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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 (dN [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 (DN/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 because the
dN/dS (DN/DS) values were small and negative selection was inferred for many of them.

Introduction

Influenza viruses are the etiological agents of influenza
(Smith et al. 1933) and are classified into types A–C, among
which type A viruses are the most pathogenic to humans
(Suzuki andNei 2002). Influenza A viruses possess a single-
stranded (negative sense) and 8-segmented (segments 1–8)
RNA 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 neur-
aminidase (NA; 469 sites), respectively. Segments 2, 7,
and 8 each encode 2 proteins, namely, PB1 (757 sites)
and PB1-F2 (90 sites), matrix 1 (M1; 252 sites) and M2
(97 sites), and nonstructural 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 dif-
ferent reading frames (fig. 1). Influenza A viruses are clas-
sified 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 H1N1 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 H1N1 and H3N2 viruses still continue to circulate
and cause annual epidemics that kill 0.25–0.5 million peo-
ple worldwide. Vaccines and drugs are, however, available
for the prophylaxis and treatment of influenza virus infec-
tions. Vaccines are composed of either inactivated or live
attenuated virions of the H1N1 and H3N2 human influenza
A viruses as well as those of influenza B viruses. Because
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, es-
cape mutants are often generated for the former drug
(Webster et al. 1986) and less frequently for the latter drug
(Kiso et al. 2004).

To develop vaccines and drugs that are less suscepti-
ble 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 pro-
teins. Negatively selected amino acid sites may be suitable
targets for vaccines and drugs because many of the substi-
tutions at these sites are likely to be intolerable (Suzuki
2004a). Positively selected sites may be useful for identi-
fying the epitopes involved in the elimination of viruses
from infected patients (Suzuki and Gojobori 2001), al-
though they may not be suitable as targets because 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 vi-
rus, all the nucleotide sequences encoding the entire region
were extracted from the International Nucleotide Sequence
Database (INSD: DNA Data Bank of Japan [DDBJ]/Euro-
pean Molecular Biology Laboratory/GenBank) (DDBJ re-
lease 63). After elimination of sequences derived from
laboratory and vaccine strains, sequences derived from
the same strains as others, and sequences containing am-
biguous 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
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sequences are listed in the supplementary table S1, Supple-
mentary Material online.

Data Analysis

For each protein, a multiple alignment of the nucleo-
tide sequences, which did not contain any gaps, was

constructed using the computer program ClustalW (version
1.81) (Thompson et al. 1994). Natural selection operating
on each amino acid site was inferred using ADAPTSITE
(version 1.3) (Suzuki et al. 2001). In this method (parsimony
method) (Suzuki and Gojobori 1999), a phylogenetic tree of
the nucleotide sequences was constructed by the Neighbor-
Joining method (Saitou and Nei 1987) using the p distance.

FIG. 1.—Selection profiles of all the proteins encoded by the H3N2 human influenza A virus genome. The abscissa indicates the codon positions, with
the scale bar at the top. The ordinate indicates the (1� P) value for each position, which is indicated above and below the horizontal line when dN/dS. 1
and dN/dS, 1, respectively. The dotted lines represent 0.95, so that the positions where the bars cross the dotted lines above and below the horizontal line
indicate the positively and negatively selected sites, respectively. M2 and NS2 are divided into 2 parts, and the positions of PB1-F2, M2, and NS2 relative
to PB1, M1, and NS1 are arranged to indicate the overlapping regions.
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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). In-
deed, reliable results were obtained in the computer simu-
lations 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 non-
synonymous (cN) substitutions as well as the average num-
bers of synonymous (sS) and nonsynonymous (sN) sites per
codon over the phylogenetic tree were computed using
the maximum parsimony (MP) method (Fitch 1971). Here
the transition/transversion rate ratio (j) of nucleotide muta-
tions was required for computing sS and sN. To estimate j,
the ratio (k) of the transitional/transversional nucleotide
diversities at the 4-fold degenerate site was computed for
each of the entire regions of PB2, PA, HA, NP, and NA as
well as the nonoverlapping regions of PB1, M1, M2, NS1,
and NS2, using the 2-parameter method (table 1) (Kimura
1980). j was estimated as the average of k, weighted by
the number of 4-fold degenerate sites, and found to be
7.5. The total numbers of synonymous (dS) and nonsynon-
ymous (dN) substitutions per site over the phylogenetic tree
were computed as cS/sS and cN/sN, respectively. The null
hypothesis of selective neutrality (dS 5 dN) was tested
for each codon site by computing the probability (P) of ob-
taining the observed or more biased values for cS and cN,
which were assumed to follow a binomial distribution
with the probabilities of occurrence of synonymous and
nonsynonymous substitutions given by sS/(sS 1 sN) and
sN/(sS 1 sN), respectively. Sites where dN/dS . 1 and dN/
dS , 1 with P , 0.05 were inferred as positively and neg-
atively selected, respectively (2-tailed test) (Hughes andNei
1988). It should be noted that because multiple substitutions
are not corrected in this method, cS and cN may be under-
estimated, especially if the branch lengths of the phyloge-
netic trees constructed are large. However, the degree of
underestimation appeared to be negligible for all data sets
examined in the present study because 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 func-
tions for inferring natural selection (Hughes and Nei

