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The number of synonymous mutations per synonymous site (Ks), the number of nonsynonymous mutations
per nonsynonymous site (Ka), and the codon usage statistic (Nc) were calculated for several hepatitis A virus
(HAV) isolates. While Ks was similar to those of poliovirus (PV) and foot-and-mouth disease virus (FMDV), Ka
was 1 order of magnitude lower. The Nc parameter provides information on codon usage bias and decreases
when bias increases. The Nc value in HAV was about 38, while in PV and FMDV, it was about 53. The emergence
of 22 rare codons in front of 8 in PV and 7 in FMDV was detected. Most of the conserved rare codons of the
P1 region were strategically located at the carboxy borders of � barrels and � helices, their potential function
being the assurance of proper folding of the capsid proteins through a decrease in the translation speed. This
strategic location was not observed for amino acids encoded by the conserved rare codons of the 3D region. The
percentage of bases with low pairing number values was higher in the latter region, suggesting a role of the
conserved rare codons in the maintenance of RNA structure. Many of the rare codons in HAV are among the
most frequent in humans, unlike in PV or in FMDV. This fact may be explained by the lack of cellular shutoff
in HAV. One hypothesis is that HAV has evolved in order to avoid competition with its host for cellular tRNAs.

The high degree of conservation of the amino acid se-
quences of the capsid proteins of hepatitis A virus (HAV)
correlates with a lack of antigenic diversity; thus, there is only
a single serotype of human HAV. However, despite this lim-
ited amino acid heterogeneity, a significant degree of nucleic
acid variability has been observed among different isolates
from different regions of the world (3, 8, 23, 25). The molecular
bases of this genetic variability may be the high error rate of
the viral RNA-dependent RNA polymerase and the absence of
proofreading mechanisms. Although no data exist on the error
rate of the HAV polymerase, the mutation frequencies for a
variety of different RNA viruses range from 10�4 to 10�5

substitution per base per round of copying (9). The reason why
this nucleic acid heterogeneity does not correspond to amino
acid heterogeneity should rely on the lack of nonsynonymous
mutations, possibly due to their elimination by negative selec-
tion. However, the actual mode of transmission of very small
HAV populations, frequently associated with contaminated
foods, may lead to the accumulation of debilitating mutations
(7). In this context, the strikingly low level of amino acid
changes in the capsid region suggests strong structural con-
straints.

In the present work, we undertook an analysis of the nucle-
otide and amino acid changes in sequences representing the
available strains from GenBank and isolates from a food-borne
hepatitis A outbreak. Since HAV structural data exist only for
the 3C protein (4), structural models for the VP2, VP3, VP1,
and 3D proteins have been deduced from actual data for the
structural proteins of poliovirus (13) and foot-and-mouth dis-

ease virus (1) and from the actual 3D polymerase of poliovirus
(12).

MATERIALS AND METHODS

Viruses. The 15 complete HAV sequences available at GenBank were used
throughout this study. These sequences represent a group of geographically and
temporally diverse HAV strains (Table 1). Additionally, 18 strains were isolated
from patients in an outbreak of acute hepatitis A associated with the consump-
tion of coquina clams (24). Virus RNA was isolated from 60-�l serum samples by
guanidine thiocyanate treatment as specified elsewhere (5, 24).

RT-PCR amplification and nucleotide sequencing. The complete P1-2A se-
quence of the HAV isolates was obtained after their amplification with the Pwo
reverse transcription (RT)-PCR system (Roche) by following the manufacturer’s
specifications and with primers corresponding to the capsid protein genomic
regions (Table 2). Sequencing of RT-PCR products in both directions was per-
formed with a Thermo Sequenase II dye terminator cycle sequencing premix kit
(Amersham Pharmacia Biotech) by following the manufacturer’s instructions
and with an ABI Prism 377 automated DNA sequencer (Perkin-Elmer).

Analysis of nucleotide and amino acid sequences. Alignment of multiple
sequences was carried out with the ClustalW program (European Bioinformatics
Institute). The number of synonymous mutations per synonymous site (Ks) and
the number of nonsynonymous mutations per nonsynonymous site (Ka) were
calculated by the Nei-Gojobori method (19) with the DnaSP program (http://
www.ub.es/dnasp/) (University of Barcelona).

