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Abstract

Human influenza A viruses undergo antigenic changes with gradual accumulation of amino acid substitutions on the
hemagglutinin (HA) molecule. A strong antigenic mismatch between vaccine and epidemic strains often requires the
replacement of influenza vaccines worldwide. To establish a practical model enabling us to predict the future direction of
the influenza virus evolution, relative distances of amino acid sequences among past epidemic strains were analyzed by
multidimensional scaling (MDS). We found that human influenza viruses have evolved along a gnarled evolutionary
pathway with an approximately constant curvature in the MDS-constructed 3D space. The gnarled pathway indicated that
evolution on the trunk favored multiple substitutions at the same amino acid positions on HA. The constant curvature was
reasonably explained by assuming that the rate of amino acid substitutions varied from one position to another according
to a gamma distribution. Furthermore, we utilized the estimated parameters of the gamma distribution to predict the
amino acid substitutions on HA in subsequent years. Retrospective prediction tests for 12 years from 1997 to 2009 showed
that 70% of actual amino acid substitutions were correctly predicted, and that 45% of predicted amino acid substitutions
have been actually observed. Although it remains unsolved how to predict the exact timing of antigenic changes, the
present results suggest that our model may have the potential to recognize emerging epidemic strains.
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Introduction

The hemagglutinin (HA) molecule of influenza A viruses is the

prime target of antibodies that neutralize viral infectivity. The

strong immune pressure against HA in the human population

selects a new variant every 2–5 years [1–6]. Thus influenza A

viruses undergo antigenic changes with gradual accumulation of

amino acid substitutions on HA, and the antigenic change is one of

the primary reasons why vaccination is not a perfect measure to

control seasonal influenza. Accordingly, influenza vaccine often

requires replacement to avoid antigenic mismatch between

vaccine and epidemic strains [7]. The decision of vaccine

replacement must be made several months before a minor strain

become dominant strain [8]. Thus the prediction of antigenic

change of influenza A virus [2,9–15] has been one of the major

public health goals.

Phylogenetic analyses of HA genes of human H3N2 viruses

have revealed the presence of a long main trunk and short side

branches in their evolutionary tree. The main trunk has grown

continuously from a pandemic strain in 1968 to recent epidemic

strains, and tips of each branch reached a dead end on the

evolutionary pathway [13,14,16–18]. This ‘cactus-like’ phyloge-

netic tree indicates that the viruses on the side branches do not

produce next epidemic strains, while the viruses near the main

trunk do contribute to the production of both an epidemic strain

and its next epidemic strain. Although two or more antigenically

different strains were known to co-circulate in a single epidemic

season [13,19,20], the single-trunk phylogenetic tree indicates the

diversity of the HA amino acid sequences at any point in time is

relatively limited. The reason why only one trunk exists has yet to

be fully understood, but several theories have been proposed to

explain this phenomenon [21–23].

The aims of the present studies are to establish a practical model

enabling us to predict the evolutionary direction of the virus that

causes future epidemics and to examine the accuracy of the

prediction based on the model. First we analysed relative distances

of amino acid sequences among past epidemic strains using a

method called multidimensional scaling (MDS) [24]. We found

that human influenza viruses have evolved along a gnarled

evolutionary pathway with an approximately constant curvature in

the MDS-constructed 3D space. The constant curvature was

reasonably explained by assuming that the rate of amino acid

substitutions varied from one position to another according to a

gamma distribution. The estimated parameters of the gamma
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distribution allowed us to predict the amino acid substitutions on

HA in subsequent years with reasonable accuracy, indicating the

potential to select suitable vaccine strains for the subsequent

epidemic seasons.

Results

To expose underlying patterns of HA amino acid substitutions

in the evolutionary pathway along the main trunk, we conducted

multidimensional scaling (MDS) analysis [24] of HA sequences.

The fundamental idea for visualizing a large number of sequences

in a low dimensional space is based on the same idea described in

a recent paper by He and Deem [15]. By performing MDS

analysis, one may obtain a visual map of objects where the

dissimilarity between objects is represented as the distance

between corresponding points. A total of 2,640 unique amino

acid sequences of the HA1 [3,25] domain (328 amino acids long)

of the H3N2 viruses isolated from humans during the period from

1968 through 2009 were analysed by MDS and visualized in a

three-dimensional (3D) space (Figure 1, Movie S1). In the resulting

3D map, each HA sequence was represented as a point, and the

number of different amino acids between two HA sequences was

represented as the relative distance between two corresponding

points. Although the original amino acid sequences provided 328

dimensional data, the numbers of different amino acids among

sequences were reasonably approximated by distance in this 3-

dimensional map with a root-mean-square error of 1.72 (Figure

S1). Consistent with phylogenetic analyses, viruses that were

isolated close in time were located near each other, forming a thick

main trunk with short branches elongated from the trunk

(Figure 1A, Figure 1B). The main trunk grew continuously from

a pandemic strain in 1968 to recent epidemic strains. Each branch

consisted of epidemic strains isolated during a period of 3–5 years.

