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Influenza A virus continues to pose a threat to public health. Since this virus 
can evolve escape mutants rapidly, it is desirable to predict the antigenic evolution 
for developing effective vaccines. Although empirical methods have been pro-
posed and reported to predict the antigenic evolution more or less accurately, they 
did not provide much insight into the effects of unobserved mutations and the 
mechanisms of antigenic evolution. Here a theoretical method was introduced to 
predict the antigenic evolution of H3N2 human influenza A virus by evaluating de 
novo mutations through estimating the antigenic distance. The antigenic dis-
tance defined with the hemagglutination inhibition (HI) titer was estimated with 
antigenic models taking into account the volume, isoelectric point, relative solvent 
accessibility, and distances from receptor-binding sites (RBS) and N-linked glyco-
sylation sites (NGS) for amino acids in hemagglutinin 1 (HA1). When the best 
model with the optimized parameter values was used to predict the antigenic evolu-
tion for the dominant strains, the prediction accuracy was relatively low. However, 
there appeared to be an overall tendency that the amino acid sites with larger 
potential net effect on antigenicity were more likely to evolve and the amino acid 
changes with larger potential effect were more likely to take place, suggesting that 
natural selection may operate to enhance the antigenic evolution of H3N2 human 
influenza A virus.
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INTRODUCTION

Influenza A virus is an etiological agent of influenza 
(Shope, 1931; Smith et al., 1933), causing 3–5 million 
cases of severe illness and 250–500 thousand cases of 
deaths worldwide annually in humans (World Health 
Organization, 2009). In the infection of influenza A 
virus, humoral immunity is directed mainly against 
hemagglutinin (HA) and neuraminidase (NA), which are 
envelope proteins glycosylated at the N-linked glycosyla-
tion sites (NGS). HA and NA are classified into 17 (H1–
H17) and 10 (N1–N10) subtypes according to the anti-
genic properties, respectively (World Health Organization,
1980; Tong et al., 2012). H3N2 has been a major subtype 
of influenza A virus circulating among humans since 
1968.

HA exists ~10-times more abundantly than NA on the 
virion surface (Mitnaul et al., 1996). HA is a homotri-
meric type I transmembrane glycoprotein consisting of 

566 amino acid sites, which is cleaved into signal peptide 
(amino acid positions [–16]–[–1]), HA1 (positions 1–328), 
and HA2 (positions 330–550) (Skehel and Wiley, 2000).
Signal peptide directs the co-translational transport of 
HA into the endoplasmic reticulum (ER). HA1 is the 
major target of neutralizing antibodies and contains the 
sialic-acid receptor binding sites (RBS) (positions 98, 136, 
153, 183, 190, and 194), which are highly conserved across
HA subtypes. HA2 is an anchor protein to the envelope 
and mediates fusion of the envelope and the endosomal 
membrane. HA1 and HA2 are covalently linked by a dis-
ulfide bond in a virion.

Vaccines consisting of inactivated or live-attenuated 
virions are available for prophylaxis against influenza A 
virus infection. However, this virus can evolve escape 
mutants rapidly because of a high mutation rate and a 
short generation time (Smith et al., 2004; Bedford et al., 
2012). To counteract the evolution of escape mutants, it 
may be effective to develop vaccines targeting the amino 
acid sites of viral proteins under strong functional con-
straints, where mutations may not be tolerable (Suzuki,
2004, 2006; Han and Marasco, 2011). Alternatively, the 
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evolution of escape mutants may be predicted and vac-
cines may be prepared in advance.

Currently vaccines against influenza A virus are gen-
erated based on the latter strategy; vaccine seed strains
are reformulated every year by the Global Influenza 
Surveillance and Response System (GISRS) of the World 
Health Organization (WHO) under the assumption that 
the wild dominant strain in the last epidemic may domi-
nate in the next epidemic (Treanor, 2004). Since this 
assumption does not always hold, empirical methods have 
been proposed to predict the antigenic evolution of influ-
enza A virus based on the ideas that one of the strains iso-
lated in the last epidemic may dominate in the next 
epidemic (Bush et al., 1999; He and Deem, 2010; Ito et al., 
2011) and the amino acid changes observed in the past 
may be repeated in the future (Xia et al., 2009).