To create codon usage tables for HAV, poliovirus serotype 1 (PV-1), and
foot-and-mouth disease virus serotype C (FMDV-C), the Cusp program (Euro-
pean Molecular Biology Open Software Suite) was used. A rare codon was
defined as one whose frequency was less than 30% that of its most abundant
synonym in each of the codon usage tables (11). The effective codon usage
statistic (Nc) measures the codon bias (26). The Nc value is always between 20
(when only one codon is effectively used for each amino acid) and 61 (when
codons are used randomly). The Nc value was calculated with the Chips program
(European Molecular Biology Open Software Suite).

For the rare codon location study, protein secondary structure wire plot
models of VP2, VP3, and VP1 of HAV were calculated from a picornavirus
alignment (16) in which actual structural data for the Mahoney strain of PV-1
(http://www.biochem.ucl.ac.uk/bsm/pdbsum/2plv/main.html) were added and
aligned. The three-dimensional model for the HAV protomer was also deduced
by Luo et al. (16; M. Luo, personal communication) from this alignment. To
statistically confirm the locations or distributions of rare codons, a �2 analysis of
frequencies was undertaken. The different proteins were divided into two re-
gions: (i) the carboxy ends and borders of the highly structured elements (�
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barrels and � helices) and (ii) the remaining portions of the proteins. The
so-called carboxy limits were defined as the third carboxy portion of the struc-
tural elements plus the five contiguous external residues. In some instances,
when the � barrels or the � helices were shorter than three residues, only one
internal residue was included; when there were fewer than five external joining
residues before the next structural element, the totality of the joining region was
included. As a cutoff value, only rare codons conserved in more than 50% of the
sequences were included in this study. In the �2 test, the null hypothesis was the
random distribution of the rare codons. The actual structures of the PV-1 and
FMDV-C capsid proteins (http://www.biochem.ucl.ac.uk/bsm/pdbsum/2plv/main
.html and http://www.biochem.ucl.ac.uk/bsm/pdbsum/1qgc/main.html), the actual
structure of the recombinant HAV 3C protease (http://www.biochem.ucl.ac.uk
/bsm/pdbsum/1hav/main.html), and a model of the HAV 3D polymerase de-
duced from the recombinant PV 3D protein (http://www.biochem.ucl.ac.uk/bsm
/pdbsum/1rdr/main.html) were used for comparison analysis of the locations of
the rare codons.

The pairing number (P-Num) values associated with different genomic regions
of either the HM-175 strain of HAV or the Mahoney strain of PV-1 were
obtained from http://www.bocklabs.wisc.edu/acp/.

Nucleotide sequence accession numbers. The P1-2A nucleotide sequences of
the18 isolates from the clam-associated outbreak were deposited in GenBank
and have been assigned accession numbers AF396391 to AF396408.

RESULTS

General characterization of the HAV isolates from the clam-
associated hepatitis A outbreak. All 18 isolates belonged to
genotype IB, although 6 out of the 18 samples had a conser-

vative amino acid change (Val to Ile) at residue 72, in the
middle of the VP3 sequence, involved in the immunodominant
site (24). This mutation induces a loss of recognition by mono-
clonal antibody K34C8 and thus represents the occurrence of
an antigenic variant. Two additional amino acid changes were
detected, at position 40 of VP2 (Val to Ala in two strains) and
position 28 of VP1 (Met to Val in one strain). The overall
nucleotide homology among these 18 samples ranged from
97.85 to 100% in the P1-2A region, while the amino acid
homology ranged from 99.75% to 100%.

Frequencies and kinds of mutations in the capsid region.
The Ks and Ka values were calculated for the two sets of HAV
sequences in the capsid region (Table 3). The Ks values for the
outbreak sequences were 7.5 times lower in the VP0 and VP3
capsid regions and 5 times lower in the VP1-2A region than the
Ks values for the GenBank sequences, while the Ka values were
13.4, 3, and 16 times lower, respectively. These results indicate

TABLE 1. Complete HAV sequences available at GenBank and
used in the present study

Strain Genotype Geographical location Date of
isolation

Accession
no.