It should be noted that the MDS representation revealed a

characteristic feature that has not been clear only from

phylogenetic trees, the observation of a gnarled trunk constantly

curved in the 3D map. Since amino acid substitutions on human

virus HA mainly occur in the HA1 domain [3], this result

indicated that the evolution of H3N2 virus HA was characterized

by this gnarled evolutionary pathway.

We also conducted the same analysis for H1N1 human viruses

(Figure S2, Movie S2). The 3D representation of HA sequences of

H1N1 seasonal influenza viruses showed the same pattern in their

evolutionary pathways, a long gnarled trunk elongated from the

pandemic strain in 1918. Another H1N1 pandemic strain, which

was introduced into the human population in 2009 [26], was

located at the end of a step-wise path that consisted of swine H1N1

influenza viruses isolated from humans from 1976 to 2007 [27].

In the 3D map in Figure 1, the spatial distance between each

pair of sequences represents the number of different amino acids

between these sequences. Figure 2 illustrates two distinct patterns

of amino acid substitutions that produce different spatial

arrangements of viruses in this map. If a series of amino acid

substitutions all occur in different positions, then the distance from

an ancestor to a mutant should be proportional to the number of

substitutions. These independent substitutions make a straight

arrangement of viruses on the map (Figure 2A, 2B). On the other

hand, if amino acids at particular positions were substituted more

than once, the distance from an ancestor to a mutant should be

less than the number of substitutions. These concentrated

substitutions at the same amino acid positions make a curved

arrangement of viruses (Figure 2C, 2D). For this reason, the

gnarled trunk found in the MDS representation of HA sequences

(Figure 1) indicated that HA variants on the trunk favoured

multiple amino acid substitutions at the same positions. The fact

that most of the amino acid substitutions occurred near antigenic

domains A–E [3,5,9,28] was consistent with the observation of the

curved trunk in the 3D map.

To investigate the property of the curvature of the main trunk,

we analysed the distribution of the number of positions that were

substituted on the trunk from 1968 to 2009 (Figure 3A, Table S1).

Of the 328 positions on the HA1 sequence, 260 remained

unchanged for 41 years. At 36 amino acid positions, residues were

substituted once, and at 19 positions twice. The number of

positions gradually decreased as their observed frequency of

substitutions increased, but there was one position that has

substituted eight times. The mean of the substitution frequencies

was 0.384, and the variance of the substitution frequencies was

0.904. Given these statistics for the substitution frequency, the

shape of the histogram is almost identical to the curve of a gamma

distribution [29] having the same mean and variance (Figure 3A).

From this result, it is likely that the rate of amino acid substitutions

varies from one position to another according to a gamma

distribution.

To estimate the parameters of the gamma distribution precisely,

non-linear regression analysis was performed. First, 91 HA

sequences near the main trunk were selected as trunk sequences.

In Figure 3B, the number of different amino acids between two

trunk sequences (Figure 3C) is plotted against the difference in

their isolation years. It is known that if the amino acid substitution

rate varies according to a gamma distribution, the expected

number of different amino acids between two sequences can be

calculated by the formula: d~L(1{(a=(az�rrt))a), where Lis the

length of the sequences, a is the shape parameter of the gamma

distribution (gamma parameter), �rr is the mean substitution rate,

and t is the difference in the years of the two sequences [30]. By

fitting the above formula to the actual numbers of different amino

acids on the trunk, the gamma parameter and mean substitution

rate were estimated (a = 0.129 and �rr = 0.0118), showing a good fit

to the actual data (P,0.001). This result indicated that the number

of different amino acids between two sequences could be

determined from the difference of the year of isolation, according

to the gamma-distribution-based model presented above. Thus, it

is reasonable to conclude that the constant curvature on the trunk

in the MDS representation (Figure 1) was attributed to this nature.

Next, an attempt was made to apply the gamma-distribution-

based substitution model of the trunk to the prediction of amino

acid substitutions in subsequent years. The key idea of our

prediction method is to select the direct progenitor virus for future

epidemics from the surveillance samples of each year. We

designate a virus strain that is located near the trunk extending

into the next year as a Leading Bud. A Leading Bud can be

considered as an potential dominant strain that is not dominant in

the given year and become dominant the next year [15]. Using the

formula d~328|(1{(a=(az�rrt))a)under the estimated aand �rr,

one may calculate the expected number of different amino acids

between two HA sequences located on the trunk. According to this

gamma-distribution-based formula, a virus that will appear on the

trunk in a particular year is expected to have 4, 7, 10, 13, ... , 60

different amino acids in HA, when compared with viruses in 1, 2,

3, 4, ... , 42 years before, respectively. Therefore, given the large

variety of viruses isolated in a year, the virus that is likely to be

located near the extended trunk is the virus to which HA sequence

dissimilarities from past viruses have the highest fit to those

expected under the gamma-distribution-based formula (Figure 3D).

