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Abstract

Hepatitis A virus (HAV), the prototype of genus Hepatovirus, has many biological characteristics that distinguish it from other members of the
Picornaviridae family. Among these it is worth of note the need for an intact eIF4G factor for the initiation of translation and thus the inability to
shut down host protein synthesis by a similar mechanism as in other picornaviruses. Consequently, HAV must inefficiently compete for the cellular
translational machinery and this may explain its poor growth in cell culture. In this context of virus/cell competition HAV has strategically adopted
a naturally highly deoptimized codon usage. Accordingly, a low protein synthesis may be expected with those proteins involved in RNA replication
existing at limiting concentrations. Thus, a very low translation rate and a very low RNA replication rate may play a role in escaping to host cell
defenses, allowing the virus to grow in a quiescent way. This could explain the high specific infectivity of HAV in spite of its naturally deoptimized
codon usage, which would indicate non-abortive infections due to the antiviral cell response. Additionally, the deoptimized codon usage conveys
in the use of abundant and rare codons. Many clusters of such rare codons are present in the capsid surface playing a seminal role in the highly
cohesive stability of the HAV virion. Thus, the slow translation rate, resulting from the accumulation of rare codons, is likely to contribute to the
highly stable viral capsid necessary for a prolonged survival outside the host body.
© 2007 Elsevier B.V. All rights reserved.
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1. General features of hepatitis A virus

The hepatitis A virus (HAV), which belongs to genus Hep-
atovirus within family Picornaviridae, is a non-enveloped
icosaedral virus of around 30 nm in diameter containing a posi-
tive ssRNA genomic molecule of 7.5 kb (Fauquet et al., 2005).
The genome consists of an open reading frame (ORF) encod-
ing a polyprotein of around 2225 amino acids preceded by a 5′
non-coding-region (5′NCR) that makes around 10% of the total
genome, and followed by a much shorter 3′NCR that contains
a poly(A) tract (Baroudy et al., 1985; Cohen et al., 1987). This
genome is uncapped but covalently linked to a small viral protein
(VPg) (Weitz et al., 1986). The singly translated polyprotein is
subsequently cleaved into 11 proteins through a cascade of pro-
teolytic events brought about mainly by the viral 3C protease
(Schultheiss et al., 1994, 1995). However, although the gen-
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eral genomic organization and the expression pattern of HAV
are very similar to those of most picornaviruses (Agol, 2002;
Hollinger and Emerson, 2001), many differences exist which
deserve a special attention.

2. Intriguing issues of the HAV RNA translation

The structure of the internal ribosome entry site (IRES) of
HAV is unique among picornaviruses and constitutes the proto-
type of type III IRES (Braun et al., 1994; Ehrenfeld and Teterina,
2002) and additionally it shows a very low efficiency in directing
translation (Whetter et al., 1994). It is likely that picornavirus
IRESes have evolved by gradual addition of domains and ele-
ments that improved their function in ribosome recruitment or
otherwise conferred regulation to the process of viral protein
synthesis in a specific cell environment (Ehrenfeld and Teterina,
2002). Thus, an intriguing evolutionary question remains to be
solved regarding the selection of such an inefficient IRES in
HAV. An explanation has been suggested which accounts for
the constraints caused by the need to accommodate the dual
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functions of translation and replication in adjacent regions of the
5′NCR, generating inadvertent consequences for either function
(Ehrenfeld and Teterina, 2002).

HAV codes only for a protease, 3C, while other picor-
naviruses code for additional proteases such as the L protease,
in genus Aphtovirus, or the 2A protease in Enterovirus and
Rhinovirus genera (Leong et al., 2002). L and 2A proteases,
when present, play a crucial role in the primary cleavages of
the viral polyprotein while in those genera lacking these pro-
teases, such Hepatovirus and Paraechovirus, both primary and
secondary cleavages are conducted by the 3C protease. But
what is most important is that these additional proteases are
involved in the induction of cellular protein shutoff (Leong et
al., 2002). Since picornaviruses utilize a mechanism of transla-
tion that is cap-independent and IRES-dependent, the inhibition
of non-essential cap-dependent cellular translation could be
advantageous to the virus. In doing so, the cellular translation
machinery is utilized almost exclusively for the production of
viral proteins (Kuechler et al., 2002). An early event preceding
the shutoff of host cell protein synthesis is the cleavage of the
cellular translation initiation factor eIF4G, and evidence exists
supporting that the enzymes responsible of such a cleavage are
2A and L proteases in enterovirus and rhinoviruses, and aph-
toviruses, respectively (Kuechler et al., 2002). An immediate
consequence of the lack of any of these proteolytic activities in
HAV is its incapacity to induce cellular shutoff which otherwise
is directly related with its requirement for an intact uncleaved
eIF4G factor for the formation of the initiation of translation
complex (Borman et al., 1997; Jackson, 2002).