LA IA United States 1975 K02990
HAS-15 IA United States 1979 X15464
AH2 IA Japan 1991 AB020565
AH1 IA Japan 1992 AB020564
FH1 IA Japan 1992 AB020567
AH3 IA Japan 1993 AB020566
FH2 IA Japan 1993 AB020568
FH3 IA Japan 1994 AB020569
GBM IA Germany 1976 X75214
FG IA Italy 1988 X83302
MBB IB Northern Africa 1978 M20273
HM-175 IB Australia 1976 M14707
HAF-203 IB Brazil 1992 AF268396
L-A-1 IB AF314208
SLF88 VII Sierra Leone 1988 AY032861

TABLE 2. Primers and conditions used for RT-PCR amplification and sequencing of HAV

Target region Sequence Genomic positiona [Mg2�]
(mM)

Hybridization
temp (°C)

VP0 NH2 CAGCTGGACTGTTCTTTGGG 648–667 2.0 55
VP0 NH2 TCACCAGGAACCATAGCACAG 1198–1178 2.0 55
VP0 COOH TACAATGAGCAGTTTGCTGT 1065–1084 2.0 55
VP0 COOH GCTCTTGCATCTTCATAATTTG 1543–1522 2.0 55
VP3 NH2 GGGACAGGAACTTCAGCTTATAC 1380–1402 2.0 50
VP3 NH2 TCTACCTGAATGATATTTGG 1859–1840 2.0 50
Inner VP3 GTTATTCCAGTGGACCCATATT 1701–1722 2.0 50
Inner VP3 TCGTGTACCTATTCACTCTATA 2031–2010 2.0 50
VP3 COOH TGTGCAGTGATGGATATTACAG 1938–1959 2.0 50
VP3 COOH GTTGTTATGCCAACTTGGGGA 2287–2267 2.0 50
VP1 NH2 AATGTTTATCTTTCAGCAAT 2136–2155 2.0 53
VP1 NH2 ACAGCTCCAAGAGCAGTTTT 2751–2770 2.0 53
VP1 COOH ATGGCCTGGTTTACTCCAG 2673–2691 2.5 45
VP1 COOH CCCTTCATTTTCCTAGG 3229–3213 2.5 45

a In wild-type HM-175 (GenBank accession no. M14707).

TABLE 3. Analysis of mutations in HAV sequences

Genomic region (nucleotides) Ks Ka Ks/Ka

VP0a (735–1469) 0.03806 0.00037 102.90
VP3a (1470–2207) 0.03832 0.00089 43.00
VP1-2Aa (2208–3191) 0.05608 0.00015 373.90
P1-2Aa (735–3191) 0.04767 0.00044 108.30
VP0b (735–1469) 0.28205 0.00499 56.52
VP3b (1470–2207) 0.29861 0.00272 109.80
VP1b (2208–3026) 0.29051 0.00244 119.06
P1b (735–3026) 0.29034 0.00336 86.40
2Ab (3027–3242) 0.30325 0.01296 23.40
2Bb (3243–3995) 0.32080 0.01009 31.80
2Cb (3996–5000) 0.35559 0.01329 26.75
3Ab (5001–5222) 0.24410 0.01291 18.90
3Bb (5223–5291) 0.34555 0.00508 68.02
3Cb (5292–5948) 0.27352 0.00472 57.95
3Db (5949–7415) 0.27100 0.01097 24.70
FMDV-C VP1c 0.29 0.03 9.70
FMDV-C P1c 0.28 0.02 14.00
PV-1 VP1d 2.50/18.40

a Hepatitis A outbreak sequence.
b HAV sequence from GenBank.
c From Martinez et al. (17) (accession numbers M84360, M90055, and M90367

to M90382 for VP1 and M90367, M90368, M90372, M90376, M90381, and
L290061 for P1). (accession numbers AF238098, AF233099, AF233110, and
AF233113).

d From Gavrilin et al. (11).
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the higher divergence of the GenBank sequences than of the
cluster of outbreak sequences. The Ks/Ka ratios for these out-
break sequences were extremely high for the VP0 and VP1-2A
regions and considerably high for the VP3 region. The lower
ratio observed for the VP3 region reflects the relatively abun-
dant (6 of 18 sequences) occurrence of the antigenic variant
described above. For the GenBank sequences, this ratio was
also very high for all of the analyzed genomic regions. When
the complete capsid regions (P1 regions) of HAV and
FMDV-C were compared, it was found that while the Ks values
were similar in both viruses, the Ka value was 1 order of
magnitude higher in FMDV-C. Consequently, the Ks/Ka ratio
was significantly higher in HAV (Table 3). A similar conclusion
was drawn after a comparison of the values for the VP1 regions
of HAV, FMDV-C, and PV-1 (Table 3).