To examine whether the method correctly selected the Leading

Bud in the subsequent year, we conducted retrospective tests for

each year from 1997 to 2009. Evaluation was made by comparing

An Evolutionary Model of H3N2 Influenza A Virus
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the predicted Leading Bud with the dominant sequence of the

subsequent year, which consisted of the amino acids that

constituted the majority at each position in the year. Table 1

shows the results of retrospective tests (for details, see Table S2).

The recall, which is the probability that an actual substitution was

correctly predicted, was 1.00 in 4 of the 12 calendar years. The

overall recall of the prediction was 0.70, indicating that the model

had a reasonable ability to predict amino acid substitution in the

subsequent year for each year. The precision, which is the

probability that a predicted substitution actually occurred, varied

from 0.0 to 0.89, and the overall recall of the prediction was 0.45.

To assess the validity of the result of the retrospective tests, we

repeated similar retrospective tests with other methods and

compared the results (Table 2). First we tested a method that

randomly selects an HA sequence for each year. With 100 sets of

tests, overall precision and recall were 0.2460.015 and

0.2260.012 respectively, showing low predictive ability as

expected. Secondly we tested method that selects the HA sequence

that has the maximum numbers of substitutions at the 18 positively

selected codons identified by Bush et al [10]. Although the overall

precision and recall were much higher than random tests, the

accuracy of prediction was lower than that of our method. Three

methods that select the sequence that has the maximum number of

amino acid substitutions from current and past dominant

sequences yielded higher recalls. However, the overall precision

was lower than the method using 18 positively selected codons.

Among all the methods we tested, the gamma-distribution-based

method was the only method that yields higher recall and higher

precision than Bush’s methods.

Discussion

Our study found that the long-term evolution of HA was

reasonably characterised by a ‘bonsai-like’ pathway of which trunk

Figure 2. Two distinct patterns of amino acid substitutions that produce different spatial arrangements of viruses. (A) The straight
arrangement of viruses. If a series of amino acid substitutions all occur in different positions, then the distance from an ancestor to a mutant should
be proportional to the number of substitutions (B). These independent substitutions make a straight arrangement of viruses on the map. (C) The
curved arrangement of viruses. If amino acids at particular positions were substituted more than once, the distance from an ancestor to a mutant
should be less than the number of substitutions (D). These concentrated substitutions at the same amino acid positions make a curved arrangement
of viruses. In both panels, viruses are represented by circles, with illustrative examples of their amino acid sequences and substitutions on them.
doi:10.1371/journal.pone.0025953.g002

Figure 1. Three-dimensional map of HA sequences of H3N2 human influenza A viruses. A total of 2,640 amino acid sequences of the HA1
domain of human H3N2 influenza A viruses isolated during the period from 1968 through 2009 are visualized in a 3D space. Each point represents a
virus strain. The distance between two viruses in the 3D map represents the number of different amino acids between their HA sequences. The whole
coordination is determined by MDS analysis. The root-mean-square error of the 3D map was 1.72. All three axes represent the sequence dissimilarity
(spacing between grid lines represents 10 different amino acids), and the configuration can be freely rotated and translated. Shadows represent
projections of points onto the coordinate planes. (A) the 3D map colour-coded by the year of isolation of the virus. (B) a schematic diagram of the 3D
map.
doi:10.1371/journal.pone.0025953.g001
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was constantly curved in the MDS-constructed 3D space. This

unique property of the sequence evolution indicated that the

evolution on the trunk favoured multiple substitutions at the same

positions on HA molecules. Our study found that the curvature

was relatively constant and reasonably explained by assuming that

the rate of amino acid substitutions on HA varied from one

position to another according to a gamma distribution. The

estimated parameters of the gamma distribution allowed us to

predict the amino acid substitutions on HA in subsequent years

with reasonable accuracy.

The small value of its gamma parameter estimated in this study

suggested that most of amino acids on HA remained unchanged,

Figure 3. The amino acid substitutions on the gnarled trunk. (A) the distribution of the number of positions that were substituted on the
trunk from 1968 to 2009. The gamma distribution that has a mean substitution frequency of 0.418 and a variance of 1.155 is superimposed. (B) The
number of different amino acids between the trunk sequences plotted against the difference in their isolation years. The horizontal bars indicate
mean values, and vertical lines indicate 61 standard deviation of the number of different amino acids. A non-linear regression curve using the
formula d~328|(1{(a=(az�rrt))a) is superimposed (a = 0.129, �rr = 0.0118), showing good fit to the actual data (P,0.001). (C) A schematic illustration
of trunk viruses and the sequence dissimilarities among them. A trunk virus is a virus located near the main trunk. Circles labelled with t0, . . . ,t6 are
examples of trunk viruses. The sequence dissimilarities among trunk sequences are shown by solid lines. (D) The selection of a Leading Bud. Using the
formula of d~328|(1{(a=(az�rrt))a), one may calculate the expected sequence dissimilarities between a future trunk virus and past trunk viruses
(dotted lines). The bold arrow indicates a candidate for Leading Buds. For the coming influenza season in 2010, A/Thailand/CU-B110/2009(H3N2) was
predicted to be the most likely candidate virus (Table S2).
doi:10.1371/journal.pone.0025953.g003
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but amino acid substitutions occurred at a relatively restricted

