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Abstract

Influenza viruses are the etiological agents of influenza. Although vaccines and
drugs are available for the prophylaxis and treatment of influenza virus infections, the
generation of escape mutants has been reported. To develop vaccines and drugs that are
less susceptible to the generation of escape mutants, it is important to understand the
evolutionary mechanisms of the viruses. Here natural selection operating on all the proteins
encoded by the H3N2 human influenza A virus genome was inferred by comparing the
numbers of synonymous (ds [Ds]) and nonsynonymous (dy [Dn]) substitutions per site.
Natural selection was also inferred for the groups of functional amino acid sites involved in
B-cell epitopes (BCEs), T-cell epitopes (TCEs), drug resistance, and growth in eggs. The
entire region of PB1-F2 was positively selected, and positive selection also appeared to
operate on BCEs, TCEs, and growth in eggs. The frequency of escape mutant generation
appeared to be positively correlated with the dn/ds (Dy/Ds) values for the targets of vaccines
and drugs, suggesting that the amino acid sites under strong functional constraint are suitable
targets. In particular, TCEs may represent candidate targets, since the dy/ds (Dy/Ds) values

were small and negative selection was inferred for many of them.



Introduction

Influenza viruses are the etiological agents of influenza (Smith, Andrewes, and
Laidlaw, 1933), and are classified into types A-C, among which type A viruses are the most
pathogenic to humans (Suzuki and Nei, 2002). Influenza A viruses possess a single-stranded
(negative sense) and eight-segmented (segments 1-8) RN A genome in an enveloped virion
(Noda et al., 2006). Segments 1, 3, 4, 5, and 6 each encode a single protein, namely
polymerase basic 2 (PB2; a total of 759 amino acid sites), polymerase acidic (PA; 716 sites),
hemagglutinin (HA; 566 sites), nucleoprotein (NP; 498 sites), and neuraminidase (NA; 469
sites), respectively. Segments 2, 7, and 8 each encode two proteins, namely PB1 (757 sites)
and PB1-F2 (90 sites), matrix 1 (M1; 252 sites) and M2 (97 sites), and non-structural 1 (NS1;
230 sites) and NS2 (121 sites), respectively. Codon positions 32-123 of PB1 and the entire
region (positions 1-90) of PB1-F2, positions 239-252 of M1 and positions 9-24 of M2, and
positions 168-230 of NS1 and positions 11-74 of NS2 overlap in different reading frames (fig.
1). Influenza A viruses are classified into subtypes H1-H16 and N1-N9 according to the
antigenic properties of HA and NA, respectively (World Health Organization, 1980).

Influenza A viruses have caused pandemics in humans during the 20th century, such
as “Spanish Flu” caused by the HIN1 virus that killed 25-50 million people worldwide in
1918, “Asian Flu” by the H2N2 virus that killed 1-4 million people in 1957, and “Hong Kong
Flu” by the H3N2 virus that killed 0.75-2 million people in 1968. The HIN1 and H3N2
viruses still continue to circulate and cause annual epidemics that kill 0.25-0.5 million people

worldwide. Vaccines and drugs are, however, available for the prophylaxis and treatment



of influenza virus infections. Vaccines are composed of either inactivated or live attenuated
virions of the HIN1 and H3N2 human influenza A viruses as well as those of influenza B
viruses. Since the antigenicities of the wild viruses evolve, vaccines are reformulated
annually by updating the seed strains. However, when the antigenicities of the seed strains
and wild viruses do not match, vaccines fail to protect the vaccinees (Mostow et al., 1970).
In addition, even when they do match, escape mutants are often generated (Kilbourne et al.,
2002; Jin et al., 2005; Zharikova et al., 2005; Venkatramani et al., 2006). The drugs include
amantadine, which inhibits the uncoating of virions by interfering with M2, and oseltamivir,
which inhibits the release of virions from infected cells by interfering with NA. However,
escape mutants are often generated for the former drug (Webster, Kawaoka, and Bean, 1986),
and less frequently for the latter drug (Kiso et al., 2004).

To develop vaccines and drugs that are less susceptible to the generation of escape
mutants, it is important to understand the evolutionary mechanisms of the viruses. Of
particular interest is natural selection operating on viral proteins. Negatively selected amino
acid sites may be suitable targets for vaccines and drugs, since many of the substitutions at
these sites are likely to be intolerable (Suzuki, 2004a). Positively selected sites may be
useful for identifying the epitopes involved in the elimination of viruses from infected
patients (Suzuki and Gojobori, 2001), although they may not be suitable as targets since
many of the substitutions at these sites are likely to be tolerable. The purpose of the present
study was to infer the natural selection operating on all the proteins encoded by the H3N2

human influenza A virus genome.