Codon usage. Since synonymous mutations are the most
prevalent in HAV and the occurrence of such mutations is
subject to the influence of codon usage, an analysis of this
usage in HAV was undertaken. The complete coding genome
was studied for the GenBank sequences. Fifteen out of the 18
amino acid families containing synonymous codons showed the
use of rare codons (Table 4). Overall, 25 rare codons were
detected. Similarly, analysis of the codon usage in the P1-2A
region of the sequences from the outbreak revealed the exis-
tence of 20 rare codons in 14 out of the 18 amino acid families
(Table 4). Eighteen out of these 20 rare codons were in com-
mon with those of the GenBank sequences, and 4 more (Arg:
CGC; Arg: CGA; Arg: CGG; Pro: CCG) were not found in the
outbreak sequences. However, three (Arg: CGC; Arg: CGG;
Pro: CCG) out of these four codons were not detected in the
capsid region of the GenBank sequences. Two codons that
were rare in the outbreak sequences were not rare in the
GenBank group (Ser: AGU; Ile: AUA), while three codons
that were rare in the GenBank sequences were not rare in the
outbreak group (Arg: AGG; Ser: UCC; Leu: CUG).

No significant differences could be detected in the frequen-
cies of rare codons between the capsid region and the non-
structural region of the genome among the GenBank se-
quences. These frequencies, defined as the number of rare
codons versus the total number of codons, were 9.1% in the
former genomic region and of 8.2% in the second. However, as
mentioned above, some rare codons were absent from the
capsid region. The overall heterogeneity could be expressed as
the effective Nc values, which were 39 for the total coding
region, 38.8 for the capsid region, and 38.7 for the nonstruc-
tural region. The Nc value for the capsid region in the outbreak
sequences was 38.9. These values indicate that there was no
significant difference in the codon usage bias among the closely
related outbreak sequences and the GenBank sequences. The
Nc values were also calculated for two other picornaviruses,
PV-1 and FMDV-C (Table 5). For both of these viruses, mark-
edly higher Nc values were obtained (52.6 and 52.1, respec-
tively, compared to 37.2 for VP1 of HAV; 53.3 and 38.8 for the
entire P1 regions of FMDV-C and HAV, respectively), indi-
cating that HAV has a much higher bias in codon usage. This
fact was further confirmed by the number of amino acid fam-
ilies containing rare codons or by the clearly higher total num-
ber of rare codons in HAV than in the other viruses (Table 5).

Additionally, another important and surprising difference
among HAV and the other picornaviruses (PV-1 or FMDV-C)

TABLE 4. Percentages of codons with regard to the most abundant
synonym in HAV and human cell codon usage tables

Amino
acid Codona Anticodons

% Occurrence in:

HAV
Human

cellsGenBank Outbreak
(P1-2A)

Arg AGA UCU, UCI 100.0 100.0 88
AGG UCC, UCU 29.2 52.6 98
CGC GCG, GCI 2.7 0.0 100
CGU GCA, GCG, GCI 3.5 4.5 42
CGA GCU, GCI 3.2 0.0 48
CGG GCC, GCU 0.6 0.0 92

Leu UUG AAC, AAU 100.0 100.0 26
UUA AAU, AAI 52.0 58.4 12
CUU GAA, GAG, GAI 46.0 32.8 25
CUG GAC, GAU 25.3 35.0 100
CUA GAU, GAI 9.2 4.6 15
CUC GAG, GAI 7.0 10.4 47

Ser UCU AGA, AGG, AGI 100.0 100.0 71
UCA AGU, AGI 84.5 72.5 50
AGU UCA, UCG, UCI 31.8 18.2 50
UCC AGG, AGI 27.9 45.3 95
UCG AGC, AGU 4.7 11.3 22
AGC UCG, UCI 4.7 3.6 100