number of positions on the HA. The result was consistent with

previous studies identifying several positions that had undergone

the positive Darwinian selection, where non-synonymous muta-

tions have been favoured [16,17,28,31,32]. Although the positions

that undergo amino acid substitutions could have been moving to

different positions over time [33], our analysis indicated that the

relative sequence distance between two trunk sequences remained

roughly constant with respect to the difference in their isolation

years. This stable feature allowed us to predict the relative

sequence distance between two viruses located on the trunk, and

led us a fully-computerized prediction method.

He and Deem have recently pointed out that an MDS

visualization with density estimation allowed us to identify a

cluster of ‘incipient dominant strains’ before it became dominant

[15]. They proposed two important criteria for the selection of a

new vaccine strain. The first criterion is that a new cluster that

does not contain currently circulating strains or vaccine strains is

detected. The second criterion is that the current vaccine strain

does not provide high protection against strains in the new cluster.

The reason why our gamma-distribution-based model achieves

high recall and precision can be explained by their two criteria.

First of all, the recognition of a Leading Bud conceptually

corresponds to the detection of a newly emerging cluster of

incipient dominant strains. Since a Leading Bud described in this

paper should have a certain amount of different amino acids from

dominantly circulating strains, a Leading Bud can be considered

as one of the early isolates in a newly emerging cluster. Although

we do not consider whether Leading Buds form a cluster or not,

this property partially fits their first criterion. Secondly, our

gamma distribution-based method recognizes a Leading Bud by

finding an HA sequence that has the amino acid substitutions at

the same positions as those seen in the past evolution. Since most

of past amino acid substitutions are concentrated in the antigenic

sites (Table S1), it is highly likely that the Leading Bud having

amino acid substitutions at these positions antigenically differ from

the dominantly circulating strain and the vaccine strain. This

could meet the second criterion.

The overall recall of our prediction method was around 0.70,

indicating that the model had a reasonable ability to predict amino

acid substitution in the subsequent year for each year. It should be

noted that this high recall was achieved by the prediction method

that relied only upon the number of different positions in the

amino acid sequences and the isolation year of the viruses. The

overall precision, on the other hand, was around 0.45. Some of

mistaken predictions might be attributable to the delayed

Table 1. Results of retrospective tests for the prediction of amino acid substitutions.

Test Year
The number of
predicted substitutions

The number of
actual substitutions

The number of correctly
predicted substitutions Recall Precision

1998 9 8 8 1.00 0.89

1999 4 3 1 0.33 0.25

2000 4 5 2 0.40 0.50

2001 10 5 5 1.00 0.50

2002 7 3 1 0.33 0.14

2003 13 12 11 0.92 0.85

2004 4 5 3 0.60 0.75

2005 2 0 0 - 0.00

2006 4 2 2 1.00 0.50

2007 5 2 0 0.00 0.00

2008 4 1 0 0.00 0.00

2009 7 1 0 0.00 0.00

overall 73 47 33 0.70 0.45

Recall was defined as the number of correctly predicted substitutions divided by the total number of actual substitutions. Precision was defined as the number of
correctly predicted substitutions divided by the total number of predicted amino acid substitutions.
doi:10.1371/journal.pone.0025953.t001

Table 2. Comparison of overall recall and precision with other methods.

Method Overall Recall Overall Precision

Select a sequence randomly (n = 100) 0.2260.012 0.2460.015

Select the one that has the maximum numbers of substitutions at the 18 codons identified by Bush et al 0.49 0.34

Select the one that has the maximum numbers of substitutions from the current dominant sequence 0.51 0.13

Select the one that has the maximum numbers of substitutions from past dominant sequences 0.55 0.25

Select the one that has the maximum numbers of substitutions from the dominant sequence of two years ago 0.70 0.23

Select the one that has the maximum numbers of substitutions at antigenic domains A–E 0.70 0.32

Select the one that has the minimum errors from the gamma-distribution-based expectation 0.70 0.45

doi:10.1371/journal.pone.0025953.t002
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appearance of amino acid substitutions in the dominant sequences

on the trunk. For instance, the predicted substitutions for I144N in

1999, R50G in 2000 and 2001, E83K V202I, W222R G225D in

2001, and V226I and S227P in 2002 did not occur in the next

years, but rather 2 or 3 years later (Table S2). For these idle

periods, the prediction method could have looked too far ahead,

and the Leading Buds might be too early to be used as vaccine

strains.

