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Predicting the Evolution of Human Influenza A
W. M. Fitch, R. M. Bush, C. A. Bender, K. Subbarao, and N. J. Cox

We studied the evolution of the HA1 domain of the H3 hemagglutinin gene from
human influenza virus type A. The phylogeny of these genes showed a single dom-
inant lineage persisting over time. We tested the hypothesis that the progenitors
of this single evolutionarily successful lineage were viruses carrying mutations at
codons at which prior mutations had helped the virus to avoid human immune
surveillance. We found evidence that eighteen hemagglutinin codons appeared to
have been under positive selection to change the amino acid they encoded in the
past. Retrospective tests show that viral lineages undergoing the greatest number
of mutations in the positively selected codons were the progenitors of future H3
lineages in nine of eleven recent influenza seasons. Codons under positive selec-
tion were associated with antibody combining sites A or B or the sialic acid recep-
tor binding site. However, not all codons in these sites had predictive value. Mon-
itoring new H3 isolates for additional changes in positively selected codons might
help identify the most fit extant viral strains that arise during antigenic drift.

I wish first to express how honored I feel
at having been chosen by you to join such
a list as those who have previously been
honored as Wilhelmine Key lecturers. I
thank you very much. And while I’m giving
thanks, I wish to acknowledge the enor-
mous importance of my co-authors in the
work I am reporting. The material in this
paper has been presented in greater detail
in Fitch et al. (1997) and Bush et al.
(1999a, 1999b).

The hemagglutinin gene of human influ-
enza virus (type A, subtype H3) is one of
the fastest evolving genes known. This
rapid rate of evolution (5.7�10-3 nucleo-
tide substitutions/site/year for the HA1
domain) is believed to reflect selective
pressure by the human immune system
(Fitch et al. 1997). The evolutionary pro-
cess behind this is thought to be as fol-
lows. After an influenza viral particle en-
ters a lung cell, the human immune
system detects the virus and begins to
make antibodies. Antibodies bind to the
virus, marking it for destruction by white
blood cells. During this process, however,
the virus has had time to replicate, and
while doing so, has undergone mutation.
Viral progeny containing mutations that
interfere with antibody recognition will
replicate until yet more antibodies that
specifically recognize the new mutant

hemagglutinin can be produced. A race be-
tween the human host and the viral para-
site ensues that favors mutant viral
strains. This type of natural selection is
called positive selection to change. In this
presentation we show, first, that there are
codons in the hemagglutinin gene of influ-
enza A that have been under positive se-
lection to change in the past. Second, we
show that strains having undergone the
greatest number of amino acid replace-
ments in the positively selected hemagglu-
tinin codons are more likely to be the pro-
genitors of future generations of the
influenza virus.

Positive Selection

A codon is considered to have been under
positive selection to change if it shows a
significant excess of non-silent, as op-
posed to silent nucleotide substitutions. A
non-silent mutation changes the encoded
amino acid, whereas a silent mutation
does not. We determined the number of
non-silent (p) and silent (q) mutations that
occurred in each codon in the HA1 do-
main of the hemagglutinin gene between
1983 and 1997 using a maximum parsimo-
ny tree constructed from 357 hemaggluti-
nin sequences. Under binomial expecta-
tions, the probability of finding, for
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Table 1. Features of the 18 positively selected
codons

Codon Features

121
124
133
135
138
142
145
156
158
186
190
193
194
197
201
226
262
275

D, F
A
A, F
A, F, R
A, F, R
A
A, F
B, F
B
B, F
B, F, R
B, F
B, F, R
B
D
D, F, R
E
CF

Column 1 shows th ecodon number for each of the 18
codons found to be under positive selection. Column 2
shows features of those codons, with the letters A–E
indicating the regions that have been designated as in
or adjacent to antibody combining sites, F indicating
that it is among the fast-evolving positions, and R in-
dicating that it is in the receptor binding site.