Thr ACU UGA, UGG, UGI 100.0 100.0 55
ACA UGU, UGI 90.8 95.7 63
ACC UGG, UGI 18.0 21.2 100
ACG UGC, UGU 4.5 6.7 29

Pro CCU GGA, GGG, GGI 100.0 100.0 78
CCA GGU, GGI 89.5 74.4 73
CCC GGG, GGI 20.0 21.0 100
CCG GGC, GGU 1.8 0.0 33

Ala GCU CGA, CGG, CGI 100.0 100.0 67
GCA CGU, CGI 60.7 73.2 48
GCC CGG, CGI 30.7 35.0 100
GCG CGC, CGU 1.4 4.8 25

Gly GGA CCU, CCI 100.0 100.0 67
GGU CCA, CCG, CCI 58.4 79.1 44
GGG CCC, CCU 34.4 42.7 68
GGC CCG, CCI 28.1 39.1 100

Val GUU CAA, CAG 100.0 100.0 34
GUG CAC, CAU 46.3 39.5 100
GUA CAU, CAI 17.7 8.0 19
GUC CAG, CAI 12.8 9.2 53

Lys AAA UUU, UUI 100.0 100.0 64
AAG UUC, UUI 58.8 56.5 100

Asn AAU UUA, UUG, UUI 100.0 100.0 73
AAC UUG, UUI 19.1 29.0 100

Gln CAA GUU, GUI 88.0 100.0 33
CAG GUC, GUU 100.0 91.6 100

His CAU GUA, GUG, GUI 100.0 100.0 65
CAC GUG, GUI 22.1 17.4 100

Glu GAA CUU, CUI 100.0 100.0 65
GAG CUC, CUU 76.7 92.2 100

Asp GAU CUA, CUG, CUI 100.0 100.0 75
GAC CUG, CUI 19.2 17.0 100

Tyr UAU AUA, AUG, AUI 100.0 100.0 66
UAC AUG, AUI 26.5 18.0 100

Cys UGU ACA, ACG, ACI 100.0 100.0 68
UGC ACG, ACI 26.5 12.0 100

Phe UUU AAA, AAG, AAI 100.0 100.0 70
UUC AAG, AAI 27.0 25.0 100

Ile AUU UAA, UAG, UAI 100.0 100.0 61
AUA UAU, UAI 31.7 29.0 24
AUC UAG, UAI 15.9 12.0 100

a Codons shown in bold type were rare in both sets of HAV sequences and
were considered in the location study.
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could be observed. While the codon usage of PV-1 and
FMDV-C was mostly coincident with that of their hosts, the
HAV codon usage was quite antagonistic to that of human
cells. The codons most abundantly used for Arg, Ser, Thr, Pro,
Asn, His, Asp, Tyr, Cys, Phe, and Ile by human cells were rare
codons for HAV. Leu, Ala, Gly, Val, and Lys codons were not
as rare as the codons just listed but clearly were less abundant.
Only 5 out of the 22 HAV rare codons were also rare in human
cells (UCG, CUA, ACG, GCG, and GUA). Consequently, the
most abundant HAV codons were not the most abundant hu-
man codons. Only Gln and Glu were mostly encoded by the
same triplets. A closer analysis of this situation reveals that for
most twofold degenerate amino acids, namely, Asn, Hys, Asp,
Tyr, Cys, and Phe, one codon may bind two different tRNAs,
each bearing a different anticodon, and the other codon may
bind these same two tRNAs and a third tRNA with a third and
different anticodon; human cells more frequently use the first
of these codons, while HAV clearly uses the second, which
contains the unshared anticodon (Table 4). For the three re-
maining twofold degenerate amino acids, Lys, Gln, and Glu,
each codon may bind two tRNAs and only one anticodon is
shared; no clear codon preference is shown by HAV. For the
threefold degenerate Ile, the most abundant human codon may
bind two tRNAs, whose anticodons are shared with the two
alternative codons; the second most abundant codon may bind
three anticodons (two shared and one unshared); and the least
abundant codon may bind two anticodons (one shared and one
unshared). In this situation, HAV chooses as the most abun-
dant codon a codon that has one unshared anticodon and that
is not rare for the host cell. The same strategy is observed for
most of the four- and sixfold degenerate amino acids, although
in some, such as Val and Leu, HAV selects a rare human
codon as its most abundant, since the alternative codons with
an unshared anticodon correspond to the most abundant hu-
man codons, thus representing strong competition.

Locations of rare codons. The locations of the rare codons in
the GenBank sequences were studied, although codons con-
sidered rare were only those that were present and rare in both
the GenBank and the hepatitis outbreak sequences (Table 4).
Only rare codons conserved in more than 50% of the analyzed
sequences were considered significant in the location study.
Overall, 60 rare codons out of 764 total codons were conserved
in the P1 region, representing 7.8% conserved rare codons.
When the stringency in conservation was increased to either 85
or 100%, 2.7 or 0.9%, respectively, of the total P1 codons were

rare codons. It should be noted that 7 out of these 60 rare
codons (11.6%) were conserved in the entire group of se-
quences. In some instances, sequences lacking an individual
rare codon had an alternative rare codon in close proximity
(distance of one to three codons), increasing the percent con-
servation. Accordingly, 26 highly conserved positions that
should be very critical were recognized in the structural ge-
nome.