In the retrospective tests, we evaluated the prediction methods

by comparing the amino acid sequences of the Leading Buds with

the dominant sequences in subsequent years. It was also confirmed

that WHO-recommended vaccine strains had amino acid residues

that were identical to those predicted by our method (Table S2).

The major difference lies in the timing. We accept that an

overhasty selection of vaccine strains might lead antigenic

mismatch between vaccine and epidemic strains. The prediction

of the exact timing of the antigenic change could become a subject

of future study. In addition to the timing of antigenic change, a

careful investigation on their characteristics such as antigenicity

and growth in embryonated hen eggs must be practically

important for the vaccine selection.

Vaccine strains must be selected in order to match the

antigenicity of viruses that will circulate in the influenza season.

The antigenic cartography, which was developed by Smith et.al,

enables us to accurately predict antigenic similarity between two

virus strains based on a large collection of hemagglutination

inhibition (HI) assay data [5]. In the period from 2005 to 2006, for

instance, the circulating H3N2 viruses changed from A/Califor-

nia/7/2004-like viruses to A/Wisconsin/67/2005-like viruses

[15,34]. The Leading Bud found in 2005 was A/Okinawa/18/

2005. The antigenic-cartography-based antigenic distance be-

tween A/Okinawa/18/2005 and A/Wisconsin/67/2005 was

found to correspond to a twofold difference in HI titers of antisera

[34]. Therefore, it is likely that the antigenicity of A/Okinawa/

18/2005 could match the epidemic strain in 2006. Although the

Leading Buds may not be perfect candidates for the vaccine

strains, we believe that our prediction method could provide useful

information for the formulation of influenza vaccines.

Retrospective tests for 2006–2007, 2007–2008, and 2008–2009

failed to predict the actual amino acid substitutions. The low recall

and precision are likely due to the limited number of amino acid

substitutions during these periods. Since antigenic changes of

H3N2 viruses occur every 3–5 years in a punctuated manner [5],

the conservation of dominant sequences in a few contiguous years

is common in the evolution of H3N2 viruses. We have not taken

such periodicity into account in our evolutionary model, and our

method could not predict the exact timing when a dominant strain

is replaced by another strain. This result highlighted the need to

develop a method that can predict the exact timing of the

antigenic change of the virus. However, the HA of the dominant

H3N2 virus after the September in 2009 possessed 3 of 6 amino

acid substitutions that were predicted by our method using the

sequence data before August 2009 (Table S2). A/Perth/16/2009,

a similar strain to our Leading Bud (A/Thailand/CU-B110/

2009), was recommended as a vaccine strain for H3N2 viruses by

WHO on Dec 1st in 2010.

Further understanding of the gnarled trunk might be achieved

by combined efforts with experimental studies. Future research

direction include the association of the gnarled trunk evolution

with the prediction of antigenic evolution [5,35,36], the effect of

mutations upon biological activity of the protein [37,38], and the

effect of cross immunity to previously circulating dominant strains

[21,22]. Finally, the 3D visualization technique we present here

enables us to represent the direction of sequence evolution as well

as sequence phylogeny, providing additional information that is

not obtained via traditional phylogenetic analysis.

Materials and Methods

Sequence Data
Nucleotide sequences for HA genes of H3N2 influenza A viruses

isolated from humans during the period from 1968 to 2009 were

downloaded from the Influenza Virus Resource at the National

Center for Biotechnology Information (NCBI) [39] on Feb 23 in

2010. The isolation date of the latest sequence was July 11th 2009.

After eliminating sequences that contained ambiguous nucleotide

codes, 6,806 amino acid sequences of the HA1 domain were

determined by translating the nucleotide sequences using the

standard genetic code. All the amino acid sequences were 328

amino acids long. Nucleotide sequences that gave an identical

amino acid sequence were grouped together, and the nucleotide

sequence having the fewest mutations from the pandemic strain in

1968 was used as a representative. By removing all identical amino

acid sequences except one, 2,640 unique amino acid sequences

were obtained.

MDS analysis
For every pair of the 2,640 amino acid sequences of the HA1

domain, the sequence dissimilarity, which is the total number of

positions where the two sequences possess different amino acids,

was calculated. The resulting 3,483,480 pair-wise dissimilarities

were stored in a dissimilarity matrix. The SMACOF algorithm

[24] was used to find the optimal coordination of all sequences in

the 3D map to minimise the sum of squared errors:

X

s1,s2[HA1

(d(s1,s2){dM (s1,s2))2,

where s1and s2are sequences of the HA1 domain, d(s1,s2) is the

sequence dissimilarity, dM (s1,s2)is the Euclidean distance in the

3D map.