1988). The B-cell epitope (BCE) is a group of typically
15–22 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 3-dimensional struc-
tures of antigen–antibody complexes and escape mutants
from monoclonal antibodies, 5 (epitopes A, B, C, D, and
E) and 3 (epitopes A, B, and C) BCEs have been identified
in HA (Wiley et al. 1981) and NA (Air et al. 1985), respec-
tively. One BCEwas also identified inM2 from the analysis
using monoclonal antibodies (Zebedee and Lamb 1988).
The CD81 and CD41 T-cell epitopes (TCEs) are groups
of typically 9 and 13–18 continuous amino acid sites, re-
spectively (Klein and Horejsi 1997). CD81 TCEs are pre-
sented 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. CD41 TCEs are pre-
sented on infected cells together with the HLA class II (in-
cluding 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 on infected cells.
CD81 and CD41 TCEs in the proteins of influenza A vi-
ruses have been identified by experiments, such as the 3-
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
et al. 2000) have been determined by inhibition assays. Fur-
thermore, influenza A viruses are usually isolated in the al-
lantoic 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 iso-
lates passaged in eggs and control cells (Hardy et al. 1995).
Each of these groups of functional amino acid sites was ex-
amined for natural selection (table 4). In practice, sS, sN, cS,
and cN were summed over the grouped sites to obtain SS,
SN, CS, and CN, respectively (Suzuki 2004c). Here DS 5
CS/SS and DN 5 CN/SN. The test of selective neutrality
was conducted in a similar manner to the analysis of indi-
vidual sites, where sS, sN, cS, and cN were replaced with SS,
SN, CS, and CN, respectively. Positive and negative selec-
tion were inferred when DN/DS . 1 and DN/DS , 1 with
P , 0.05, respectively (2-tailed test).

Results
Selection Profiles

The selection profiles for all the proteins of the H3N2
human influenza A virus are shown in figure 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 fig. S1, Supplementary Material
online). 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

Table 1
Statistics for the Data Analyzed in the Present Study

Protein

4-Fold
Degenerate

Sitea ka

Total
Branch
Lengthb

Average
Branch
Lengthb DN/DS

b

PB2 267 8.8 0.5 0.0009 0.09
PB1 216 9.5 0.5 0.0009 0.09
PB1-F2 0 NAc 0.4 0.003 13.5
PA 209 5.9 0.5 0.0009 0.1
HA 158 6.8 0.6 0.001 0.3
NP 176 7.4 0.5 0.001 0.1
NA 141 4.1 0.8 0.001 0.3
M1 109 6.2 0.4 0.001 0.1
M2 15 2.9 0.5 0.002 0.5
NS1 59 16.9 0.4 0.001 0.5
NS2 8 7.1 0.4 0.002 0.2