A tendency to be located within the carboxy limits of the
highly structured elements (� barrels and � helices) was ob-
served (Fig. 1). Overall, 52.7% of the rare codons of the capsid
region were located in the carboxy limits of the � barrels and
� helices, while the residues contained in these limits repre-
sented 37.6% of the total polyprotein. This tendency to be
located within the carboxy limits was statistically significant (P
� 0.05). These same determinations were calculated for the P1
region of FMDV-C and for the VP1 region of PV-1. A signif-
icant nonrandom location could not be detected in either
FMDV-C or PV-1, although in both viruses a preference for
the carboxy limits was also observed.

At certain positions, the conserved rare codons were clus-
tered (Fig. 1). A cluster was defined as a group of at least two
contiguous rare codons or a group of at least two rare codons
at a distance of one to three codons. In the VP0 region, three
clear clusters were observed. The first was located in the VP4
region, for which no structural data exist. The second was
located right at the carboxy border of the �D barrel, and the
third extended all along the short joining sequence between
the �F and the �G1 barrels. In the VP3 region, one cluster was
detected starting just before the �G2 barrel and finishing just
after this structure. In the VP1 region, one cluster was located
at the amino terminus of the protein, and two contiguous
clusters were located at the end of the �E barrel and at the
joining sequence between the �E barrel and the �B helix. The
outbreak sequences were not included in this analysis to avoid
the potential bias due to their close relationships; however,
they were used to confirm the existence of critical positions
(Fig. 1). Eighty-one percent of the highly conserved rare codon
locations detected in the GenBank sequences were also de-
tected as highly conserved in the outbreak sequences. A high
degree of correlation was also observed among the rare codon
clusters, with the exception of those of VP1. However, since
these clusters were not highly conserved in the GenBank se-
quences, they should not be regarded as actual clusters.

All of the amino acids encoded by these clusters were lo-
cated in exposed regions of the capsid (Fig. 2), and these
clusters included very rare codons. The frequencies of these
very rare codons were below 20% that of the most common
codon of their families or even below 5% in some instances,
such as that of the �G2 cluster of VP3. It should be noted that
not only the clusters but also several single rare codons en-
coded residues located on the surface. Overall, 67% of the
total rare codons encoded residues exposed on the capsid
surface, more precisely, 81, 72, and 64% of the VP2, VP3, and
VP1 rare codons, respectively. On the other hand, 60% of
these rare codons were highly conserved in at least 85% of the
GenBank sequences.

The occurrences and locations of rare codons in the 3C and
3D regions of the GenBank sequences of HAV were compar-
atively analyzed. The 3C coding region contained 1.82, 1.37,

TABLE 5. Codon usage for three picornaviruses

Virus
Effective Nc for: No. of amino acid

families with rare
codonsa

Total no. of rare
codonsb

VP1 P1

HAV 38.1 38.8 14 22
PV-1c 52.6 5 8
FMDV-Cd 52.1 53.3 7 7

a The number of amino acid families containing synonymous codons was 18.
b The number of synonymous codons was 59.
c Data were calculated with sequences from Gavrilin et al. (11) (accession

numbers AF238098, AF233099, AF233110, and AF233113).
d Data were calculated with sequences from Martinez et al. (17) (accession

numbers M84360, M90055, and M90367 to M90382 for VP1 and M90367,
M90368, M90372, M90376, M90381, and L290061 for P1).
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FIG. 1. VP2, VP3, and VP1 structural wire plot models deduced from actual data for PV-1 (Mahoney). (A) VP2. (B) VP3. (C) VP1. The first
and second rows correspond to the outbreak and GenBank consensus sequences, respectively. Bold type indicates amino acids encoded by
conserved rare codons.
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and 0.91% rare codons conserved in 50, 85, and 100% of the
sequences, respectively. For the 3D region, 6.7% of the total
codons were rare codons conserved in 50% of the sequences,
2.86% of the total codons were rare codons conserved in 85%
of the sequences, and 1.84% of the total codons were rare
codons conserved in 100% of the sequences. While the pat-
terns of conservation of the rare codons were completely dif-
ferent in the 3C and P1 regions, that of the 3D region did not
differ significantly from that of the P1 region. However, the
strategic location of the HAV P1 region rare codons con-
trasted with the data obtained for the 3D region, whose rare
codons were randomly distributed, instead of being accumu-
lated at the carboxy limits. Overall, the carboxy limits repre-
sented 30.5% of the 3D protein, and 33.3% of the rare codons
were located at these limits. Thus, it could be concluded that
no clear preference for the carboxy limit location exists in the
3D polymerase. For the 3C protein, the statistical analysis was
hampered by the low number of rare codons.