It has been reported that these empirical methods can 
predict the antigenic evolution of influenza A virus more 
or less accurately (Bush et al., 1999; Xia et al., 2009; He 
and Deem, 2010; Ito et al., 2011). However, these meth-
ods may fail if the sampling of isolates was incomplete in 
the past or new antigenic variants were produced through 
de novo mutations after the last epidemic. In addition, 
the mechanisms of antigenic evolution were still unclear.
The purpose of the present study was to introduce a the-
oretical method to predict the antigenic evolution of 
H3N2 human influenza A virus by evaluating de novo
mutations through estimating the antigenic distance.

MATERIALS AND METHODS

Antigenic distance Difference in antigenicity between 
influenza A virus strains can be quantified using the 
hemagglutination inhibition (HI) titer. The HI titer tij is 
defined as the magnitude of the maximum dilution of 
anti-serum raised against strain i that inhibits the 
hemagglutination of strain j. It has been proposed that 
vaccination by strain i effectively prevents infection by 
strain j if tij/tii ≤ 4 (antigenic escape threshold). The anti-
genic distance between strains i and j (dij) is defined as 
the logarithm of the geometric mean for tij/tii and tji/tjj,

(Lees et al., 2010).

Antigenic model The dij value may be inferred from 
the difference in the amino acid sequence of HA1 between 
strains i and j (Lee and Chen, 2004; Gupta et al., 2006; 
Lee et al., 2007; Liao et al., 2008; Huang et al., 2009; Lees 
et al., 2010). Mutations occurring at any amino acid site 
of HA1 containing a surface exposed area in the three-
dimensional structure may alter the antigenicity (Lees et 
al., 2010). However, the extent of antigenic change may 
vary depending on the difference in the physical and 

chemical properties between the original and mutant 
amino acids (Hensley et al., 2009). The antigenic change 
may also be affected by the physical distance of the muta-
tion site from RBS and NGS, because it is known that 
antibodies directed against the antigenic sites in close 
proximity to RBS neutralize virions efficiently (Whittle et 
al., 2011) and N-linked glycans attached to NGS shield 
antigenic sites from recognition by antibodies (Kobayashi 
and Suzuki, 2012b).

Based on these biological information, dij was estimated 
by model 1 as

where s denotes the amino acid site, vol and pI the volume 
(Grantham, 1974) and isoelectric point (Nelson and Cox, 
2008) of amino acids representing the physical and chem-
ical properties, respectively, and wvol and wpI the weights 
for the volume and isoelectric point, respectively. The 
dRBS and dNGS indicate the Euclidean distances of the Cα

atom of the amino acid from the closest Cα atom in RBS 
and NGS, respectively, in the three-dimensional structure 
of HA trimer for A/Hong Kong/19/1968 (Protein Data 
Bank [PDB] ID: 2HMG; corresponding to amino acid posi-
tions 1–328 and 330–504). RBS were highly conserved 
and therefore fixed at positions 98, 136, 153, 183, 190, 
and 194. In contrast, NGS may change during evolution 
and thus were determined for each sequence as asparag-
ine [N] of the sequon, which consists of three consecutive 
amino acids of N, any amino acid except for proline [P], 
and serine [S] or threonine [T] ([N]–[X not P]–[S or T]).
The functions f(x), g(y), and δ were defined as

where acc denotes the relative solvent accessibility of the 
amino acid obtained from the computer program 
ASAVIEW (Ahmad et al., 2004) using 2HMG.