Amino Acid Substitution on the Trunk
A parsimony tree of HA was constructed from a total of 2,640

nucleotide sequences of the HA1 domain. The dnapars program

in the PHYLIP package24 was used to construct the parsimony

tree. The main trunk of the tree was defined as the longest path

from the HA of the pandemic strain in 1968 to the HA of a strain

circulating in 2009. The hypothetical nucleotide sequence on each

trunk was translated into an amino acid sequence. For each

residue position of the HA1 domain, amino acid substitutions

found on the trunk were counted, and then the mean and variance

of the substitution frequency were calculated and compared with a

gamma distribution having the same mean and variance.

Substitution Model
When assuming the variation of substitution rates follows

a gamma distribution, the expected sequence distance be-

tween two sequences can be calculated by the formula

d~L(1{(a=(az�rrt))a), where t is the difference in their isolation

years and L = 328 is the length of the HA1 domain. To obtain

non-hypothetical amino acid sequences located near the trunk, a

neighbour-joining tree was constructed from their nucleotide

sequences. The tree construction was done using the dnadist and

neighbor programs in the PHYLIP package [40] with the Jukes-

Cantor distance option. For each trunk node of the neighbour

An Evolutionary Model of H3N2 Influenza A Virus
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joining tree, the amino acid sequence having shortest path to the

trunk node was selected. Out of 2,640 HA sequences, 91

sequences were selected as trunk sequences (Table S3). For every

pair of these selected sequences, their sequence dissimilarity (d )

and the difference in isolation years (t) was recorded. By fitting the

formula d~L(1{(a=(az�rrt))a)to the observed relationship be-

tween dand t, the gamma parameter (a) and mean substitution

rate (�rr) for our substitution model were estimated. In order to

estimate the effect of the selection of trunk sequences on the

Figure 3B, we performed a bootstrap resampling analysis. We

made 100 datasets each containing 91 trunk sequences obtained

by random resampling of the original 91 trunk sequences. Then,

errors on the mean number of different amino acids were

estimated using the 100 bootstrap datasets. As shown in the Figure

S3, the errors of the means were estimated to be around one

amino acid, suggesting that the result shown in Figure 3 has

moderate robustness to the selection of trunk sequences.

Dominant sequence
To define a representative sequence for each year, we adopted a

strategy using the majority vote rule. For each year and each

residue position, the dominant amino acid was determined as the

amino acid that constituted the majority at the position in the year.

The dominant sequence of a year was defined as the concatena-

tion of the dominant amino acids of every position in the year.

Prediction and retrospective tests
For each year, a Leading Bud, which is an amino acid sequence

that will be located near the trunk in the next year, was predicted

as follows. Let y be a year. For a future HA sequence sthat would

appear in the year yz1, the expected number of different amino

acids from each past trunk sequence uin year y0 (y{y0§0)can be

denoted by the formula dE(s,u)~L(1{(a=(az�rr(y{y0z1)))a).
Thus, among sequences isolated in the year y, the sequence that is

most likely to become a Leading Bud in the next year is formulated

as the sequence s0, such that s0 has the least sum of squared errors

between sequence distance and expected distance from each trunk.

The sum of squared errors is calculated by the formula:

X

u[Tƒy

(d(s0,u){dE(s0,u))2

dE(s0,u)
,

where Tƒy is a set of trunk sequences whose isolation years are

earlier than or equal toy. The amino acid sequence of the

predicted Leading Bud was compared with the dominant sequence

for the year, and a set of amino acid substitutions from the

dominant sequence to the sequence of the Leading Bud was

presented as predicted substitutions. After the prediction was

made, the predicted substitutions were compared by the actual

amino acid substitutions that occurred in the next year. Recall was

calculated as the number of correctly predicted substitutions

divided by the total number of actual substitutions. Precision was

calculated as the number of correctly predicted substitutions

divided by the total number of predicted amino acid substitutions.

Supporting Information

Figure S1 Scatter diagram of numbers of different
amino acids vs. corresponding distances in the 3D
map. For every pair of two sequences, the actual numbers of

different amino acids (X-axis) were plotted against corresponding

distances in the 3D map (Y-axis). Horizontal bars show the mean

values, and vertical lines indicate 61SD of distances in the 3D

map.

(EPS)

Figure S2 Three-dimensional map of the human H1N1
influenza A viruses. A total of 1228 amino acid sequences of

the HA1 domain of human H1N1 influenza A viruses isolated

during 1918 to 2010 are visualized in the 3D space. Each point

represents an HA sequence, colour-coded by the isolation year of

the virus. The whole coordination is determined by MDS analysis.

All three axes represent sequence dissimilarity (spacing between

grid lines represents 10 different amino acids), and the configu-

ration can be freely rotated and translated. Shadows represent

projections of points on a coordinate plane. Bold arrows on the

left, middle, and right indicate a seasonal H1N1 virus isolated in

2009, the pandemic H1N1 virus in 1918, and the pandemic H1N1

virus in 2009, respectively.