Materials and Methods

Sequence Data

For each protein of the H3N2 human influenza A virus, all the nucleotide sequences
encoding the entire region were extracted from the International Nucleotide Sequence
Database (INSD: DDBJ/EMBL/GenBank) (DDBJ release 63). After elimination of
sequences derived from laboratory and vaccine strains, sequences derived from the same
strains as others, and sequences containing ambiguous nucleotides, minor insertions, minor
deletions, or premature termination codons, 259, 256, 76, 268, 284, 246, 345, 173, 113, 164,
and 100 sequences were used for natural selection analysis for PB2, PB1, PB1-F2, PA, HA,
NP, NA, M1, M2, NS1, and NS2, respectively. The INSD accession numbers and strain
names for these sequences are listed in the Supplementary Material online (supplementary

table S1).

Data Analysis

For each protein, a multiple alignment of the nucleotide sequences, which did not
contain any gaps, was constructed using the computer program CLUSTAL W (version 1.81)
(Thompson, Higgins, and Gibson, 1994). Natural selection operating on each amino acid
site was inferred using ADAPTSITE (version 1.3) (Suzuki, Gojobori, and Nei, 2001). In

this method (parsimony method) (Suzuki and Gojobori, 1999), a phylogenetic tree of the



nucleotide sequences was constructed by the neighbor-joining (NJ) method (Saitou and Nei,
1987) using the p distance. It should be noted that the p distance is known to produce
reliable phylogenetic trees when a large number of closely related sequences is analyzed (Nei
and Kumar, 2000). Indeed, reliable results were obtained in the computer simulations and
real data analyses using the parsimony method with the p distance (Suzuki, 2004b). For
each codon site, the total numbers of synonymous (cs) and nonsynonymous (cy) substitutions
as well as the average numbers of synonymous (ss) and nonsynonymous (sy) sites per codon
over the phylogenetic tree were computed using the maximum parsimony (MP) method
(Fitch, 1971). Here the transition/transversion rate ratio (O) of nucleotide mutations was
required for computing ss and sy.  To estimate O, the ratio (k) of the
transitional/transversional nucleotide diversities at the four-fold degenerate site was
computed for each of the entire regions of PB2, PA, HA, NP, and NA as well as the
non-overlapping regions of PB1, M1, M2, NS1, and NS2, using the two-parameter method
(table 1) (Kimura, 1980). O was estimated as the average of k, weighted by the number of
four-fold degenerate sites, and found to be 7.5.  The total numbers of synonymous (ds) and
nonsynonymous (dy) substitutions per site over the phylogenetic tree were computed as cg/ss
and cn/sn, respectively.  The null hypothesis of selective neutrality (ds = dy) was tested for
each codon site by computing the probability (p) of obtaining the observed or more biased
values for cg and cy, which were assumed to follow a binomial distribution with the
probabilities of occurrence of synonymous and nonsynonymous substitutions given by ss/(ss

+ sn) and sn/(ss + sn), respectively.  Sites where dn/ds > 1 and dn/ds < 1 with p < 0.05 were



inferred as positively and negatively selected, respectively (two-tailed test) (Hughes and Nei,
1988). It should be noted that since multiple substitutions are not corrected in this method,
c¢s and ¢y may be underestimated, especially if the branch lengths of the phylogenetic trees
constructed are large. However, the degree of underestimation appeared to be negligible for
all data sets examined in the present study, since the branch lengths were generally very
small (table 1) (Saitou, 1989).

When the biological functions of amino acid sites are known, it may be useful to
group sites with similar functions for inferring natural selection (Hughes and Nei, 1988).
The B-cell epitope (BCE) is a group of typically 15 to 22 continuous or discontinuous amino
acid sites that are recognized by B-cells, which generate antibodies against BCEs and
neutralize the infectivity of viruses (Klein and Horejsi, 1997). From the analysis of
three-dimensional structures of antigen-antibody complexes and escape mutants from
monoclonal antibodies, five (epitopes A, B, C, D, and E) and three (epitopes A, B, and C)
BCEs have been identified in HA (Wiley, Wilson, and Skehel, 1981) and NA (Air et al.,
1985), respectively. One BCE was also identified in M2 from the analysis using
monoclonal antibodies (Zebedee and Lamb, 1988). The CD8" and CD4" T-cell epitopes
(TCEs) are groups of typically 9 and 13-18 continuous amino acid sites, respectively (Klein
and Horejsi, 1997). CDS8* TCEs are presented on infected cells together with the human
leukocyte antigen (HLA) class I (including HLA-A, -B, and -C), and are recognized by
cytotoxic T-lymphocytes (CTLs), which exert cytotoxicity to infected cells. CD4" TCEs are