Figure 1. Predicting the evolution of influenza A hemagglutinin. The tree on the left (Figure 1a) shows the
evolution of the HA1 domain of the hemagglutinin gene of human influenza A from 1983 through the 1993–94
influenza season. The tree on the right (Figure 1b), which contains isolates from 1983 through the 1996–97 influenza
season, contains many fewer branches than the tree in Figure 1a because we collapsed nodes for which we lacked
strong statistical support. Only one isolate from Figure 1a, A/Shangdong/5/94, descends from node 12 of Figure 1b,
the uppermost node from which any of the isolates from Figure 1a descend. Results of tests of our main hypothesis
and three alternative hypotheses are shown. Only the prediction test performed using the positively selected
codons chose A/Shangdong/5/94, and thus was a successful prediction test. This figure is from Bush et al. (1999b).

example, eight non-silent and only one si-
lent mutation in a particular codon is
9!p8q1/(8!1!). If p � 0.45, the probability of
obtaining the 8:1 ratio is 0.008. We consid-
er a codon to show a significant deviation
from binomial expectations if the proba-
bility of the observation is less than 0.05.
Thus, our example codon shows evidence
that it has been under positive selection
to change in the past. This test can only
be applied to codons that have undergone
a total of at least four mutations, thus we
were only able to test 38 of the 329 co-
dons. Eighteen of these codons were un-
der positive selection to change (Table 1).
Details of this analyses are reported in de-
tail in Bush et al., 1999b.

Predicting Evolution

The ultimate goal of this work was to de-
velop a method that will allow us to de-
termine, at any given point in time, which,
from among a collection of influenza
strains, is most likely to be the progenitor
of future influenza lineages. We demon-
strate our method in Figure 1. Figure 1a is
a maximum parsimony tree constructed
using 173 influenza hemagglutinin se-
quences collected between 1983 and Sep-
tember 30, 1994, the date we use as the
end of the 1993–1994 influenza season.
This tree has a single main lineage, shown
in bold, which we refer to as the trunk of
the tree. The average life of a non-trunk
lineage is only about 1.5 years. The trunk
represents the only evolutionarily suc-

cessful lineage because it is the only line-
age that does not go extinct. Figure 1a was
drawn as it would have appeared in 1994,
with the trunk stopping short of the top
of the tree. We would not be able to de-
termine, until more time had past and all
but one of the uppermost lineages on Fig-
ure 1a had gone extinct, where the trunk
would emerge from the top of this tree.
Our hypothesis is that the isolate on the
tree in Figure 1a having undergone the
greatest number of mutations in positively
selected codons would be the progenitor
of future lineages. We located this ‘‘predic-
tive isolate’’, A/Shangdong/5/94, by count-
ing all of the amino acid replacements that
occurred at the positively selected codons
along each lineage on Figure 1a, from the
root, or lower left end of the trunk, to the
end of the 173 terminal branches. To de-
termine whether future lineages, i.e., the
trunk, eventually descended from A/
Shangdong/5/94, we found the location of

all of the isolates from Figure 1a on Figure
1b. For a successful prediction test, the
predictive isolate from Figure 1a must be
as far up the trunk of Figure 1b as possi-
ble. Figure 1b. Figure 1b was constructed
using sequences from 357 isolates collect-
ed between 1983 and 1997.

Taken together, Figures 1a and 1b illus-
trate a successful prediction test. A/Shang-
dong/5/94 was further up the trunk of Fig-
ure 1b than any of the other isolates from
Figure 1a, and thus it was the isolate most
closely related to future lineages. We per-
formed such retrospective tests over an
eleven year period, from the 1986–1987
through the 1996–1997 influenza seasons.
Our prediction method was successful in
nine of the eleven retrospective tests, and
successful in every one of the last eight
influenza seasons (Table 2).

We tested the probability that we could
have obtained an equal or greater number
of successful tests simply by chance in
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Table 2. Results of retrospective prediction tests for 11 recent influenza seasons using codons under positive selection and 7 alternative codon sets

Codon sets
Number
of codons 86–87 87–88 88–89 89–90 90–91 91–92 92–93 93–94 94–95 95–96 96–97 Successes