What has been described up to now denotes that HAV must
inefficiently compete for the cellular translational machinery
and thus it presents a unique translation strategy. This points
out to another difference between HAV and other picornavirus
members: the codon usage. HAV presents a higher codon usage
bias compared with other members of the family, which conveys
in the adaptation to use abundant and rare codons (Sánchez et
al., 2003b). In fact, 15 amino acid families contain rare codons,
defined in terms of their frequencies, making a total of 27 rare
codons used (Table 1 ). But what is more surprising is that the
HAV codon usage has evolved to be complementary to that of
human cells, never adopting as abundant codons those abundant
for the host cell, and even in some instances using these latter as
rare codons (Table 1). This naturally highly deoptimized codon
usage, unique to HAV, has been interpreted as a subtle strategy to
avoid, as much as possible, competition for the cellular tRNAs
in the absence of a precise mechanism of inducing shutoff of cel-
lular protein synthesis (Sánchez et al., 2003b). As stated before,
a consequence of this special codon bias is an increase in the
number of rare codons used by HAV. Overall this increment is
the result of the addition to the cellular rare codons, also used
as rare by the virus, of those most abundant cellular codons
that being unavailable for the virus are used at low frequencies.
Altogether, the deoptimized HAV codon usage may contribute
to its slow replication and to its low yields. In fact, poliovirus
attenuated growth mutants have been obtained through artificial
deoptimization of the codon usage with respect to that of the
human host cell (Burns et al., 2006; Mueller et al., 2006) and

Table 1
Comparative relative codon usage in HAV and human cells

Amino acid Codon HAV Human cells

Arg AGA 100 100
AGG 29 99
CGC 3 87
CGU 3 38
CGA 3 51
CGG 1 95

Leu UUG 100 32
UUA 52 19
CUU 46 33
CUG 25 100
CUA 9 17
CUC 7 49

Ser UCU 100 77
UCA 84 62
AGU 32 62
UCC 28 91
UCG 5 22
AGC 5 100

Thr ACU 100 69
ACA 91 79
ACC 18 100
ACG 4 32

Pro CCU 100 88
CCA 89 85
CCC 20 100
CCG 2 35

Ala GCU 100 66
GCA 61 56
GCC 30 100
GCG 1 26

Gly GGA 100 73
GGU 58 48
GGG 34 73
GGC 28 100

Val GUU 100 39
GUG 46 100
GUA 18 25
GUC 13 52

Lys AAA 100 76
AAG 59 100

Asn AAU 100 88
AAC 19 100

Gln CAG 100 100
CAA 88 35

His CAU 100 71
CAC 22 100

Glu GAA 100 72
GAG 77 100

Asp GAU 100 86
GAC 19 100

Tyr UAU 100 79
UAC 26 100

Cys UGU 100 83
UGC 26 100

Phe UUU 100 85
UUC 27 100
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Table 1 (continued )

Amino acid Codon HAV Human cells

Ile AUU 100 76
AUA 32 35
AUC 16 100

For each amino acid family the most abundant codon is given a value of 100 and
the rest of codons are expressed as a percentage of this most abundant codon.
HAV rare codons appear in bold.