a Only the nonoverlapping region was taken into account.
b Both the overlapping and nonoverlapping regions were taken into account.
c Not applicable.
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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 con-
straints operating on the overlapping genes. Suppression of
nucleotide substitution may be detected by comparing the
DS values between the overlapping and nonoverlapping re-
gions of a gene, under the assumptions that the mutation
rates for these regions are similar and the synonymous mu-
tations are close to selectively neutral. Indeed, in the case of
M1, which overlaps with M2,DS (5 CS/SS5 12/12) for the
overlapping region was smaller than that (CS/SS 5 261/
213) for the nonoverlapping region, although the difference
was not statistically significant (v2 5 0.6 with 1 degree of
freedom [df]; P 5 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 sta-
tistically significant. Because PB1-F2 did not contain a non-
overlapping region, DS for the nonoverlapping 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.DS (5 CS/SS5 6/76) for PB1-F2 was significantly
smaller than that (CS/SS5 690/578) for the nonoverlapping
region of PB1 (v2 5 78.6 with df 5 1; P 5 8.2 3 10�19),
suggesting that functional constraints operated on the over-
lapping region of PB1. Surprisingly, however, when the DS

values for the overlapping and nonoverlapping regions of
PB1 were compared, the former (CS/SS 5 125/82) was sig-
nificantly greater than the latter (CS/SS 5 690/578) (v2 5
6.5 with df 5 1; P 5 0.01). This observation implied that
positive selection operated on PB1-F2, rather than func-
tional constraints. To further characterize the natural selec-
tion 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 (SSN) of synonymous–nonsynonymous sites as
well as the numbers of corresponding substitutions (CSS

and CSN) were computed for the overlapping region of
PB1 and PB1-F2. Because DSN (5 CSN/SSN 5 116/78)
was significantly greater than DSS (5 CSS/SSS 5 0/3)
(P 5 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

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 ofHA, although the differences were not statistically

Table 2
Summary of the Selection Profiles for All the Proteins of the H3N2 Human Influenza AVirus

Protein Total Variablea dN/dS . 1b
Positively
Selected dN/dS , 1c

Negatively
Selected

PB2 759 501 (66.0%) 49 (9.8%) 0 452 (90.2%) 89
PB1 757 512 (67.6%) 55 (10.7%) 0 455 (88.9%) 77
PB1-F2 90 59 (65.6%) 56 (94.9%) 0 3 (5.1%) 0
PA 716 482 (67.3%) 63 (13.1%) 0 418 (86.7%) 68
HA 566 405 (71.6%) 95 (23.5%) 2 306 (75.6%) 34
NP 498 332 (66.7%) 44 (13.3%) 1 288 (86.7%) 62
NA 469 377 (80.4%) 84 (22.3%) 1 292 (77.5%) 86
M1 252 154 (61.1%) 20 (13.0%) 0 133 (86.4%) 21
M2 97 69 (71.1%) 26 (37.7%) 0 42 (60.9%) 1
NS1 230 155 (67.4%) 67 (43.2%) 0 87 (56.1%) 9
NS2 121 78 (64.5%) 21 (26.9%) 0 57 (73.1%) 6

a The percentage of variable codon sites among all sites is indicated in parentheses.
b The percentage of codon sites with dN/dS . 1 among variable sites is indicated in parentheses.
c The percentage of codon sites with dN/dS , 1 among variable sites is indicated in parentheses.

Table 3
Comparison of CS, SS, and DS between the Overlapping and Nonoverlapping Regions

Overlapping Region Nonoverlapping Region

Segment Protein Position CS SS DS CS SS DS v2a Pb

2 PB1 32–123 125 82 1.5 690 578 1.2 6.5 0.01
PB1-F2 1–90 6 76 0.08 690c 578c 1.2 78.6 8.2 3 10�19

7 M1 239–252 12 12 1.0 261 213 1.2 0.6 0.5
M2 9–24 3 13 0.2 70 74 0.9 6.9 0.009

8 NS1 168–230 15 56 0.3 130 150 0.9 20.2 0.000005
NS2 11–74 38 56 0.7 68 49 1.4 13.7 0.0003

a v2 value in the comparison of DS values between the overlapping and nonoverlapping regions.
b P value of obtaining the observed or greater v2 values in the v2 distribution with df 5 1.
c CS and SS for the nonoverlapping region of PB1 were used as surrogates for those of PB1-F2.
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Table 4
Natural Selection Inferred for the Groups of Functional Amino Acid Sites