Positively selected
AB
AB but not under positive selection

18
41
28

5
5
5

5
5
5

5
6
5.5

8
8
5.5

8
7.0
5.5

10
10
8.7

10
10
9.6

12
10
10

13
12.0*
12

13
13
12

14
14
12

9
7
1

CDE
RBS
RBS but not under positive selection

90
16
11

1
3.7
4.1

1
5
5

6
6
5

6
6
5

6
6
5

8
10
5

10
10
5

10
11
5

10
12.5
5

13
13
5

13
13.1*
5

3
4
0

Fast
Fast but not under positive selection

20
18

3
3

3
3

6
6

6.7*
6

7.0
6

10
6

10
10

10
10

13
10

13
12

14
13

6
2

Top possible trunk node 5 6 6 8 8 10 10 12 13 13 14

Positively selected: the set of 18 codons under positive selection.
AB: codons in or near antibody combining sites A and B.
CDE: codons in or near antibody combining sites C, D, and E.
RBS: codons associated with the sialic acid receptor binding site.
Fast: codons undergoing the greatest number of amino acid replacements.
The cells of the table indicate the trunk nodes on the 1997 bootstrap tree (Figure 1b) from which the predictive isolates resulting from each test descended. Successful tests
(in bold) are those in which the predictive isolate descended from the uppermost possible node available on the 1997 tree (see bottom row). The right-hand column shows
the total number of seasons in which each codon set produced a successful test. Cell entries with a decimal point or marked by an asterisk contain results that varied among
replicate tests that were not described in this lecture, but which can be found in Bush et al. (1999b).

two different ways. First we determined
the probability that a randomly chosen
strain would produce a successful predic-
tion test. To use Figure 1 as an illustration
again, this probability is equal to the frac-
tion of 173 isolates from Figure 1a that de-
scend from the node marked 12 on Figure
1b. Node 12 is the uppermost trunk node
from which any of the isolates from Figure
1b descend. Only one isolate from Figure
1a, A/Shangdong/5/94, descends from
node 12 on Figure 1b, thus the probability
of having obtained a successful result by
chance is 1/173, or 0.6%. Across the eleven
test years, this probability ranged from 0.6
to 19.7%, and averaged 6.8%. We also de-
termined the probability that prediction
tests done using 18 randomly chosen co-
dons, rather than the 18 positively select-
ed codons, would have produced a suc-
cessful test. This probability, determined
using one thousand randomly chosen co-
don sets, ranged from 0.6 to 49.0% across
the 11 test years, with an average of 10.0%.

Search for a Causal Explanation

A successful prediction test implies that
changing the amino acid encoded by the
18 positively selected codons was adap-
tive, but it does not tell us why these mu-
tations were selectively advantageous. We
sought a causal explanation for our results
by repeating the prediction tests using al-
ternative codon sets that were of known
function and that contained subsets of the

positively selected codons. If these alter-
native codon sets produced a greater
number of successful prediction tests than
the set of 18 positively selected codons,
we might be able to discern the function
under selection. This conclusion would
only hold, however, if the alternative co-
don set also produced a successful predic-
tion test when the subset of its codons
that were also under positive selection
was removed. We tested three alternative
codon sets in this manner. 1) The set of
41 codons thought to lie in or near anti-
body combining sites A and B, sites that
have been associated with antigenic drift;
2) the set of 90 codons in the other three
antibody combining sites (C-E); and 3) the
set of 16 codons that make up the sialic
acid receptor binding site. The results of
these tests (Table 2) reveal that none of
the alternative codon sets of known func-
tion work as well as the positively select-
ed codons in the prediction tests, and that
they perform very poorly when the subset
of positively selected codons was exclud-
ed from the alternative sets. Since the pos-
itively selected codons are among the
most quickly evolving codons in the hem-
agglutinin, we also tested the hypothesis
that any mutation is adaptive, and that
positive selection is irrelevant, by repeat-
ing the prediction tests using the set of 20
most rapidly evolving codons that were
not also under positive selection. This test
was also less successful than the test us-
ing the 18 positively selected codons (Ta-

ble 2). Details of these prediction tests can
be found in Bush et al., 1999b.

Conclusions

We have identified a small set of rapidly
evolving codons in the HA1 domain of the
hemagglutinin gene of human influenza A
subtype H3 in which non-silent mutations
in the past appear to have been selective-
ly advantageous. Strains with more muta-
tions in these codons were more likely to
be the progenitors of successful new line-
ages in nine of eleven influenza seasons.
Although there is a significant overlap be-
tween the positively selected codons and
the codons in or near antibody combining
sites A or B and, to a lesser extent, codons
associated with the sialic acid receptor
binding site, codons associated with these
sites of known function that are not under
positive selection perform poorly in the
prediction tests. Whether additional
changes in these codons will confer a se-
lective advantage in the future remains to
be seen.
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