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predominates (c.f. [5]). Reassortment of influenza gene segments also occurs within co-
circulating lineages of the same subtype, providing an additional mechanism for
generating diversity during the interpandemic evolution of the virus [6, 7]. In particular,
intra-subtype reassortment was responsible for generating the 2003 Fujian-type antigenic

strain [8, 9], demonstrating the epidemiological significance of this phenomenon.

The observations of extremely rapid evolution of influenza A, especially in the HA gene,
has led to the suggestion that the evolution of the surface regions of the HA is driven by
continual positive selection. In particular, Ratner et al., in a phylogenetic analysis of
human H3 subtype HA genes, found a significantly higher rate of amino acid
replacements than silent changes in antigenic positions of the HA1 domain (which
consists of the N-terminal 329 residues of HA and includes the epitopes recognized by
the immune system) as compared to the same rates (or rate ratios) for the C-terminal
HA2 domain [10]. These findings of apparent positive selection in the HA gene were
further supported and extended in similar studies by Fitch et al. [11] and Ina and Gojobori
[12]. It has been emphasized that the phylogenetic tree for the HAL of H3N2 isolates has
a distinct, ladder-like shape, with a prominent trunk (the path from the root to the base

of the latest included cluster of isolates) and, typically, short side branches [11].

More recently, Bush et al. performed an in-depth study of 357 nucleotide sequences of
the HA1 domain of the HA gene from human H3N2 subtype influenza virus isolated
between 1983 and 1997 [13]. This study supported earlier findings of positive selection

for those amino acid positions involved in receptor and antibody binding and, more



because of the small number of mutations in the trunk, it strongly suggests that positive

selection only affected the H3N2 trunk lineages and only the epitope regions of HA.

Because the sample of clinical isolates in the NIAID Influenza Genome Sequencing
Project is approximately unbiased - antigenic variants are not preferentially selected - the
relative frequencies of H3N2 lineages over time are expected to directly reflect fitness
differences. Using the HA tree from Figure 1 as a guide, we divided the H3N2 isolates
into distinct lineages based on the trunk branch from which they derive (Figure 2). We
can then assign an origination date to each lineage based on the earliest date of any
isolate within the group; although this is a conservative estimate, it is consistent across all
lineages. With these assignments of lineages and their origination dates, we can compare
the extinction times of successive lineages as shown in Figure 3 (see Methods for
details). This analysis reveals a sharp distinction between lineages with short (<6 months)
extinction times (green intervals in Figure 3) and those with long (>6 months) extinction
times (red intervals in Figure 3). The most likely explanation of this pattern is that new
lineages with greater advantages in fitness more rapidly and fully drive older co-
circulating lineages to extinction than new lineages with minimal or no fitness
advantages. The latter lineages tend not to exterminate previously circulating isolates
such that these can reappear in later seasons. Compatible with this explanation, the
intervals of rapid extinction (fitness change) are associated with an excess of
nonsynonymous over synonymous substitutions, with the former occurring almost
exclusively in the epitope regions (Figure 3). Specifically, the ratio of the number of

amino acid replacements in epitopes to the number of replacements in non-epitope
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Most studies on the interpandemic evolution of influenza virus have focused on antigenic
drift, in which mutations in the epitope regions of the HA protein are thought to be highly
favored if they allow the virus to escape the host immune system [3, 11-13]. Under this

view, evolution of the influenza virus HA is, largely, driven by positive selection.

The results described here suggest a very different picture of HA evolution. Iideed, t
most salient feature of H3N2 evolution during the 1994-2005 time interval appears to be
the predominance of neutral sequence evolution manifest in extended periods of antigenic
stasis that are not associated with major fitness change. During thespesiasls, there

is a preponderance of silent nucleotide changes, and those amino acid replacements that
do occur are not preferentially located in the antigenic regions of the hemaiggluti
suggesting that they are neutral. Thus, these amino acid replacements dmrtot see

affect the antigenic properties of HA to the extent that would allow the tesperuses

to evade the immune system and, consequently, are not favored by natural selection.
Consistent with the excess of neutral mutations during the intervals of stasis,
displacement of pre-existing lineages by new strains is slow, again sngdkeat they

only differ minimally in fitness.

We therefore propose that, during periods of stasis, any antigenic novelty is iesuffic
to yield substantial fitness advantages for competing H3N2 strains. Consequently, t
absolute fitness of the H3N2 variants drops as the density of susceptible adstdigr
decreases. Hence, although the H1N1 subtype also seems to be evolving nésitrally, i

relative fitness increases as an increasing number of individuals who havemot bee
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exposed to H1N1 enter the population. Ultimately, the fitness trajectories of the H3N2
and H1N1 subtypes cross, such that HIN1 was able to out-compete H3N2 in 2000 and
2002. Although we do not have sufficient sequence data to extend this analysis prior to
1995, the epidemiologic observations of decreased speed of spread and, possibly,
decreased excess mortality for H3N2-years immediately prior to HIN1 years suggest that
periods of stasis have always been a feature of the interpandemic evolution of the H3N2

subtype.

The intervals of stasis in influenza A virus evolution are punctuated by periods of
apparent rapid change in fitness (owing primarily to antigenic innovation), which are
associated with an excess of nonsynonymous mutations in epitope regions of HA and the
rapid displacement of old lineages by new dominant ones. The high frequency of parallel
mutations during intervals of rapid fitness change indicates both that the virus is able to
rapidly explore the adaptive landscape, fixing antigenically favorable mutations, and that
there are a limited number of pathways across the adaptive landscape. Thus, the
observation that the H3N2 virus was in stasis for most of the 1995-2005 time interval
suggests that for much of this time the HA gene was more than a single mutational step
away from a significant increase in fitness. In other words, from a given HA sequence,
several mutations seem to be required to yield an antigenically distinct HA, and little or
no fitness advantage is conferred by any subset of these mutations a form of epistasis.
Consequently, new dominant strains are likely to often emerge as a result of a single
mutation of pre-existing low frequency (and low fitness) strains, a pattern that is clear

from examination of Figure 1.
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Reviewer s report 3: Christopher Lee, University of California-Los Angeles

This is a very interesting paper that sheds new light on a scientifically and medically
important question. It will certainly be of interest to a broad audience of readers of
Biology Direct The data and analysis methods appear sound, although | have some
questions about the graphical presentation and interpretation of the results. | also suggest
that additional text and a figure explaining some of the paper s definitions and methods

would be useful.

1. It would be helpful to have more explanation of exactly what criteria were used
for choosing the set of sequences for identifying mutations and measuring dn/ds
ratios. The methods section indicates that only 100 H3N2 HA sequences (of the
994 available) were used to obtain dn/ds estimates. But the manuscript doesn t
explain how the 100 sequences were chosen, why so few were used, and how
robust the dn/ds results would be if other samples of HA sequences were used. If
the results have some dependence on the sample chosen, it would be useful to

give some measure of their robustness (e.g. bootstrap).

Author response: We amended the text in question to indicate that the selected
subsets represented all distinct side branches (i.e., all except some that \eesnad]
in the tree and were merged). It should be noted that the pattern of mutations mapped
to the trunk branches and, accordingly, the dn/ds estimates for the trunk is highly
robust to the specific choice of isolates from the side branches inasmuch as all of

these branches are represented. Of course, the dn/ds estimate for the side branches

37






