Function Protein Position Reference DN/DS P

BCE (epitope A) HA 122, 124, 126, 130–133, 135,
137, 138, 140, 142–146,
150, 152, 168

Wiley et al. (1981) 1.2 (2.3 and 0.7)a 0.4 (0.06 and 0.4)a

BCE (epitope B) HA 128, 129, 155–160, 163–165,
186–190, 192–194, 196–198

Wiley et al. (1981) 1.1 (1.1 and 1.0) 0.8 (0.8 and 1.0)

BCE (epitope C) HA 44–48, 50, 51, 53, 54, 273,
275, 276, 278–280, 294,
297, 299, 300, 304, 305,
307–312

Wiley et al. (1981) 0.6 (1.0 and 0.4) 0.03 (0.8 and 0.003)

BCE (epitope D) HA 96, 102, 103, 117, 121, 167,
170–177, 179, 182, 201,
203, 207–209, 212–219,
226–230, 238, 240, 242,
244, 246–248

Wiley et al. (1981) 0.5 (0.4 and 0.6) 0.00004
(0.0002 and 0.02)

BCE (epitope E) HA 57, 59, 62, 63, 67, 75, 78,
80–83, 86–88, 91, 92,
94, 109, 260–262, 265

Wiley et al. (1981) 0.7 (0.9 and 0.5) 0.2 (0.8 and 0.1)

BCE (epitope A) NA 383–387, 389–394, 396,
399–401, 403

Air et al. (1985) 0.5 0.02

BCE (epitope B) NA 197–200, 221, 222 Air et al. (1985) 0.8 0.7
BCE (epitope C) NA 328–332, 334, 336, 338,

339, 341–344, 346, 347,
357–359, 366–370

Air et al. (1985) 0.7 0.1

BCE M2 2–24 Zebedee and Lamb (1988) 0.3b 0.003b

TCE (HLA-A*0201)c PB1 413–421 Gianfrani et al. (2000) 0.0 0.000005
TCE (HLA-A*01) PB1 591–599 DiBrino et al. (1993) 0.1 0.0003
TCE (HLA-A*0201) PA 46–54 Gianfrani et al. (2000) 0.0 0.02
TCE (HLA-A*0201) PA 225–233 Gianfrani et al. (2000) 0.3 0.06
TCE (HLA-A*1101) HA 55–62 Gianfrani et al. (2000) 0.4 0.06
TCE (HLA-A*1101) HA 135–144 Gianfrani et al. (2000) 1.1 0.9
TCE (HLA-DQA1*0102;

HLA-DQB1*0602;
HLA-DRB1*1001) HA 255–270 Jones et al. (1994) 0.4 0.03

TCE (HLA-DRB1*0101;
HLA-DRB1*0401) HA 306–318

Stern et al. (1994);
Carmichael et al. (1997) 0.2 0.0002

TCE (HLA-DRB5*0101) HA 306–319 O’Sullivan et al. (1991) 0.2 0.00005
TCE (HLA-DRB1*1101) HA 306–324 Carmichael et al. (1997) 0.1 , 0.0000005
TCE (HLA-A*1101) HA 435–445 Gianfrani et al. (2000) 0.05 0.0003
TCE (HLA-A*01) NP 44–52 DiBrino et al. (1993) 0.2 0.02
TCE (HLA-A*6801) NP 91–99 Guo et al. (1992) 0.3 0.09
TCE (HLA-B*1402) NP 146–154 DiBrino et al. (1994) 0.1 0.000026
TCE (HLA-B*2705) NP 174–184 Jameson et al. (1999) 0.02 , 0.0000005
TCE (HLA-A*1101) NP 188–198 Gianfrani et al. (2000) 0.1 0.00009
TCE (HLA-A*03) NP 265–274 DiBrino et al. (1993) 0.07 0.005
TCE (HLA-B*44) NP 338–346 DiBrino et al. (1995) 0.1 0.002
TCE (HLA-B*3701) NP 339–347 Townsend et al. (1986) 0.09 0.0002
TCE (HLA-DQA1*0501;