It should be noted that model 1 was an extension of the 
models proposed in the previous studies (Liao et al., 2008; 
Lees et al., 2010). In the present study, antigenic effects 
of amino acid changes were quantified taking into account 
the difference in the physical and chemical properties of 
the amino acids involved. These quantities were simply 
summed with weights as the first approximation, because 
their synergistic effects on antigenicity were unclear. In 
addition, the distances from RBS and NGS were used as 
weights on the antigenic effects for each amino acid site.
The distance effects were assumed to change exponen-
tially primarily because of the computational feasibility.
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Since the formulation was indeed arbitrary, models 2–10 
were also proposed by eliminating some of the variables 
from model 1 (Table 1), and their performances were eval-
uated with reference to those of the previous models (Liao 
et al., 2008; Lees et al., 2010) in a similar manner as Lees 
et al. (2010).

Model comparison Antigenic distances between strains
of H3N2 human influenza A virus, whose HA1-coding 
nucleotide sequences were available in the Influenza 
Virus Resource at the National Center for Biotechnology 
Information (Bao et al., 2008) and did not contain minor 
gaps, ambiguous nucleotides, or premature termination 
codons, were retrieved from the literature (Supplemen-
tary Table S1). Data were eliminated when the homolo-
gous HI titer of the strains isolated in 2001 or later 
(2001~) was <1280, following Lees et al. (2010). As a 
result, 540 antigenic distances between 204 pairs of 80 
strains were available for the analysis. The antigenic 
distances between the same pair of strains were aver-
aged.

The data obtained above were divided into three groups 
according to the isolation years for the pairs of strains 
compared; both strains isolated in 2000 or earlier (~2000) 
(114 pairs of 34 strains), both strains isolated in 2001~ 
(70 pairs of 26 strains), and one strain isolated in ~2000 
and the other strain in 2001~ (20 pairs of 19 strains).
The first and second groups of data were used as the 
training and validation data sets in the model compari-
son, respectively (Supplementary Table S2). It should be 
noted that this scheme was the same as that introduced 
in Lees et al. (2010), and was adopted in the present study 
to facilitate the comparison of performances for new anti-
genic models with previous ones (Liao et al., 2008; Lees 
et al., 2010), although the results may depend on the 
scheme.

Phylogenetic relationship of HA1 for 60 strains 
involved in the training and validation data sets was 
examined by making a multiple alignment of 984 nucle-
otide sites, which did not contain any gaps, using MAFFT 
(version 6.901b) (Katoh et al., 2002) and constructing 
neighbor-joining (NJ) trees (Saitou and Nei, 1987) with 
the maximum composite likelihood (MCL) (Tamura et al., 
2004) and p (Nei and Kumar, 2000) distances, which were 
known to produce reliable trees when a large number of 
closely related sequences was analyzed, using MEGA 
(version 5.20) (Tamura et al., 2011).

In the model comparison, the training data set was 
used for optimizing the parameter values and the valida-
tion data set for examining the performance in estimating 
the antigenic distance. For each model, the parameter 
values were optimized by minimizing the sum of least 
squares residual S in the estimation of antigenic distance 
over all available pairs of strains i and j in the training 
data set

using the genetic algorithm (Tomita et al., 2000). Three 
sets of random real numbers were used as the initial 
parameter values in the optimization. Each model with 
optimized parameter values was used to estimate the 
antigenic distance between all available pairs of strains 
i and j in the validation data set. The correlation coeffi-
cient was computed between the observed and estimated 
values of antigenic distances. In addition, the sensitiv-
ity, specificity, and Matthews correlation coefficient 
(MCC) (Matthews, 1975) for identifying antigenic vari-
ants (hereafter indicating the pairs of strains whose anti-
genic differences exceeded the antigenic escape threshold) 
were computed as follows; if the numbers of true posi-
tives, true negatives, false positives, and false negatives 
are denoted as tp, tn, fp, and fn, respectively,

Table 1. Comparison of antigenic models

Model
Correlation
coefficient

Sensitivity Specificity MCC vola pIb rbsc ngsd acce

1 0.697 0.593 0.907 0.538 √ √ √ √ √
2 0.672 0.630 0.860 0.508 √ √ √ √
3 0.465 0.704 0.605 0.300 √ √ √ √

4 0.662 0.519 0.930 0.509 √ √ √ √
5 0.698 0.593 0.907 0.538 √ √ √ √
6 0.680 0.593 0.791 0.389 √ √ √ √

7 0.673 0.630 0.860 0.508 √ √ √
8 0.479 0.704 0.605 0.300 √ √ √
9 0.684 0.519 0.884 0.440 √ √ √

10 0.683 0.593 0.791 0.389 √ √ √
aVolume of amino acid (Grantham, 1974). bIsoelectric point of amino acid (Nelson 
and Cox, 2008). cDistance of amino acid from RBS. dDistance of amino acid from 
NGS. eRelative solvent accessibility of amino acid.

