


Abstract

Precise dating of viral subtype divergence enables researchers to
correlate divergence with geographic and demographic occurrences.
When historical data are absent (that is, the overwhelming majority),
viral sequence sampling on a time scale commensurate with the rate
of substitution permits the inference of the times of subtype diver-
gence. Currently, researchers use two strategies to approach this task,
both requiring strong conditions on the molecular clock assumption
of substitution rate. As the underlying structure of the rate process
at the time of subtype divergence is not understood and likely highly
variable, we present a simple method that estimates rates of substitu-
tion, and from there, times of divergence, without use of an assumed
molecular clock. We accomplish this by sampling estimates of the
substitution rate for triplets of dated sequences where each sequence
draws from a distinct viral subtype, providing a zeroth-order approxi-
mation for the rate between subtypes. As an example, we calculate the
time of divergence for three genes among in°uenza subtypes A-H3N2
and B using subtype C as an outgroup. We show a time of divergence
approximately 100 years ago, substantially more recent than previous

estimates which range from 250 to 3800 years ago.









all types and subtypes simply as subtypes for the remainder of this paper. We
select for this study three genes, coding for hemagglutinin (HA), the matrix
protein (MP) and a non-structural (NS) protein responsible for interfering
with host immune response. Subtype C has an esterase gene that is analo-
gous to the hemagglutin gene in other subtypes (Brown, 2000). We hence
refer to the hemagglutinin gene generally and the hemagglutinin(esterase)
gene when referring speci cally to the subtype C sequences.

Here, we present a simple estimation tool to determine the date of di-
vergence among viral subtypes that overcomes the dixculties encountered
with use of the MCA by measuring the pairwise rate of substitution between
taxa. Our estimator derives from the triplet statistic developed in Yang et al.
(2007); Seo et al. (2002); Kashyap and Subas (1974), where each sequence
member of the triplet draws from a di®erent subtype. In this manner, we
generate from each triplet an estimate of the rate of nucleotide substitution
between the most recently diverged subtypes, and consequently provide an
estimate of the TMRCA. This circumvents the problems posed by earlier
methods by directly estimating the pairwise rate of nucleotide substitution
over the set of pairs of sequences straddling the subtype divergence without

any further rate assumptions other than the existence of a mean. However,









(MP) and non-structural (NS) genes of in°uenza. Each analysis is performed
on 60 gene sequences constructed from 20 genomes each drawn from in°uenza
subtypes A-H3N2, B and C. We downloaded these data along with their dates
of sampling from the Los Alamos In°uenza Database (Macken et al., 2001).
We performed sequence alignment using ClustalX (Thompson et al., 1997,
version 1.8). For consistency with previous studies of A-H3N2 hemagglutinin
evolution, we use the HKY model of substitution (Hasegawa et al., 1985). We
use the TREBLE algorithm, which implements MCA, on sets of sequences
solely drawn from a single subtype to derive within-subtype rates. The phy-
logenetic tree, generated by TREBLE, for the hemagglutinin/hemagglutinin-
esterase gene is depicted in Figure 2. We infer similar trees for the matrix
protein gene and non-structural gene. We calculated variances for both MCA
and pairwise rate estimates using 200 bootstrap iterates. All dates are listed
as years in the common era.

Consistent with previous studies (Brown, 2000; Buonagurio et al., 1986;
Chen and Holmes, 2006), rates vary substantially both among genes and
among subtypes. We record rates as a point estimat& (standard error).
For the hemagglutinin gene, subtype A-H3N2 shows a rate of nucleotide

substitution of 3:21 (§ 0:43) £ 10 ° substitutions per site per year (s/s/yr).
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the MCA generally place a time of divergence of several hundred years ago,
ranging from the 16th to early 19th centuries. Other analysis have yielded
estimates of 3600 years ago (Suzuki and Nei, 2002). In the current study,
application of the MCA vyielded estimates in the last half of the 18th cen-
tury. However, applying the pairwise rate estimate developed above we nd
uniformly, across genes, that the divergence likely occurred in the very early
20th century. The discrepancy between these two measures is likely due to
the increased modeling °exibility of the pairwise rate estimate relative to the
MCA.

This discrepancy between the rates and corresponding TMCRA estimates
has important biological consequence. The phylogenetic divergence between
type B and A corresponds to a subspeciation event for the virus. The results
in this study indicate that the process of speciation is not neutral but instead
a period of rapid and intense genetic change. The three genes studied here
consistently show large acceleration in the rate of nucleotide substitution for
the divergence period relative to the rates observed within stable subtype.
This study gives strong evidence that, at least for in°uenza viral subtype
divergence, the process of subspeciation is associated not just with large

genomic changes but also with an accelerated, nite process of adaption.
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ased by the choice of alignment. This suggests that improved dating will be
found by integrating estimation procedures over an ensemble of alignments
(Redelings and Suchard, 2005)

The pairwise estimate method presented above is accurate in the scale

tTnp CO11), (6)

where T is the total time over the phylogeny (Yang et al., 2007). This
relation dictates that as divergence events become more remote the ability
of the triplet method to resolve the time of divergence diminishes. While
this limit prohibits the calculation of remote divergence events, the example
presented above lies within the appropriate scale.

In place of a speci ¢ MCA, the estimates presented here directly calculate
the rate of substitutions between taxa from di®erent viral subtypes. As
such estimates span paths between subtypes, they simultaneously capture
the rate evolution along branches both within and between subtypes. From
these estimates, we are able to directly infer the time of divergence between
subtypes. As a trade-o® for limited MCAs, the method requires an outgroup
subtype to function as an origin relative to the subtypes under consideration.
We feel that the triplet method provides a simple and widely applicable way
to calculate the dates of divergence of rapidly evolving organisms without
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Figure 1: The phylogenetic relationships between three sequencgss; and
sx, sampled on datest;, t; and t, respectively. The time of most recent
common origin ofs; and s; is ® The time of the most recent origin of all

sequences is.
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Method: Pairwise MCA

Gene: HA 866 (0:26) 310 (0:37)
MP 6:46 (131) 213 (035)

NS 795 (025) 222(0:38)

Table 2: Rates of nucleotide substitution between subtypes B and H3N2 for
hemagglutinin (HA), matrix (MP) and non-structural (NS) genes. Rates are

given in £ 10 3 substitutions per site per year plus/minus one standard error.
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Figure 1
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Figure 1: The phylogenetic relationships between three sequences, s;, s; and sy,
sampled on dates ¢;, t; and t; respectively. The time of most recent common
origin of s; and s; is a. The time of the most recent origin of all sequences is £3.
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Figure 1: Histograms of the time of most recent common ancestor for subtypes
H3N2, B and C, respectively, derived from MCA estimates on HA; MP and NS
gene sequences.
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Figure 1: Histograms of the time of most recent common ancestor of subtypes
H3N2 and B, derived from MCA estimates (light grey) and pairwise estimates
(dark grey) on HA, MP and NS gene sequences.
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