presented on infected cells together with the HLA class II (including HLA-DQ and -DR), and



are recognized by helper T-cells (Th cells). Th cells are divided into Th1 and Th2 cells,
which help CTLs and B-cells activate, respectively. Th cells may also exert cytotoxicity to
infected cells. CDS8" and CD4" TCE:s in the proteins of influenza A viruses have been
identified by experiments, such as the three-dimensional structure analysis of HLA-epitope
complexes, and peptide-binding and lytic assays (Macken et al., 2001). In addition, amino
acid sites involved in the resistance to amantadine (Hay et al., 1985) and oseltamivir
(Gubareva, Kaiser, and Hayden, 2000) have been determined by inhibition assays.
Furthermore, influenza A viruses are usually isolated in the allantoic cavity of embryonated
chicken eggs, and amino acid sites involved in the adaptation to growth in eggs have been
identified by comparing the sequences derived from the isolates passaged in eggs and control
cells (Hardy et al., 1995). Each of these groups of functional amino acid sites were
examined for natural selection (table 4). In practice, sg, Sy, s, and ¢y were summed over the
grouped sites to obtain Sy, Sy, Cs, and Cy, respectively (Suzuki, 2004c). Here Dg = Cy/Sg
and Dy = C/Sy. The test of selective neutrality was conducted in a similar manner to the
analysis of individual sites, where sg, sy, ¢s, and ¢y were replaced with S, Sy, C, and Cy,
respectively. Positive and negative selection were inferred when D/Dg > 1 and D/Dg < 1

with p < 0.05, respectively (two-tailed test).

Results

Selection Profiles



The selection profiles for all the proteins of the H3N2 human influenza A virus are
shown in fig. 1. For PB2, 501 (66.0%) of all (759) codon sites were variable, among which
dn/ds < 1 for the majority of sites (452 sites; 90.2%) and dn/ds > 1 for the minority of sites
(49 sites; 9.8%) (table 2; Supplementary Material online [supplementary fig. S1]). No sites
were identified as positively selected, whereas 89 sites were identified as negatively selected.

The selection profiles for all the other proteins were similar to that for PB2, with the
exception of PB1-F2 (fig. 1; table 2). For PB1-F2, dn/ds was > 1 for the majority of codon
sites (56 sites; 94.9%) and dn/ds was < 1 for the minority of sites (3 sites; 5.1%) among 59
variable sites. It should be noted that the entire region of PB1-F2 overlaps with PB1 in
different reading frames, as described above. In general, when multiple genes overlap in
different reading frames, nucleotide substitution is expected to be suppressed for each gene,
due to the superimposition of functional constraints operating on the overlapping genes.
Suppression of nucleotide substitution may be detected by comparing the Dgs values between
the overlapping and non-overlapping regions of a gene, under the assumptions that the
mutation rates for these regions are similar and the synonymous mutations are close to
selectively neutral. Indeed, in the case of M1, which overlaps with M2, Dg (= Cs/Ss =
12/12) for the overlapping region was smaller than that (Cs/Ss = 261/213) for the
non-overlapping region, although the difference was not statistically significant ([ = 0.6
with 1 degree of freedom [d.f.]; p = 0.5) (table 3). Similar results were obtained for M2,
NS1, and NS2, which overlap with M1, NS2, and NS1, respectively, and these differences

were statistically significant. Since PB1-F2 did not contain a non-overlapping region, Ds



for the non-overlapping region of PB1 was used as a surrogate and compared with that for
the entire (overlapping) region of PB1-F2, using the same set of 258 sequences used for the
natural selection analysis for PB1. Dgs (= Cs/Ss = 6/76) for PB1-F2 was significantly
smaller than that (Cs/Ss = 690/578) for the non-overlapping region of PB1 (2 = 78.6 with 1
d.f; p=28.2x 10", suggesting that functional constraints operated on the overlapping
region of PB1. Surprisingly, however, when the Dg values for the overlapping and
non-overlapping regions of PB1 were compared, the former (Cs/Ss = 125/82) was
significantly greater than the latter (Cs/Ss = 690/578) (1% = 6.5 with 1 d.f.; p=0.01). This
observation implied that positive selection operated on PB1-F2, rather than functional
constraints.  To further characterize the natural selection operating on PB1-F2, the number
(Sss) of nucleotide sites where the mutations were expected to be synonymous in both PB1
and PB1-F2 (synonymous-synonymous sites) and that (Ssy) of synonymous-nonsynonymous
sites, as well as the numbers of corresponding substitutions (Css and Csy) were computed for
the overlapping region of PB1 and PB1-F2. Since Dsy (= Csn/Ssn = 116/78) was
significantly greater than Dgg (= Css/Sss = 0/3) (p = 0.02), positive selection was inferred for
the entire region of PB1-F2.