S d dtraining data set ij ij= −( )∑ ˆ ,
2



228 Y. SUZUKI

(Matthews, 1975). The model providing the best perfor-
mance judged from these indicators was selected as the 
best one.

Prediction of antigenic evolution Information on 
the dominant epidemic strains of H3N2 human influenza 
A virus was available from the literature (Supplementary 
Table S3). To explore the predictability of antigenic evo-
lution by evaluating de novo mutations through estimat-
ing the antigenic distance, the best model with the 
optimized parameter values obtained above was used to 
predict the changes in the amino acid sequence of HA1 for 
the dominant strains in 2001~. It should be noted that 
the dominant strains in successive epidemics may not 
necessarily be the direct ancestor and descendant of each 
other. However, since the epidemic strains of H3N2 
human influenza A virus are known to branch off the sin-
gle trunk lineage in the chronological order (Fitch et al., 
1991), the dominant strains in successive epidemics were 
expected to be closely related to each other. Therefore, 
in the present study, the amino acid changes requiring 
only one nucleotide mutation from the dominant strain in 
the last epidemic were considered as candidates to take 
place in the next epidemic at each amino acid site.

For each amino acid site of the dominant strains in 
2001~, the antigenic distances estimated between the 
original amino acid and those accessible with single 
nucleotide mutations were summed with the weights pro-
portional to the relative rates of nucleotide mutations.
The pattern of nucleotide mutations was assumed to fol-
low the two-parameter model (Kimura, 1980) with the 
transition/transversion rate ratio (κ) of 4 (Suzuki, 2011, 
2013). The amino acid sites in HA1 were ranked accord-
ing to the sum of potential antigenic changes; those 
ranked higher were predicted as more likely to evolve in 
the next epidemic than those ranked lower. In addition, 
the amino acid changes requiring single nucleotide muta-
tions were ranked at each amino acid site according to the 
antigenic distance estimated between the original and 
mutant amino acids; those ranked higher were predicted 
as more likely to take place in the next epidemic than 
those ranked lower.

Amino acid changes were classified as stabilizing or 
destabilizing according to the thermodynamic stabilities 
of original and mutant proteins estimated by FOLDX 
(version 3.0 beta 5.1) (Guerois et al., 2002; Schymkowitz 
et al., 2005) using 2HMG.

RESULTS AND DISCUSSION

Comparison of antigenic models Antigenic models 
1–10 were compared by optimizing the parameter values 
with the training data set and evaluating the perfor-
mance in estimating the antigenic distance with the val-
idation data set. In both NJ trees constructed using the 
MCL and p distances, the strains involved in the training 
and validation data sets were separated into distinct clus-
ters though the bootstrap probability was relative low 
(39% and 36% in the MCL and p distance trees, respec-
tively) (Supplementary Figs. S1 and S2), suggesting that 
these data sets were independent. Although three sets 
of initial parameter values were used in the optimization 
for each model, similar values were always obtained after 
optimization (Supplementary Table S4), indicating that 
the parameter values obtained were reliable. Therefore, 
the optimized parameter values associated with the 
smallest S were employed in the subsequent analysis.