(EPS)

Figure S3 Boot strap resampling analysis of the mean
substitution frequency on the trunk. A total of 100

bootstrap datasets obtained were generated by random resampling

of the original 91 trunk sequences. Errors on the mean number of

different amino acids were estimated to be around one amino acid.

A curve using the formula d~328|(1{(a=(az�rrt))a) is super-

imposed (a = 0.129, �rr = 0.0118).

(EPS)

Table S1 The amino acid positions that were substitut-
ed one or more time. The positions on HA where amino

amino acid substitution were occurred on the trunk are shown

with their frequency. Each alphabet represents the antigenic

domain to which the position belongs.

(DOC)

Table S2 Selected Leading Buds, predicted substitu-
tions, and actual substitutions in the retrospective tests.
Correctly predicted substitutions are shown in bold-face. The

predicted substitutions that did not occur in the next years but

occurred 2 or 3 years later are underlined. Different amino acids

on HA between a new WHO vaccine strain and preceding vaccine

strain are shown in the rightmost column.

(DOC)

Table S3 The HA sequences located near the main
trunk.

(DOC)

Movie S1 Movie of 3D map of HA sequences of H3N2
human influenza A viruses.

(MP4)

Movie S2 Movie of 3D map of HA sequences of H1N1
human influenza A viruses.

(MP4)

Acknowledgments

We thank Yuzuru Tanaka, Hiroki Arimura, Chihiro Sugimoto, and

Yasumasa Nishiura for discussions and comments.

Author Contributions

Conceived and designed the experiments: AT HK KI. Analyzed the data:

KI MI YM. Contributed reagents/materials/analysis tools: SI TM. Wrote

the paper: KI AT.

An Evolutionary Model of H3N2 Influenza A Virus

PLoS ONE | www.plosone.org 8 October 2011 | Volume 6 | Issue 10 | e25953



References

1. Laver WG, Air GM, Webster RG (1981) Mechanism of antigenic drift in
influenza virus : Amino acid sequence changes in an antigenically active region

of Hong-Kong (H3N2) influenza virus hemagglutinin. J Mol Biol 145: 339–361.
2. Both GW, Sleigh MJ, Cox NJ, Kendal AP (1983) Antigenic drift in influenza

virus H3 hemagglutinin from 1968 to 1980: Multiple evolutionary pathways and
sequential amino acid changes at key antigenic sites. J Virol 48: 52–60.

3. Wilson IA, Cox NJ (1990) Structural basis of immune recognition of influenza

virus hemagglutinin. Annu Rev Immunol 8: 737–771.
4. Cox NJ, Bender CA (1995) The molecular epidemiology of influenza viruses.

Semin Virol 6: 359–370.
5. Smith DJ, Lapedes AS, de Jong JC, Bestebroer TM, Rimmelzwaan GF, et al.

(2004) Mapping the antigenic and genetic evolution of influenza virus. Science

305: 371–376.
6. Wright PF, Neumann G, Kawaoka Y (2007) Orthomyxoviruses. In: Knipe DM,

Howley PM, eds. Fields Virology, 5 ed Philadelphia: Lippincott Williams &
Wilkins. pp 1691–1740.

7. de Jong JC, Beyer WEP, Palache AM, Rimmelzwaan GF, Osterhaus ADME

(2000) Mismatch between the 1997/1998 influenza vaccine and the major
epidemic A(H3N2) virus strain as the cause of an inadequate vaccine-induced

antibody response to this strain in the elderly. J Med Virol 61: 94–99.
8. Treanor J (2004) Weathering the influenza vaccine crisis. N Engl J Med 351:

2037–2040.
9. Webster RG, Laver WG (1980) Determination of the number of nonoverlapping

antigenic areas on Hong Kong (H3N2) influenza virus hemagglutinin with

monoclonal antibodies and the selection of variants with potential epidemiolog-
ical significance. Virology 104: 139–148.

10. Bush RM, Bender CA, Subbarao K, Cox NJ, Fitch WM (1999) Predicting the
evolution of human influenza A. Science 286: 1921–1925.

11. Ferguson NM, Anderson RM (2002) Predicting evolutionary change in the

influenza A virus. Nat Med 8: 562–563.
12. Plotkin JB, Dushoff J, Levin SA (2002) Hemagglutinin sequence clusters and the

antigenic evolution of influenza A virus. Proc Natl Acad Sci U S A 99:
6263–6268.

13. Nelson MI, Simonsen L, Viboud C, Miller MA, Taylor J, et al. (2006) Stochastic
processes are key determinants of short-term evolution in influenza A virus.

PLoS Pathog 2: 1144–1151.

14. Wolf YI, Viboud C, Holmes EC, Koonin EV, Lipman DJ (2006) Long intervals
of stasis punctuated by bursts of positive selection in the seasonal evolution of

influenza A virus. Biol Direct 1: 34.
15. He J, Deem MW (2010) Low-dimensional clustering detects incipient dominant

influenza strain clusters. Protein Eng Des Sel 23: 935–946.