Among all the amino acid sites of all the proteins of the H3N2 human influenza A
virus, positions 220 and 229 of HA, position 131 of NP, and position 370 of NA were

inferred as positively selected (fig. 1; table 2).

Natural Selection on Groups of Functional Amino Acid Sites
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When the amino acid sites involved in the BCEs were grouped, their Dn/Ds values
were generally large (table 4) compared with the averages for the entire regions of the
proteins (table 1). In particular, Dn/Ds was > 1 for epitopes A and B of HA, although the
differences were not statistically significant. On the other hand, the Dn/Ds values for both
the CD8" and CD4" TCEs tended to be small. Dx/Ds was > 1 only for one CD8' TCE
(positions 135-144) of HA and two overlapping CD8" TCEs (positions 83-92 and 85-94) of
M2, where the differences were not statistically significant. However, most (6 out of 9) of
the amino acid sites involved in the former TCE were also involved in a BCE (epitope A of
HA) and growth in eggs (table 4).  Since the Dn/Ds values for TCEs were generally small
whereas those for BCEs and growth in eggs were generally large, Dn/Ds > 1 observed for
this TCE was not likely to be due to positive selection operating on it, but due to that
operating on the BCE and growth in eggs. However, the latter TCEs did not overlap with
other groups of functional amino acid sites, suggesting that positive selection operated on
them.

Natural selection was also examined for the groups of amino acid sites involved in
resistance to amantadine and oseltamivir (table 4). The Dn/Ds value for the former group
was large (0.5), and roughly comparable to those for BCEs. In contrast, negative selection
was inferred for the latter group. In particular, all nine nucleotide substitutions observed
were synonymous, such that Dy/Ds = 0. When natural selection was examined for the
group of amino acid sites involved in growth in eggs, Dn/Ds was > 1, although the

difference was not statistically significant (table 4). It should be noted that most (18 out of
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22) of the amino acid sites involved in growth in eggs were also involved in BCEs, where
Dn/Ds values were generally large (table 4). To examine whether positive selection
operated on BCEs or growth in eggs, or on both, it may be useful to compute the Dn/Dsg
values for interior and exterior branches of the phylogenetic tree separately. Here ss, s,
¢s, and cy were computed for interior and exterior branches separately, and were summed
over the grouped sites to obtain Ss, Sy, Cs, and Cy, respectively. The amino acid
substitutions involved in growth in eggs should be observed only on exterior branches
because they occur during isolation, whereas those involved in BCEs should be observed on
both the interior and exterior branches. It should be noted that amino acid substitutions
associated with the sampling bias for antigenic variation are also expected to be observed
on exterior branches for BCEs (Bush et al., 2000). For the group of amino acid sites
involved in BCEs, the Dn/Ds values (0.4-2.3) for interior branches were generally large,
suggesting that positive selection operated on BCEs. However, the Dn/Ds values (0.4-1.0)
for exterior branches were mostly smaller than those for interior branches, suggesting that
the sampling bias did not affect the Dn/Ds values to a large extent in the present study.

For the group of amino acid sites involved in growth in eggs, Dn/Ds was > 1 for interior
branches, probably because most of them were also involved in BCEs. However, the
Dn/Ds value for exterior branches was greater than that for interior branches, which was
contrary to the relationship observed for most BCEs, suggesting that positive selection also

operated on growth in eggs.
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Discussion

Prevalence of Negatively Selected Sites

In the present study, natural selection was inferred for amino acid sites by
comparing the total numbers of synonymous (ds [Ds]) and nonsynonymous (dn [Dx])
substitutions per site that had accumulated over the phylogenetic tree. Since the direction
and magnitude of natural selection may vary during evolution, the dx/ds (Dn/Ds) values
obtained should be regarded as average values of heterogeneous selection, and also as
underestimates for the magnitudes of the positive and negative selection that operated over
the phylogenetic tree on the sites where dn/ds (Dn/Ds) > 1 and dn/ds (Dn/Ds) < 1,
respectively.

dn/ds < 1 for the majority of codon sites in all the proteins, with the exception of
PB1-F2. However, relatively small numbers of sites were inferred as negatively selected.
This was probably because the numbers of nucleotide substitutions (cs + cn) observed at
many codon sites were insufficient for detecting statistically significant differences between
c¢s and cy, although most of the sites were negatively selected in reality (Nei, 1983).
Therefore, more negatively selected sites should be detected as more sequence data are

collected.

Positive Selection on PBI1-F?2

Positive selection was inferred for the entire region of PB1-F2. In fact, positive
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