RNA secondary structure. Although the dynamic nature of
the RNA genome avoids an accurate prediction of its second-
ary structure, P-Num values provide a quantitative estimation
of the propensity of a base to pair with alternative partners in
a collection of suboptimal folds (20). RNA regions having
abundant bases with low P-Num values (P-Num, �100) are
predicted to contain secondary structures (20). This parameter
was calculated either for the total genome of the HM-175

strain of HAV or for partial RNA regions. Although the per-
centage of bases with P-Num values of �100 was 24.15%, a
distinct pattern was observed among the different genomic
regions (Table 6). Remarkably, significantly higher percent-
ages of bases with low P-Num values were observed in the P3
region than in the P1 region and even than in the noncoding
regions, suggesting a tighter structure in the P3 region. The
ratios between the P-Num values of different regions were
calculated for HAV and PV-1. The P3 region/P1 region ratios
were 2.3 and 1.7, respectively, the P3 region/5� noncoding
region ratios were 1.6 and 1.7, respectively, and the P1 re-
gion/5� noncoding region ratios were 0.7 and 1, respectively.
These ratios suggested that the RNA of the HAV P1 region
had a comparatively lower P-Num value and correspondingly a
relatively looser structure.

DISCUSSION

HAV has low antigenic variability, as reflected by the exis-
tence of a single serotype (14). However, antigenic variants
have been selected for their resistance to different MAbs (18,
21). Among the group of isolates from the clam-associated
outbreak, a natural antigenic variant has been detected which
induces a loss of recognition by MAb K34C8 and a second
variation in a linear epitope of VP1 (24). However, the fre-
quency of nonsynonymous mutations observed in HAV is sig-

FIG. 2. Capsid surface location of amino acids encoded by conserved rare codons in an HAV protomer refined model (Luo, personal
communication). Green, pink, and blue spheres indicate residues of VP2, VP3, and VP1, respectively, encoded by rare codons. Yellow spheres
correspond to residues implicated in antigenic sites.
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nificantly lower than those found in other picornaviruses, such
as PV-1 and FMDV. Overall, one position in VP4 (residue 5),
four positions in VP2 (residues 40, 44, 89, and 180), six posi-
tions in VP3 (residues 32, 45, 72, 92, 145, and 239), and nine
positions in VP1 (residues 25, 28, 148, 156, 174, 208, 216, 241,
and 271) show variability in the GenBank and outbreak se-
quences. Assuming that the tolerance to amino acid substitu-
tions is higher at surface protein sites free of structural con-
straints, it seems reasonable to assume that all of these
residues are located at the capsid surface, even more so when
it is considered that most of these substitutions are noncon-
servative. Since antigenic sites are frequently located at the
surface, it can be expected that several of these substitutions
are located at HAV antigenic sites. However, only three of
these substitutions have been found directly involved in HAV
epitopes, i.e., positions 25 and 28 of VP1 (10, 15) and position
72 of VP3 (18, 21, 24). Additionally, position 174 of VP1 is
located in the middle of the sequence from residues 171 to 176
of this protein, which is part of the immunodominant site of
HAV, although no data exist on the implication of this position
for the epitope structure (18, 21). The same situation applies to
residues 148, 156, and 241 of VP1 and residue 145 of VP3,
which are located close to residues that are part of the HAV
immunodominant site in the HAV structural model (16; Luo,
personal communication). Furthermore, residues 208 and 216
of VP1 are located close to residue 221, which defines a second
antigenic site of HAV (18, 21). However, despite the existence
of these potential antigenic variants, different serotypes have
not been defined, possibly because these substitutions lead to
losses of only single epitopes from complex antigenic sites, as
is the case for the variation in residue 72 of VP3 (24). It can
then be expected that more extensive substitutions are re-
quired for the emergence of a new serotype and that such
replacements are hampered by strong structural constraints.