In model 1, the antigenic distance was estimated using 
the volume, isoelectric point, accessibility, and distances 
from RBS and NGS for the amino acids in HA1. In the 
analysis of the validation data set, the correlation coeffi-
cient between the observed and estimated values of anti-
genic distances was 0.697 and the sensitivity, specificity, 
and MCC for identifying antigenic variants were 0.593, 
0.907, and 0.538, respectively (Table 1). The effective-
ness of each factor constituting model 1 in estimating the 
antigenic distance was examined by eliminating it from 
model 1 (models 2–6) (Table 1). The performance was 
decreased when the volume (model 2), isoelectric point 
(model 3), distance from RBS (model 4), and accessibility 
(model 6) were omitted. However, the performance did 
not alter to any large extent when the distance from NGS 
(model 5) was omitted from model 1, suggesting that this 
factor did not significantly contribute to the estimation of 
antigenic distance. Indeed, it has been reported that the 
effect of N-linked glycans to shield antigenic sites from 
recognition by antibodies was relatively weak (Kobayashi 
and Suzuki, 2012b). Reduction in the performance was 
again observed by eliminating each factor constituting 
model 5 (models 7–10) (Table 1). From these results, 
model 5 was judged as the best model in the present 
study.

The performance of model 5 appeared to be comparable 
to those of the best models in the previous studies; MCC 
for the best model was 0.54 in Liao et al. (2008) and 0.55 
in Lees et al. (2010). Apparently, a smaller number of 
parameters (4) was necessary to be estimated in model 5 
compared with the previous models (≥ 10). In the previ-
ous models, the sensitivity was relatively high (0.83 in 
Liao et al. [2008] and 0.97 in Lees et al. [2010]), whereas 
the specificity was relatively low (0.73 in Liao et al. [2008] 
and 0.57 in Lees et al. [2010]). In contrast, in model 5, 
the sensitivity was relatively low (0.593), whereas the 
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specificity was relatively high (0.907) (Table 1). These 
observations suggest that model 5 and previous models 
may complement in identifying antigenic variants.

Predictability of antigenic evolution To explore the 
predictability of antigenic evolution by evaluating de novo
mutations through estimating the antigenic distance, 
model 5 with optimized parameter values obtained above 
was used to predict the amino acid changes in HA1 for the 
dominant strains of H3N2 human influenza A virus in 
2001~. The amino acid sites in HA1 were ranked accord-
ing to the sum of potential antigenic changes and the 
amino acid changes requiring single nucleotide mutations 
were ranked at each amino acid site according to the anti-
genic distance estimated between the original and mutant 
amino acids (Table 2).

During the evolution of H3N2 human influenza A virus 
in 2001~, the dominant strains appeared to have been 
replaced six times accompanied with 67 amino acid 
changes (Table 2). In the phylogenetic tree of HA1, the 
dominant strains in successive epidemics did not appear 
to be the direct ancestor and descendant of each other 
(Supplementary Figs. S1 and S2); indeed 24 (35.8%) of 67 
amino acid changes were those in the opposite direction 
of the preceding changes (Table 2). However, the domi-
nant strains in successive epidemics were closely related 
to each other; among 67 amino acid changes, 65 (97.0%) 
were those between the amino acids accessible with single 
nucleotide mutations (Table 2). These observations sup-
ported the adequacy of the prediction strategy in the pres-
ent study, where the amino acid changes requiring only 
one nucleotide mutation were considered as candidates at 
each amino acid site.

According to the thermodynamic stabilities estimated 
for the original and mutant proteins, 39 of 67 amino acid 
changes were classified as stabilizing whereas 28 as 
destabilizing, which were not significantly different (p = 
0.222 by the two-tailed binomial test). It should be noted 
that, in general, the rate of destabilizing mutations is 
much higher than that of stabilizing mutations and pro-
teins are only marginally stable (DePristo et al., 2005; 
Tokuriki et al., 2007, 2009; Tokuriki and Tawfik, 2009).
In addition, the average antigenic distances between the 
original and mutant amino acids derived from the stabi-
lizing and destabilizing changes were estimated to be 
0.185 and 0.172, respectively. These observations sug-
gest that both stabilizing and destabilizing changes con-
tribute to the antigenic evolution while maintaining the 
overall stability of HA1 during evolution of H3N2 human 
influenza A virus.

