolution of genome composition,
he need to a controlled translation kinetics and probably the need
o escape the antiviral cell responses, and thus is a model in agree-

ent with the evolution rhetoric theory proposed by Vetsigian and
oldenfeld (2009) in which genome biases emerge by the need to

ncrease communication with the ever changing cell environment
ithout changing the message.
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