HLA-DQB1*0201) NP 365–379 Vartdal et al. (1996) 0.3 0.008
TCE (HLA-B*44) NP 379–387 DiBrino et al. (1995) 0.1 0.005
TCE (HLA-B*08) NP 380–388 Sutton et al. (1993) 0.1 0.002
TCE (HLA-B*2702) NP 381–388 Tussey et al. (1995) 0.1 0.003
TCE (HLA-B*2705) NP 383–391 Huet et al. (1990) 0.07 0.000001
TCE (HLA-B*0702;

HLA-B*3501) NP 418–426
Boon et al. (2002);
Rohrlich et al. (2002) 0.1 0.000001

TCE (HLA-CW*0102) NP 470–479 Andersen et al. (1999) 0.7 0.6
TCE (HLA-A*0201) NA 90–99 Gianfrani et al. (2000) 0.2 0.002
TCE (HLA-A*0201) NA 232–240 Wedermeyer et al. (2001) 0.2 0.002
TCE (HLA-A*1101) M1 13–21 Gianfrani et al. (2000) 0.0 0.0004
TCE (HLA-DRB1*0101) M1 18–29 Rothbard et al. (1988) 0.09 0.002
TCE (HLA-CW*0102) M1 51–59 Andersen et al. (1999) 0.0 0.000008
TCE (HLA-CW*0102) M1 51–60 Andersen et al. (1999) 0.0 , 0.0000005
TCE (HLA-A*0201) M1 58–66 Gotch et al. (1988) 0.0 0.000006
TCE (HLA-A*0201) M1 59–68 Gotch et al. (1988) 0.1 0.0007
TCE (HLA-B*3501) M1 125–132 Dong et al. (1996) 0.0 0.00005
TCE (HLA-DQw3) M1 234–243 Adler et al. (1994) 0.1 0.003
TCE (HLA-DQw1) M1 239–250 Adler et al. (1994) 0.1 0.0004
TCE (HLA-B*44) M2 7–15 Jameson et al. (1999) 0.7 0.7
TCE (HLA-CW*0102) M2 83–92 Andersen et al. (1999) 1.8 0.6
TCE (HLA-CW*0102) M2 85–94 Andersen et al. (1999) 1.3 0.8
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significant. On the other hand, the DN/DS values for both
the CD81 and CD41 TCEs tended to be small. DN/DS

was .1 only for one CD81 TCE (positions 135–144) of
HA and 2 overlapping CD81 TCEs (positions 83–92
and 85–94) of M2, where the differences were not statisti-
cally significant. However, most (7 out of 10) 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).
Because 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 9 nucleotide substitutions observed
were synonymous, such that DN/DS 5 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 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 theDN/DS values for interior and exterior branches
of the phylogenetic tree separately. Here sS, sN, cS, and cN
were computed for interior and exterior branches separately
and were summed over the grouped sites to obtain SS, SN,
CS, and CN, 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. How-
ever, 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.

Discussion
Prevalence of Negatively Selected Sites

In the present study, natural selection was inferred for
amino acid sites by comparing dS (DS) and dN (DN) substi-
tutions per site that had accumulated over the phylogenetic
tree. Because the direction and magnitude of natural selec-
tion may vary during evolution, the dN/dS (DN/DS) values
obtained should be regarded as average values of heteroge-
neous selection and also as underestimates for the magni-
tudes 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 sub-
stitutions (cS 1 cN) observed at many codon sites were
insufficient for detecting statistically significant differences
between cS and cN, although most of the sites were nega-
tively selected in reality (Nei 1983). Therefore, more neg-
atively selected sites should be detected as more sequence
data are collected.