For each of six replacements of the dominant strains, 
284 amino acid sites, which contained a surface exposed 
area, of HA1 were ranked according to the sum of poten-
tial antigenic changes. It was observed that 60 amino 
acid sites (7 were eliminated because of the lack of surface 

exposed area) where amino acid changes appeared to 
have occurred in the dominant strains in 2001~ were not 
usually ranked top (Table 2). These amino acid sites 
were ranked in the top 10 only for 3 cases (5%), suggest-
ing a difficulty in predicting the exact amino acid sites to 
evolve in HA1 for the dominant strains. However, the 
amino acid sites where the changes were observed tended 
to be ranked higher in two (A/California/7/2004 → A/
Wisconsin/67/2005 and A/Wisconsin/67/2005 → A/Brisbane/
10/2007) of six replacements of the dominant strains 
(0.01 < p < 0.05 and p < 0.01, respectively, by the Mann-
Whitney U test). In addition, when the rankings of 
amino acid sites were divided into two categories (ranked 
1–142 as highly ranked and 143–284 as lowly ranked), 40 
of 60 sites were categorized as highly ranked and 20 as 
lowly ranked (p = 0.0135 by the two-tailed binomial test) 
(Table 2). Therefore, there appeared to be an overall 
tendency that the amino acid sites with a higher potential 
of causing antigenic changes were more likely to evolve 
than those with a lower potential in HA1 for dominant 
strains of H3N2 human influenza A virus.

For each of the dominant strains of H3N2 human influ-
enza A virus in 2001~, amino acid changes requiring only 
one nucleotide mutation were ranked at each amino acid 
site of HA1 according to the antigenic distance estimated 
between the original and mutant amino acids. Four-to-
seven amino acids were ranked at 58 sites (7 sites were 
eliminated due to the lack of accessibility and 2 because 
amino acid changes required more than one nucleotide 
mutation), but the observed amino acid changes were 
ranked top only at 11 sites (19.0%), suggesting a difficulty 
in predicting the exact amino acid changes to take place 
in HA1 for the dominant strains (Table 2). However, 
when the rankings of amino acid changes were divided 
into two categories (upper half and lower half) at each 
amino acid site, 37 of 58 changes were categorized in the 
upper half and 14 in the lower half (7 were in the middle) 
(p = 0.00177 by the two-tailed binomial test) (Table 2).
Therefore, there appeared to be an overall tendency that 
the amino acid changes causing a greater antigenic evo-
lution were more likely to take place than those causing 
a smaller antigenic evolution in HA1 for dominant strains 
of H3N2 human influenza A virus.

Since influenza A virus can evolve escape mutants rap-
idly, it was desirable to predict the antigenic evolution for 
developing effective vaccines. Although empirical meth-
ods have been proposed and reported to predict the anti-
genic evolution more or less accurately (Bush et al., 1999; 
Xia et al., 2009; He and Deem, 2010; Ito et al., 2011), they 
did not provide much insight into the effects of unob-
served mutations and the mechanisms of antigenic 
evolution. In the present study, a theoretical method was 
introduced to predict the antigenic evolution by evaluating 
the effects of de novo mutations through estimating the 
antigenic distance. It was observed that the amino acid 
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Table 2. Predictability of amino acid sites and changes causing antigenic evolution