while in the first of these works the decreased replicative fit-
ness was suggested to be associated to an increase in the CG
dinucleotides, in the second it was indeed associated to the rate
of genome translation. It has been largely documented (Chou
and Lakatos, 2004; Robinson et al., 1984; Sørensen et al., 1989)
the role of rare codons in the control of translation speed, in
the sense that clusters of rare codons would induce a transient
stop of the translational complex since the rare aminoacyl-tRNA
would take longer to diffuse into the A site of the ribosome. As
a consequence these ribosomal pauses might impair the protein
synthesis through different mechanisms such as the degrada-
tion of the RNA chain (Hoekema et al., 1987), the premature
polypeptide chain termination (Parker, 1989) or the misincorpo-
ration of amino acids (Parker, 1989). Alternatively, a beneficial
function of this ribosome stalling might be the assurance of the
proper folding of the nascent protein (Adzhubei et al., 1996;
Gavrilin et al., 2000; Evans et al., 2005). Such a function has
been postulated for the P1 genome region of HAV, which codes
for the structural proteins, where highly conserved clusters of
rare codon-coded residues strategically located at the carboxi-
ends of the structured elements have been reported (Sánchez et
al., 2003b). In contrast, in poliovirus the rare codons position in
the structural polyprotein genome region did not seem to play
a significant role in controlling the protein folding, as proven
with a mutant virus which kept the codon usage but changed
the local position of the synonymous codons (Mueller et al.,
2006). However, this is an expected finding due to both the low
number of rare codons in the P1 genomic region in poliovirus
in contrast to HAV and to the non-specific location of such rare
codons in the natural optimized wild-type virus (Sánchez et al.,
2003b). Additionally, it should not be forgotten that HAV has
naturally evolved to a deoptimized codon usage, being proba-
bly this deoptimization an adaptative trait as can be noticed by
comparing the specific infectivity (Domingo et al., 2005) of the
naturally deoptimized HAV, with and average of 1 infectious
unit per each 60 physical units (Jansen et al., 1988) and that of
the artificially deoptimized polioviruses of 1 infectious unit per
103 to 104 or that of the natural poliovirus of 1 infectious unit per
115 physical units (Mueller et al., 2006). It is considered that a
decrease in the specific infectivity generally precedes the transi-
tion to error catastrophe (Domingo et al., 2005), thus indicating
that the codon usage deoptimization of HAV, although being
deoptimized in terms of the cellular codon usage, is completely
optimized and may be an adaptation to the cell environment.

Altogether and having in mind the already unanswered ques-
tion of the highly inefficient IRES, it may also be suggested that
a very efficient translation machinery recruitment to the IRES

combined with many ribosome stalls at the beginning of the
coding region, would not be a very convenient arrangement but
rather a very ineffective process hijacking many ribosomes on a
few RNA molecules.

Another important issue in the control of the genome expres-
sion, is the functional role of the secondary and tertiary RNA
structures (Brion and Westhof, 1997) as well as the RNA refold-
ing (Klovins et al., 1997; van Meerten et al., 2001), and in this
context the role of some particular codons, among them some
rare codons, in maintaining such structure dynamics (Gavrilin
et al., 2000; Sánchez et al., 2003b) might also be crucial.

3. Capsid variability and codon usage constraints

A certain contribution of the codon usage to the low variabil-
ity of the HAV capsid has been proposed taking into account
that 15% of its surface residues are coded by such functional
rare codons (Sánchez et al., 2003b). This low capsid variability
indeed correlates with a very low antigenic variability: a sin-
gle serotype exists, being this another striking difference with
other picornaviruses. The low capsid variability should rely on
negative selection acting against potential newly arising pro-
teins, since the viral population replicates as a quasispecies
(Sánchez et al., 2003a). Interestingly, a quasispecies analysis of
the HM175 43c HAV strain grown in the presence of two differ-
ent monoclonal antibodies revealed that those clusters of amino
acid residues coded by rare codons located on the capsid sur-
face nearly to the antigenic epitopes are prompt to invariability
(Aragonès et al., manuscript in preparation), suggesting a sem-
inal role of such clusters of rare codons in the capsid cohesive
stability.

Additionally, and due to the low protein synthesis that may be
expected from the codon deoptimization, those proteins involved
in RNA replication might also be found at limiting concentra-
tions. As a consequence, although the mutation frequency of
HAV is similar to that of other RNA viruses (Sánchez et al.,
2003a), the overall RNA replication is probably lower and thus
also the overall reservoir of mutants. In fact, the genetic and phe-
notypic flexibility of an evolving viral quasispecies is dependent
on the mutant repertoire which is expanded with population size
(Domingo and Holland, 1997). In such a context which includes
low translation rate, low total RNA yields, rare codon constrains
and last but not least protein constrains, it is advisable a very low
capsid variability.

How does the virus overcome the host immune response with
such an invariable capsid? The answer probably relies on that
when the immune response appears the job is already done
in a very quiescent way, and the virus population is ready to
infect a second individual (see below). At this point, the ques-
tion should be reformulated in terms of the possibility of newly
arising variants escaping to the vaccine protection. Obviously
only the future will provide us with the answer.