Table 4
Continued

Function Protein Position Reference DN/DS P

TCE (HLA-DR*03) NS1 34–42 Jameson et al. (1999) 0.1 0.0005
TCE (HLA-A*0201) NS1 122–130 Man et al. (1995) 0.8 0.8
TCE (HLA-A*0201) NS1 123–132 Man et al. (1995) 0.4 0.1
TCE (HLA-B*44) NS1 158–166 DiBrino et al. (1995) 0.4 0.2
Resistance to amantadine M2 26, 27, 30, 31, 34 Hay et al. (1985) 0.5 0.4
Resistance to oseltamivir NA 119, 152, 274, 292 Gubareva et al. (2000) 0.0 0.00001
Growth in eggs HA 111, 126, 137, 138, 144,

145, 155, 156, 158, 159,
185, 186, 193, 194, 199,
219, 226, 229, 246, 248,
276, 290

Hardy et al. (1995) 1.4 (1.3 and 1.4) 0.2 (0.4, 0.2)

a DN/DS and P values for (interior and exterior) branches are indicated in parentheses.
b DN/DS and P values were computed taking into account the fact that M2 overlaps with M1, that is, SS, SN, CS, and CN for the nonoverlapping region were summed with

SSS, SSN, CSS, and CSN for the overlapping region to obtain SS#, SN#, CS#, and CN#, respectively, where SSS and SSN denote the numbers of nucleotide sites where the mutations

are expected to be synonymous in both M1 and M2 (synonymous–synonymous sites) and that of synonymous–nonsynonymous sites, respectively, and CSS and CSN the

numbers of corresponding substitutions. DN/DS and P values were computed by replacing SS, SN, CS, and CN with SS#, SN#, CS#, and CN#, respectively.
c For TCEs, the restricting HLA alleles are indicated in parentheses.
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Positive Selection on PB1-F2

Positive selection was inferred for the entire region of
PB1-F2. In fact, positive selection on PB1-F2 was previ-
ously indicated by Obenauer et al. (2006), based on the ob-
servation that DN/DS . 1 for the entire region of PB1-F2 in
an analysis of avian influenza A viruses. However, PB1-F2
overlaps with PB1 in different reading frames, and DS for
PB1-F2 is suppressed by the superimposition of functional
constraints operating on PB1, as clarified in the present
study. Therefore, the fact that DN/DS . 1 for PB1-F2 does
not necessarily support positive selection.

PB1-F2 is located in the inner mitochondrial mem-
brane of infected cells and induces apoptosis (Chen et al.
2001). Amino acid positions 65–87 of PB1-F2 are known
to exert these functions. When the nucleotide sequence of
PB1-F2 was determined for many strains of influenza A
viruses, premature termination codons were frequently ob-
served (Ghedin et al. 2005; Obenauer et al. 2006). Indeed,
when the reading frame of PB1-F2 was examined in the
overlapping region of the 256 PB1 sequences used for
the natural selection analysis in the present study, 2, 3,
and 4 nonsense substitutions were inferred at codon posi-
tions 12, 80, and 88, respectively. For the first 2 cases, the
function of PB1-F2 appeared to be reduced because posi-
tions 65–87 were partially or entirely eliminated. It should
be noted here that when the reading frames of PB1, M1,
M2, NS1, and NS2 were examined in the overlapping
regions of 76 PB1-F2, 113 M2, 173 M1, 100 NS2, and
164 NS1 sequences, only 1 nonsense substitution was
inferred in the reading frame of NS1. Furthermore, the func-
tion of PB1-F2 only appears to be required in vivo, where
immune responses may be downregulated by inducing ap-
optosis of monocytes. However, it may be deleterious in
cell lines and eggs, where the immune responses are absent
and apoptosis is only induced in the cells containing pro-
liferating viruses. Therefore, it is speculated that positive
selection operated on the deterioration of the function of
PB1-F2 during isolation. It should be noted that positive
selection operating during isolation is detectable, as dem-
onstrated for positive selection operating on the growth
in eggs in the present study (Bush, Fitch, et al. 1999). Be-
cause many of PB1-F2 sequences analyzed in the present
study were derived from viruses isolated in the allantoic
cavity of embryonated chicken eggs and primary rhesus
monkey kidney cells (Holmes et al. 2005), it will be inter-
esting to examine whether PB1-F2 induces apoptosis of
these cells.