Position Ranka Predictedb Observedc Rankd Position Rank Predicted Observed Rank

A/Sydney/5/1997→A/Moscow/10/1999 A/California/7/2004→A/Wisconsin/67/2005

3 N.A.e N.A. I→L N.A. 8 59 N→D N→D 1/7

57 N.A. N.A. R→Q N.A. 122 44 N→D N→D 1/7

137 N.A. N.A. Y→S N.A. 186 39 G→D G→V 5/6

142 N.A. N.A. S→R N.A. 188 25 N→D N→D 1/7

145 N.A. N.A. K→N N.A. 193 23 S→R S→F N.A.

160 N.A. N.A. K→R N.A. 196 154 T→I T→A 2/5

194 N.A. N.A. I→L N.A. 223 231 V→E V→I 3/5

196 N.A. N.A. A→T N.A. 225 77 D→G D→N 2/7

233 N.A. N.A. H→Y N.A. A/Wisconsin/67/2005→A/Brisbane/10/2007

A/Moscow/10/1999→A/Fujian/411/2002 8 27 D→G D→N 2/7

25 150 L→P L→I 5/5 50 59 G→R G→E 2/4

50 53 R→Gf R→G 1/5 122 18 D→G D→N 2/7

75 172 H→R H→Q 4/7 138 115 S→F S→A 6/6

83 122 E→K E→K 1/6 140 33 K→E K→I 6/6

131 179 A→D A→T 3/6 190 1 D→G D→N 2/7

144 210 I→T I→N 3/7 223 181 I→R I→V 5/6

145 96 N→D N→Kg 2/7 A/Brisbane/10/2007→A/Perth/16/2009

155 12 H→R H→T N.A. 62 110 E→K E→K 1/6

156 30 Q→R Q→H 3/6 144 92 N→D N→K 2/7

160 85 R→G R→K 5/5 158 26 K→E K→N 2/6

172 155 D→G D→E 7/7 173 156 K→E K→Q 4/6

183 N.A. N.A. H→L N.A. 183 N.A. N.A. H→L N.A.

186 43 S→R S→G 2/6 186 126 V→D V→G 5/6

192 141 T→I T→I 1/5 189 17 N→D N→K 2/7

196 151 T→I T→A 2/5 190 3 N→D N→D 1/7

202 N.A. N.A. V→I N.A. 214 184 I→T I→S 4/7

222 99 W→R W→R 1/5 A/Perth/16/2009→A/Victoria/361/2011

226 206 I→T I→V 2/7 45 165 S→R S→N 3/6

309 N.A. N.A. V→I N.A. 48 188 T→R T→I 3/5

A/Fujian/411/2002→A/California/7/2004 62 110 K→E K→E 1/6

138 136 A→D A→S 5/6 144 29 K→E K→N 2/6

145 31 K→E K→N 2/6 156 23 H→R H→Q 4/7

159 118 Y→H Y→F 6/6 183 N.A. N.A. L→H N.A.

183 N.A. N.A. L→H N.A. 186 37 G→D G→V 5/6

188 10 D→G D→N 2/7 198 167 A→E A→S 5/6

189 24 S→R S→N 3/6 212 227 T→I T→A 2/5

196 129 A→D A→T 3/6 214 73 S→R S→I 4/6

225 111 G→D G→D 1/6 219 161 S→F S→Y 3/6

226 190 V→D V→I 3/6 223 231 V→E V→I 3/5

227 161 S→F S→P 2/6 312 111 N→D N→S 4/7

309 N.A. N.A. I→V N.A.
aRank of amino acid sites in HA1. bPredicted amino acid change. cObserved amino acid change.
dRank of observed amino acid change/number of amino acid changes requiring single nucleotide 
mutations from the original amino acid. eNot available. fGray shaded when the predicted amino 
acid change was the same as the observed one. gGray shaded when the observed amino acid 
change was that in the opposite direction of the preceding change at the same site.
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sites with larger potential net effect on antigenicity were 
more likely to evolve and the amino acid changes with 
larger potential effect were more likely to take place, sug-
gesting that natural selection may operate to enhance the 
antigenic evolution of H3N2 human influenza A virus.
Although the prediction accuracy for the amino acid sites 
and changes causing antigenic evolution was still rela-
tively low, the method may be improved by modeling and 
integrating additional biological factors in the estimation 
of antigenic distance, e.g., interaction among amino acids 
within HA1 (Wiley et al., 1981; Kryazhimskiy et al., 2011) 
and between HA1 and antibodies (Wilson et al., 1981; Xia 
et al., 2012), and in the prediction of antigenic evolution, 
e.g., cross-immunity and -neutralization between differ-
ent strains (Ekiert et al., 2012; Omori and Sasaki, 2013) 
and multifunctional and compensatory effects of amino 
acid changes on antigenicity and receptor binding affinity 
in HA1 (Soundararajan et al., 2011; Kobayashi and 
Suzuki, 2012a).
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