4. Capsid variability and biological cycle constraints

Only a minimal part of a RNA virus sequence space can be
accessed and both RNA replication, expression of the genotype
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into the phenotype as well as the overall infection cycle play a
decisive role in shaping the viral fitness and the viral population
landscapes (Eigen and Biebricher, 1988; Eigen et al., 1991).

Viral pathogenesis is in part determined by the spread of the
virus to the target tissues (Rieder and Wimmer, 2002; Pfeiffer
and Kirkegard, 2005; Vignuzzi et al., 2006). In this context, crit-
ical for the viral biological cycle and infection is to overcome
the challenges posed by the acid pH of the stomach during the
entry phase, the decoy factors during the viremic phase, and
the action of detergents, particularly biliary salts, during the
exit phase. Such an extremely resistant phenotype may only be
achieved through a highly cohesive capsid conformation medi-
ated through a very accurate folding, which also may explain
the high persistence of HAV in the environment (Abad et al.,
1994a, 1994b) and its transmission by contaminated foods and
drinking water (Bosch et al., 1991; Reid and Robinson, 1987;
Rosemblum et al., 1990; Sánchez et al., 2002; Dentinger et al.,
2001).

A particular key issue, for a virus that grows in polarized
hepatocytes with different entry and exit membranes and thus
relying in the blood connection of the enterohepatic cycle is, as
above stated, to prevail over a viremic phase. Apart from the
immunological defense, erythrocyte glycoproteins may func-
tion as decoy receptors attracting pathogens to the erythrocyte
and keeping them away from target tissues (Gagneux and Varki,
1999). In fact, the use of modified erythrocytes expressing
selective viral receptors has been proposed as a mechanism of
dampening the viremic phase and thereby protecting the tar-
get organs from infections (Asher et al., 2005). HAV interacts
with the glycophorin A of the human erythrocytes, and the cap-
sid region involved on this interaction is located around the
putative pit area (Sánchez et al., 2004), as it happens in many
picornaviruses where the pit region contains receptor binding
residues (Rieder and Wimmer, 2002). However, this interaction
is optimal at acid conditions, being impaired at neutral biological
conditions, suggesting that the actual HAV capsid conformation
allows escaping from erythrocyte attachment, probably consti-
tuting an advantage (Sánchez et al., 2004). This may contribute
to the low frequency of isolation of natural escape mutants, in
this particular capsid region (Costa-Mattioli et al., 2002, 2003;
Sánchez et al., 2002), that would otherwise partially escape to
convalescent sera binding (Ping and Lemon, 1992) and neu-
tralization (Aragonès et al., manuscript in preparation). In fact,
mutants containing substitutions in this region bind with much
higher efficiency to human erythrocytes and are more rapidly
cleared from the blood stream when inoculated into animal mod-
els (Costafreda et al., manuscript in preparation). This example
reflects how a mutation may be far from neutral even when the
virus does not present any disadvantage in terms of replication
(Aragonès et al., manuscript in preparation) due to the complex
network of the biological cycle. Other examples probably exist
regarding the loss of fitness due to less stable capsids in scenar-
ios of different biological bottlenecks and prove once more that
RNA viruses live on the edge of error catastrophe (Domingo and
Holland, 1997; Biebricher and Eigen, 2005).

It has very recently being demonstrated that viral pathogen-
esis and virulence of poliovirus are determined by the diversity

of the quasispecies, which would allow to overcome the bottle-
necks imposed by the natural biological cycle such as the need
to replicate in different tissues in order to spread to the central
nervous system or during the transmission from one individ-
ual to another (Pfeiffer and Kirkegard, 2005; Vignuzzi et al.,
2006). As stated above, something similar might be expected
for HAV and, as it has been postulated for poliovirus (Vignuzzi
et al., 2006), a cooperative role of the whole viral population
might be crucial for the viral spread through the body with
certain variants facilitating the colonization of the gut, others
assisting the pass through the blood and others reaching the
liver.

5. Replication at the edge of extinction

It is generally accepted that all RNA viruses (Biebricher
and Eigen, 2005) and in particular picornaviruses (Racaniello,
2001), have a low specific infectivity or infectious/physical
particle ratio. This low ratio has been suggested to be due to
lethal genetic defects and/or to unsuccessful infectious cycles.
In the particular case of poliovirus it has been found that the
PFU/particle ratio is to a great extent the result of the virus
capacity to overcome the host cell antiviral responses (Mueller
et al., 2006). In many occasions, codon-deoptimized mutants,
with lower translation rates, probably do not synthesize suf-
ficient amounts of the proteases responsible of disabling the
cell’s antiviral responses, thus resulting in abortive infections.
However, on those occasions where these viruses overcome the
cell counterattack, the production of viral progeny appears to
be unaltered (Mueller et al., 2006). This has led to the belief
that picornaviruses not only replicate to the threshold of error
catastrophe but also at the threshold of elimination by the host
cell’s antiviral defenses (Mueller et al., 2006).