16. Fitch WM, Leiter JME, Li XQ, Palese P (1991) Positive Darwinian evolution in
human influenza A viruses. Proc Natl Acad Sci U S A 88: 4270–4274.

17. Fitch WM, Bush RM, Bender CA, Cox NJ (1997) Long term trends in the
evolution of H(3) HA1 human influenza type A. Proc Natl Acad Sci U S A 94:

7712–7718.
18. Nelson MI, Holmes EC (2007) The evolution of epidemic influenza. Nat Rev

Genet 8: 196–205.

19. Holmes EC, Ghedin E, Miller N, Taylor J, Bao YM, et al. (2005) Whole-genome
analysis of human influenza A virus reveals multiple persistent lineages and

reassortment among recent H3N2 viruses. PLoS Biol 3: 1579–1589.

20. Lavenu A, Leruez-Ville M, Chaix ML, Boelle PY, Rogez S, et al. (2006) Detailed

analysis of the genetic evolution of influenza virus during the course of an

epidemic. Epidemiol Infect 134: 514–520.

21. Ferguson NM, Galvani AP, Bush RM (2003) Ecological and immunological

determinants of influenza evolution. Nature 422: 428–433.

22. Koelle K, Cobey S, Grenfell B, Pascual M (2006) Epochal evolution shapes the

phylodynamics of interpandemic influenza A (H3N2) in humans. Science 314:

1898–1903.

23. Pybus OG, Rambaut A (2009) Evolutionary analysis of the dynamics of viral

infectious disease. Nat Rev Genet 10: 540–550.

24. Borg I, Groenen PJF (2005) Modern multidimensional scaling: Theory and

applications. New York: Springer.

25. Palese P, Shaw ML (2007) Orthomyxoviridae: the viruses and their replication.

In: Knipe DM, Howley PM, eds. Fields Virology, 5 ed Philadelphia: Lippincott

Williams & Wilkins. pp 1647–1689.

26. Neumann G, Noda T, Kawaoka Y (2009) Emergence and pandemic potential of

swine-origin H1N1 influenza virus. Nature 459: 931–939.

27. Shinde V, Bridges CB, Uyeki TM, Shu B, Balish A, et al. (2009) Triple-

reassortant swine influenza A (H1) in humans in the United States, 2005-2009.

New Eng J Med 360: 2616–2625.

28. Bush RM, Fitch WM, Bender CA, Cox NJ (1999) Positive selection on the H3

hemagglutinin gene of human influenza virus A. Mol Biol Evol 16: 1457–1465.

29. Nei M, Chakraborty R, Fuerst PA (1976) Infinite allele model with varying

mutation rate. Proc Natl Acad Sci U S A 73: 4164–4168.

30. Ota T, Nei M (1994) Estimation of the number of amino acid substitutions per

site when the substitution rate varies among sites. J Mol Evol 38: 642–643.

31. Suzuki Y (2004) Three-dimensional window analysis for detecting positive

selection at structural regions of proteins. Mol Biol Evol 21: 2352–2359.

32. Kryazhimskiy S, Bazykin GA, Plotkin J, Dushoff J (2008) Directionality in the

evolution of influenza A haemagglutinin. Proc R Soc Lond B 275: 2455–2464.

33. Blackburne BP, Hay AJ, Goldstein RA (2008) Changing selective pressure

during antigenic changes in human influenza H3. PLoS Pathog 4: e1000058.

34. Russell CA, Jones TC, Barr IG, Cox NJ, Garten RJ, et al. (2008) The global

circulation of seasonal influenza A (H3N2) viruses. Science 320: 340–346.

35. Gupta V, Earl DJ, Deem MW (2006) Quantifying influenza vaccine efficacy and

antigenic distance. Vaccine 24: 3881–3888.

36. Liao YC, Lee MS, Ko CY, Hsiung CA (2008) Bioinformatics models for

predicting antigenic variants of influenza A/H3N2 virus. Bioinformatics 24:

505–512.

37. Nakajima K, Nobusawa E, Tonegawa K, Nakajima S (2003) Restriction of

amino acid change in influenza A virus H3HA: Comparison of amino acid

changes observed in nature and in vitro. J Virol 77: 10088–10098.

38. Tokuriki N, Tawfik DS (2009) Chaperonin overexpression promotes genetic

variation and enzyme evolution. Nature 459: 668-U671.

39. Bao Y, Bolotov P, Dernovoy D, Kiryutin B, Zaslavsky L, et al. (2008) The

influenza virus resource at the National Center for Biotechnology Information.

J Virol 82: 596–601.

40. Felsenstein J (1989) PHYLIP-phylogeny inference package (version 3.2).

Cladistics 5: 164–166.

An Evolutionary Model of H3N2 Influenza A Virus

PLoS ONE | www.plosone.org 9 October 2011 | Volume 6 | Issue 10 | e25953