The general idea of strong capsid structural constraints may
be reinforced by the profuse use and conservation of rare

codons, whose strategic locations have been postulated to cre-
ate codon context variations along the mRNA, inducing a
decrease in translation speed and allowing proper protein fold-
ing. The Nc values obtained for different picornaviruses indi-
cate a significantly higher bias in codon usage in HAV than in
PV-1 or FMDV-C. Genes with lower Nc values are considered
to be restricted in the use of synonymous codons compared to
genes with higher Nc values, which have greater flexibility in
the use of synonymous codons (26). It may be assumed that low
Nc values imply the use of preferred codons and, consequently,
the existence of rare codons. There are indications that syn-
onymous codon usage may be biased toward rare codons in
segments connecting domains and regular secondary structure
blocks (2, 11). In fact, a statistically significant nonrandom
distribution of rare codons could be observed in the capsid
region, the preferred locations being the carboxy ends and
borders of the highly structured protein elements. In contrast,
this tendency has not been observed in the 3C region or even
in the 3D region, which is richer in 100% conserved rare
codons than the P1 region. However, by using the P-Num value
of the HM-175 strain as a reference for HAV, it was observed
that for the 3D region, the RNA secondary structure is tighter;
consequently, its sequence should be less prone to variability,
as has been suggested for other viruses (11). Thirty percent and
64% of the P1 region and 3D region rare codons, respectively,
were immersed in RNA regions with low P-Num values (data
not shown). Consequently, it can be considered that these rare
codons play a dual role in maintaining both the RNA and the
protein structures, being more important at the protein level in
the P1 region and at the RNA level in the 3D region.

The occurrence of surface residues encoded by rare codons,
which account for approximately 15% of the total surface res-
idues (Fig. 2 and data not shown), could contribute to the low
variability of the HAV capsid, since it is quite unlikely that the
occurrence of a nucleotide substitution in a rare codon will give
rise to a new codon of similar rarity (Table 4), in order to
maintain the translation kinetics for correct folding without a
loss of efficiency. In fact, among the previously mentioned
capsid substitutions, only that at position 25 of VP1 (Ile to
Met) changed from quasi-rare to non-rare and that at position
271 of VP1 (Ser to Pro) changed from quasi-rare to unmistak-
ably rare. All of the other substitutions affected non-rare
codons.

An intriguing issue, however, is the antagonism in the codon
usage of HAV and human cells, since the availability of tRNAs
is host dependent. The picornavirus models used throughout
this study showed codon usage very similar to that of their
hosts. However, this situation implies the occurrence of com-
petition for tRNAs, among other factors. For PV-1 and
FMDV-C, this competition is avoided by the induction of cel-
lular shutoff of protein synthesis through carboxy cleavage of
component eIF4G of the translation initiation complex by 2A
and L proteases, respectively (22). The cleaved eIF4G factor is
still active for the internal ribosome entry site-dependent ini-
tiation of translation of most picornaviruses, although that of
HAV requires an intact eIF4G factor (6). The latter is a plau-
sible explanation for why shutoff has not been described for
HAV-infected cells. Consequently, HAV competes poorly for
cellular factors, among them tRNAs; therefore, the most abun-

TABLE 6. Effective Nc values, percentages of rare codons
conserved in at least half of the GenBank sequences of HAV, and
P-Num values for the HM-175 strain of HAV in association with

different genomic regions

Genomic region Nc

% of:

Conserved rare
codons

Bases with P-Num
values of �100a

Whole genome 6.55 24.1
5� Noncoding region 23.4 (7.1)
P1 38.8 7.85 16.1 (7.1)
VP0 38.7 8.16 9.2
VP3 38.3 7.32 20.9
VP1 38.1 8.05 18.1
P2 39.0 6.37 18.4 (8.2)
2A 35.8 5.55 6.5
2B 34.3 5.55 27.0
2C 39.6 7.16 14.5
P3 37.9 5.46 37.0 (12.5)
3A 33.6 9.46 68.5
3B 29.1 4.35 94.2
3C 34.8 1.82 33.9
3D 37.1 6.74 30.9
3� Noncoding region 11.1 (94.2)

a P-Num values for the PV-1 Mahoney strain are shown in parentheses.

458 SÁNCHEZ ET AL. J. VIROL.



dant codons of its host are not its most abundant and, in
several instances, even are rare codons.

The lack of a specific shutoff-inducing mechanism and the
occurrence of long extracorporeal periods are concordant with
a special codon usage which prevents direct competition with
the host cell system and concomitantly allows a highly compact
capsid that ensures a high level of environmental persistence.
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