Characteristics of Positively Selected Sites

In a previous study, positively selected amino acid
sites were identified in all the proteins of the H5N1 avian
and human influenza A viruses, by using the Bayesian
method for detecting positively selected sites (Campitelli
et al. 2006). It was found that dN/dS . 1 for positions 17,
82, 199, 334, 336, 355, and 727 of PB2, positions 138, 140,
155, 156, 218, and 227 of HA, and positions 171, 205, and
209 of NS1, by analyzing 16, 192, and 31 sequences, re-
spectively. However, although the amino acid sites identi-
fied in HA are all involved in BCEs, TCEs, or growth in

eggs, the functions for almost all the sites identified in
PB2 and NS1 are unknown. It should be noted that the
Bayesian method is known to generate many false posi-
tives, especially when the number of sequences analyzed
is small (Suzuki and Nei 2004; Berlin and Smith 2005), im-
plying that the positively selected sites identified in PB2 are
false positives. In addition, NS1 overlaps with NS2 in dif-
ferent reading frames and DS is suppressed for the overlap-
ping region, as indicated above, suggesting that dN/dS . 1
does not necessarily support positive selection. Because all
the positively selected sites identified in NS1 are located in
the overlapping region, they are also likely to be artifacts.

In the present study, positions 220 and 229 of HA, po-
sition 131 of NP, and position 370 of NA were identified as
positively selected. The biological function of position 220
of HA is unknown. However, its adjacent site (position 219)
is involved in a BCE (epitope D) and growth in eggs, sug-
gesting that position 220 is also involved in these functions.
Position 229 of HA and position 370 of NA are also in-
volved in BCEs (epitope D of HA and epitope A of NA,
respectively). The biological function for position 131 of
NP is unknown. However, this site has also been reported
as positively selected in an analysis of 84 NP sequences
using the Bayesian method (Forsberg and Christiansen
2003). Because the number of sequences analyzed was
large, this result may be reliable to some extent. It will,
therefore, be interesting to examine the function of this site
experimentally using site-directed mutagenesis (Hoffmann
et al. 2000). It should be noted that the positively and neg-
atively selected sites identified in the present study may re-
main tentative because the multiple tests were not corrected.
However, the number of effective tests that should be cor-
rected appeared to be relatively small because the numbers
of nucleotide substitutions (cS 1 cN) observed at many co-
don sites were insufficient for detecting statistically signif-
icant differences between cS and cN, as mentioned above.

dN/dS (DN/DS) as an Indicator for the Generation of
Escape Mutants against Vaccines and Drugs

The existence of positive selection operating on BCEs,
TCEs, and growth in eggs was supported by the observa-
tions that DN/DS . 1 for some of the groups of amino acid
sites involved in these functions. These observations sug-
gest that both the humoral and cellular immune systems
contribute to the elimination of influenza A viruses from
infected patients (Thomas et al. 2006), similar to the case
for hepatitis C viruses (Suzuki and Gojobori 2001). In par-
ticular, the DN/DS values were generally large (0.3–1.2) for
all the BCEs. Vaccines currently available for influenza vi-
ruses mainly induce immune responses against BCEs (Cox
et al. 2004), although responses are also induced against
TCEs (Powers and Belshe 1993). However, the generation
of escape mutants has often been reported (Kilbourne et al.
2002; Jin et al. 2005; Zharikova et al. 2005; Venkatramani
et al. 2006). In contrast, in the case of polioviruses, negative
selection was inferred for almost all the amino acid sites
involved in the neutralization epitopes (BCEs), namely,
N-AgI (consisting of positions 91–101 and 144 of viral pro-
tein 1 [VP1]), N-AgIB (positions 96–104 and 141–152 of
VP1), N-AgII (positions 221–226 of VP1 and positions 138,
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142, 164–170, and 270 of VP2), N-AgIII (positions 286–
290 of VP1 and positions 58–60, 70–73, 76, 77, and 79
of VP3), and N-AgIV (position 72 of VP2 and position
76 of VP3) (Suzuki 2004a). The DN/DS values were small
for all the BCEs, with the exception of N-AgIV—0.1 (P,
0.0000005) for N-AgI, 0.1 (P , 0.0000005) for N-AgIB,
0.2 (P , 0.0000005) for N-AgII, 0.1 (P , 0.0000005) for
N-AgIII, and 0.4 (P 5 0.1) for N-AgIV. However, the DN/
DS value for N-AgIVmay be unreliable because only 2 sites
were included and the number of nucleotide substitutions
observed was small. Interestingly, vaccines against polio-
viruses are known to be highly effective.

