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Figure 1. Phylogenetic tree of influenza H3 HA,| sequences. Regions of the tree are
colour-coded and labelled according to their antigenic cluster, as defined in (Smith,
Lapedes et al.[1]); labels represent the location (Hong Kong (HK), England (EN),
Victoria (VI), Texas (TX), Bangkok (BK), Sichuan (SI), Beijing (BE), Wuhan (WU),
Sydney (SY), Fujian (FU)) and year of the first identification. * indicates A/Shanghai/
24/90, which we assigned to the BE92 cluster rather than the SI87 cluster.

Glycosylation changes

We used this model to predict glycosylation states of the various ancestral nodes. We
observed a substantial loss in glycosylation sites in the terminal branches of the tree,
suggesting possible sequencing error, selective pressure differences in the culturing of
viruses previous to sequencing, or a reduced fitness of these viruses consistent with their
lack of progeny. For this reason, we restricted our analysis of glycosylation sites to internal
nodes. We observe a sharp increase in the amount of glycosylation from six sites (HK68) to
11 (FUQ2), as shown in Fig. 2.
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Figure 2. Changes in the number of glycosylation sites with time. Clusters are
indicated as in Fig. 1. Red line represents the main branch of the tree. Dates for the
internal nodes were estimated based on a least-squares fit to the acquisition time of the
available sequences.

Incorporating changes in selective pressure

Allowing changes of site class increased the log-likelihood to -4325.1. In this case, the
previous model (no changes in site class) is nested in this more general model, so we can
use the likelihood ratio test to evaluate if the increase in log-likelihood justifies the addi-
tional six parameters, which it can (P < 10™). This indicated that the selective pressure
acting on different locations was changing during the time period represented by the data.
An additional question is whether the changes in selective pressure occurred randomly
throughout the phylogenetic tree, or whether it was concentrated on certain branches. We
investigated this issue with a series of more elaborate models: we considered that there
were two different categories of branches, with the second category more likely to experi-
ence changes in selective pressure. This was performed by multiplying the rates of change
of site class for the second category by an adjustable parameter y. We first investigated
whether there was a statistical tendency for changes in selective pressure to occur during
changes in antigenic cluster. Considering such branches as a separate category with a
different rate of site class change increased the log-likelihood by 2.28 (y=6.6 +2.2), corre-
sponding to P=0.03 with the likelihood-ratio test. This indicates that we could reject the
hypothesis that intra-cluster branches and inter-cluster branches could be represented by the
same matrix. We also examined a model where branches involving changes in glycosyla-
tion state were proposed to involve faster changes of site class. The resulting model had a
negligible increase in likelihood (0.04, P=0.78), indicating lack of evidence that changes in
glycosylation were associated with changes in selective pressure.
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DiSCUSSION

Interestingly, there seems to be no correlation between changes in glycosylation and
changes in antigenic properties, with no transition between antigenic clusters corresponding
to a difference in glycosylation. Conversely, some antigenic clusters contain a multiplicity
of different glycosylation sites; WU9S5 viruses, for instance, contain between 7 and 10
glycosylation sites. This suggests that the rapid change of glycosylation patterns are disjoint
from the changes in antigenic properties.

Haemagglutinin evolves under different sources of selective pressure. Some locations are
under purifying (negative) selection based on its need to recognize and bind to the target
cell and initiate membrane fusion, while there is also positive selective pressure to change
to avoid detection by the immune system. The conflicting nature of these pressures can be
seen by the large overlap between antigenic sites and the binding regions. Only some
locations in the antigenic regions are able to undergo rapid sequence evolution, with many
of the antigenic sites changing slowly.

The immune system and the influenza virus co-evolve, each responding to measures and
counter-measures developed by the other. There is an 'historical record' of their interactions
encoded in the immunological memory as well as in the sequence of the viral proteins. This
historical record provides the foundation for future sequence changes, and the changing
nature of the accumulating historical record suggests that the selective pressure acting on
HA might also change. If the dominant antibodies shift their binding to a new antigenic
region, we would expect a corresponding shift in the region of HA under positive selective
pressure. Glycosylation changes might hide part of the protein surface from immune
recognition, reducing the selective pressure at this location. These different mechanisms
are related, with the virus adapting its strategy to the changes in the nature of the immune
response. Substitutions that assist the HA in avoiding immune recognition might have
structural and functional consequences. This might induce selective pressure on other
regions of the protein to undergo compensatory substitutions. Similarly, changes that have
structural and functional consequences can either allow or restrict the ability of certain
parts of the virus to evolve to avoid the immune response.