In fact, it is well documented that HAV has developed mech-
anisms to prevent or reduce cellular antiviral responses (Brack
et al., 1998, 2002; Fensterl et al., 2005). However, the exact
mechanisms by which the virus is able to interfere with such
antiviral responses have not been elucidated. Particularly, it is
known that non-cytopathogenic strains of HAV do not induce
apoptosis nor IFN-� synthesis (Brack et al., 1998, 2002), being
probably the result of the low efficiency of viral replication and
consequently of the low concentration of viral dsRNA interme-
diates. But what is even more striking is that non-cytopathogenic
strains, which replicate extremely slowly, very efficiently inhibit
the dsRNA induction of such expression as well as apoptosis,
while cytopathogenic strains, which replicate a little bit faster,
do it less efficiently (Brack et al., 1998, 2002). The delicate bal-
ance between the levels of dsRNA intermediates and some viral
protein(s) might modulate these mechanisms of inhibition of the
antiviral cell responses. Thus, the optimally deoptimized codon
usage of HAV likely induces a very low translation rate and a
very low RNA replication rate which might be evenly undetected
by the host cell defenses. This could explain the high specific
infectivity of HAV in spite of its naturally deoptimized codon
usage, which would indicate non-abortive infections due to the
antiviral cell response, in contrast to what has been suggested
for poliovirus (Mueller et al., 2006).
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It should be noted the huge difference existing between
poliovirus and HAV in the rate of replication. Although it is
difficult to compare rates of replication in vivo, mostly because
of the lack of data regarding replication in the human host but
also for the lack of data in animal models for HAV, what is
seen in vitro denotes a highly different pattern. While poliovirus
easily reaches titers of around 109 PFU/ml in very short peri-
ods of replication in HeLa cells using multiplicities of infection
of 5 PFU/cell (Burns et al., 2006; Mueller et al., 2006), HAV
(strains HM175 43c, HM175 18f and HM175 24a) typically
is only able to reach titers of around 107 TCID50/ml in repli-
cation periods well over 1 week in FRhK-4 cells under such
conditions. Taking into consideration the above mentioned spe-
cific infectivity ratios, these figures may become 1011 and
6 × 108 particles/ml for poliovirus and HAV, respectively. The
few available data on patient stools show viral titers up to
106 TCID50/g (Laasri et al., 2005) in oral poliovirus vaccinated
excreting patients, that may be transformed to 108 particles/g,
and up to 1011 particles/g in hepatitis A patients (Costafreda
et al., 2006). This apparent discrepancy might be however
explained by the fact that fecal shedding in poliovirus is the
result of the primary multiplication in the small intestine but
not from the main focuses of multiplication such as the lymph
nodes, brown fat, and muscles (Pallansch and Roos, 2001),
while in HAV the fecal shedding is mainly the result of repli-
cation in the target organ the liver (Hollinger and Emerson,
2001), that besides is the most massive organ of the body. The
comparison of the excreted titers of HAV with those of other
enteric viruses, such as several gastroenteritis viruses whose
replication takes place mainly in the intestine and with titers
up to 1013 particles/g of feces, proves that HAV titers are not
excessively high (Caballero et al., 2003; Chan et al., 2006).
Nevertheless, from the point of view of transmission by the
fecal–oral route it would seem reasonably to postulate that HAV
is likely to be more efficient than poliovirus, mostly because
inter-individual transmission is probably the strongest bottle-
neck in the biological cycle, and the higher the population size
the higher the mutant reservoir.

6. Conclusions

The slow translation/replication strategy of HAV may con-
tribute to the modulation of the antiviral cell response thus
preserving the already existing sites of replication and allow-
ing the initiation of new ones. In this way the low viral yield per
cell would be compensated and the mutant reservoir necessary
for the adaptability of the viral population to the changing envi-
ronment ensured. On the other hand, the slow translation rate is
likely to contribute to the highly stable viral capsid necessary
for a prolonged survival outside the host body.
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R.M. Pintó et al. / Virus Research 127 (2007) 158–163 163
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