The DN/DS value for the group of amino acid sites in-
volved in resistance to amantadine was large (0.5) and
roughly comparable to those for BCEs. It has been reported
that escape mutants, which were not attenuated, were often
generated against this drug (Webster et al. 1986). In con-
trast, DN/DS 5 0 and negative selection were inferred
for the group of amino acid sites involved in resistance
to oseltamivir. Escape mutants were also reported to be
generated against this drug, although less frequently than
those against amantadine (Kiso et al. 2004). In addition,
these escape mutants were often attenuated (Yen et al.
2005).

These observations indicate that the frequency of
escape mutant generation is positively correlated with the
dN/dS (DN/DS) values of the targets of vaccines and drugs.
Specifically, frequent generation of escape mutants is
associated with large dN/dS (DN/DS) values (.0.3) for the
targets, whereas infrequent generation is associated with
small dN/dS (DN/DS) values (,0.2). It should be noted that
amino acid mutations are expected to be advantageous even
for the latter case because they would also generate escape
mutants. In reality, however, negative selection was in-
ferred, suggesting that these targets were under strong func-
tional constraints that may outcompete the advantageous
effect of generating escape mutants. These results suggest
that, in order to develop vaccines and drugs that are less
susceptible to the generation of escape mutants, the amino
acid sites under strong functional constraints, as judged by
small dN/dS (DN/DS) values (,0.2) and detection of nega-
tive selection, are suitable targets, although it might also be
possible to use positively selected sites as targets if the fu-
ture sequences could be predicted accurately (Bush,
Bender, et al. 1999; Plotkin et al. 2002; Ferguson et al.
2003; Smith et al. 2004). It should be noted that by using
the former sites as targets, strong immune responses may be
directed against them and, as a consequence, the advanta-
geous effect of generating escape mutants may become
larger and outcompete the functional constraints. However,
even if escape mutants are generated, their absolute fitness
should be small. Therefore, the proliferation of escape mu-
tants may be prevented by using multiple vaccines and
drugs in combination.

It should be noted that among the BCEs of H3N2 hu-
man influenza A viruses, positions 2–24 of M2 was asso-
ciated with the smallestDN/DS value. In fact, this region has
been proposed as a candidate target for universal vaccines
against influenza virus infections (Neirynck et al. 1999).
However, such vaccines may not be as effective as those
against polioviruses because the DN/DS value (0.3) for this

region was still greater than those (0.1–0.2) for the BCEs of
polioviruses (except for N-AgIV).

Although positive selection may operate on some of
the TCEs, theDN/DS values were small (,0.2) and negative
selection was inferred for many of them. It is known that the
cellular immune system does not affect the susceptibility to
influenza virus infections and may even exert detrimental
effects occasionally (Crowe et al. 2006). However, amino
acid mutations in many of TCEs are expected to be advan-
tageous, and generation of escape mutants has actually been
reported (Moskophidis and Kioussis 1998; Boon et al.
2002; Gog et al. 2003). Because the recognition of TCEs
by T-cells is restricted by the haplotype of HLA whereas
that of BCEs by B-cells is not, the DN/DS values for TCEs
may tend to be smaller than those for BCEs in analyses of
viruses isolated from unrelated patients (Berkhoff et al.
2005). However, strong functional constraints actually op-
erate on many TCEs, as clarified in the present study, sug-
gesting that they represent candidate targets for vaccines
and drugs for prophylaxis and treatment of influenza virus
infections.

Supplementary Material

Supplementary table S1 and figure S1 are available
at Molecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/).
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