In fact, there is significant evidence of such changes in selection pressure. For instance,
while changes in the 18 locations identified by Bush et al. as under positive selection from
1983 to 1997 [23] seemed to be correlated with the subsequent phylogenetic trajectories
[24] and changes in antigenic properties [1] during this same time, changes in these 18
locations over a longer time-range, however, were only weakly correlated with changes in
antigenic properties [25, 1]. An analysis of sequence change and sequence variability
suggested that antigenic drift involved changing of a single epitope, but that the identity
of the epitope varied from transition to transition [26]. All of this suggests that positive
selection is a feature of influenza evolution, but that the locations undergoing positive
selection may change and new 'antigenic sites' may emerge.
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We also observe direct evidence for these changes in selective pressure. Interestingly, we
find that these shifts in selective pressure occur preferentially along certain branches of the
phylogenetic three. This suggests that, rather than a gradually shifting relationship between
immune system and influenza virus, there are certain 'rules of engagement' that last for a
period of time, and then are replaced by a new set.

These types of 'punctuated' changes have been observed at the phenotypic level previously,
as Smith and co-workers observed that the antigenic properties of haemagglutinin do not
change smoothly, but rather jump between well-described clusters [1]. This latter observa-
tion does not necessarily indicate that the relationship between immune system and virus is
changing. An alternative explanation is that a small fraction of sequence changes have
significant impact on the antigenic properties while most do not. In this alternative, the
selective pressure might still be relatively constant, or change in a way not correlated with
the changes in antigenic properties.

We find that our observed changes in selective pressure correspond closely to the changes
in antigenic properties observed by Smith er al. [1] suggesting that these phenotypic
changes correspond to adjustments in the relationship between virus and immune system
— either changes in the mechanism of immune-avoidance for the influenza, or changes in
the nature of the antibodies that must be avoided.

Changes in site class occur preferentially in antigenic regions, as well as in locations
identified as under selective pressure. Interestingly, the site-class changes that occur in
antigenic sites are preferentially found in coil and beta-sheet structures, and are less
frequent in alpha-helices and loops. We also observe rapid substitutions, as well as rapid
changes of site class, in the central 'pore’ of the protein. These locations are not identified
either as being under positive selection, or as changing during shifts in antigenic property.

Smith et al. [1] identified amino acids that were different in the different antigenic clusters.
It is important to note that these are not necessarily cluster-defining changes, in that some
of these changes might have occurred independently of any changes in antigenic properties.
Still, there is a strong correlation between sites undergoing such amino acid changes
between antigenic clusters and locations where there are corresponding changes in selective
pressure. Often, however, cluster-difference mutations take place at locations that remain in
the slowest two site classes, with nearby locations undergoing changes in site class. Cluster
changes might involve a change of amino acid at an antigenic site that is structurally or
functionally conserved. The change in antigenic properties caused by this rare event may
then result in a change in the antibodies that can bind successfully (hence the jump to a new
cluster) leading to in a change in selective pressure on the surrounding locations.

Interestingly, while changes in selective pressure occur preferentially at locations where
there are changes in glycosylation states, we do not detect a significant increase in the rate
of site class change during changes in glycosylation. This might represent a lack of
sufficient data to identify such a rate increase, or it may indicate that changes in glycosyla-
tion cause local changes in selective pressure, in contrast to more wide-spread and sig-
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nificant changes. It is interesting to note that there is no observed tendency for changes in
antigenic cluster to be associated with changes in glycosylation. No antigenic cluster
change involves a glycosylation change, while each antigenic cluster contains a wide range
of different glycosylation states. As indicated in Fig.2, there has been an appreciable
increase in HA glycosylation during the past decades. Given the lack of connection be-
tween these changes and changing selective pressure or changing antigenic properties, the
role of these glycosylation changes remains puzzling.

We find strong support for a model where the selective pressure changes at different
locations. We find that a model that allows for different rates of site class changes during
transitions between clusters is significantly better than a uniform model. From this we can
infer that evolution of human H3 consists of periods of amino acid variation according to a
relatively constant set of rules, interspersed with periods where the rules governing varia-
tion change. As the selective pressure changes during the evolutionary process, this indi-
cates that, in addition to modelling how amino acids change during time, we also may need
to develop models for how the selective pressure changes if we wish to be able to identify
or predict future significant variations.
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