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Confirmation of primary findings

We sought to confirm our findings through measurement of linkage disequilibrium (LD), a
measure of non-random association between polymorphic loci within a population. We es-
timated LD directly from haplotype frequencies at polymorphic amino acid sites (see Meth-
ods) in the secondary dataset, thereby avoiding phylogenetic reconstruction or Vic/Yam
lineage assignment. We observe greater amino acid LD values between PB1, PB2 and
HA than between other pairs of segments (Figure S1) in a large secondary dataset. This
suggests that PB1, PB2 and HA segments possess a considerable number of co-assorting
non-synonymous alleles, which upon closer inspection are associated with either Vic or
Yam lineage segments. We conclude that Victoria and Yamagata lineages of PB1, PB2
and HA have accumulated lineage-specific amino acid substitutions. Of the amino acid
sites that exhibit high LD on PB1, PB2 and HA proteins, there are 4 sites on PB1, 4 on
PB2 and 4 on HA proteins which form a network of sites exhibiting high LD (Figures S3
and S2). These sites define the split between Vic and Yam lineages within PB1, PB2 and
HA segments. In addition, there are sites on PB1, PB2, HA and NA proteins which also
show high, albeit smaller, LD which correspond to sites which have undergone amino acid
replacements some time after the Vic/Yam split.
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Figure S1. LD comparison between influenza B proteins. Pairwise comparisons of linkage
disequilibrium between amino acid sites on influenza B proteins in the secondary dataset. Many
polymorphic amino acid sites on PB1, PB2 and HA proteins exhibit high LD between themselves,
followed by the NA protein. This is evidence of a considerable number of co-assorting alleles within
these proteins.

Analysis of within-lineage reassortment patterns

Subtree prune and regraft (SPR) distances between phylogenetic trees are an approximate
measure of the numbers of reassortment or recombination events (Svinti et al., 2013). Ex-
act SPR distances are difficult to compute, as they depend on the SPR distance itself and
are impractical to compute for posterior distributions of trees except for the most similar
trees. We calculated approximate SPR distances (Whidden and Zeh, 2009; Whidden et al.,
2010, 2013) to quantify the numbers of reassortments that have taken place between all
pairs of segments. Normalized approximate SPR distances,dSPR, were recovered using (see
Methods):

dSPR(Ai, Bi) =
f(Ai, A

′
i) + f(Bi, B

′
i)

2 f(Ai, Bi)
, (1)

where f(Ai, A
′
i), f(Bi, B

′
i) and f(Ai, Bi) are approximate SPR distances between ith pos-

terior samples from segments A, B and independent analyses thereof (A′ and B′). Figure
S4 shows approximate SPR distances between all pairs of segment trees after normaliza-
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Figure S2. Heatmap of linkage disequilibrium (χ2
df) between amino acid sites on PB1,

PB2 and HA proteins. Numbers next to each row and column correspond to amino acid site
number within a given protein starting from methionine. Amino acid sites exhibiting reciprocally
high LD between PB1, PB2 and HA proteins are: 176, 211, 213, 508 (PB1), 115, 399, 470, 642
(PB2) and 96, 163, 520 and 570 (HA). Sites 211 and 213 on the PB1 protein are very close to each
other and the stretch of sequence around these residues contains many positively charged amino
acids (lysine and arginine). Multiple nuclear localization signals (NLSs) are predicted to occur
around this region and sites 211 and 213 are either predicted to be near the end of a mono-partite
NLS or the beginning of a bi-partite NLS. Previous research (Nath and Nayak, 1990) suggests that
in the influenza A PB1 protein residue 211 (homologous to influenza B PB1 residue 211) is the
last residue of a bi-partite NLS. Almost all Yamagata lineage isolates possess arginine (R) residue
at PB1 position 211 and a serine (S) residue at position 213, whereas Victoria lineage isolates have
lysine (K) at position 211 and threonine (T) at position 213. It remains to be seen whether these
sites significantly affect the nuclear import efficiency of the PB1 protein of either lineage. Though
the PB1 protein is known to accumulate in the nucleus on its own, efficient import into the nucleus
requires the presence of the PA protein (Fodor and Smith, 2004). Similarly, site 399 on the PB2
protein are close to residues 377, 406 and 408 which are homologous to sites in influenza A that
are responsible for mRNA cap-binding (Guilligay et al., 2008).
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Figure S3. Heatmap of genome-wide linkage disequilibrium (χ2
df) between polymor-

phic amino acid sites. Patterns of LD across the genome suggest a network of reciprocally
linked amino acid sites on PB1, PB2, HA and, to some extent NA, proteins. Proximity of sites on
heatmaps might not correspond to proximity of sites within proteins.
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tion. If there are biases in the way segments reassort, so that some segments tend to
co-assort more often, we expect to observe a lower reassortment rate between them, which
would manifest as small-scale similarities between phylogenetic trees of those segments. In
our case we expect SPR distances, which are proportional to the number of reassortment
events that have taken place between trees, to reflect the overall (i.e both within and
between lineages) reassortment rate.

Figure S4. Normalized approximate SPR distances between pairs of segments. Fol-
lowing the normalization procedure approximate SPR distances are similar across all pairwise
comparisons. We interpret this as lack of evidence for small-scale topological similarities between
trees of all segments, which we expect to arise if any two segments were being co-packaged and
co-reassorted. All vertical lines indicating uncertainty are 95% highest posterior densities (HPDs).

The 95% highest posterior density (HPD) intervals of normalized approximate SPR dis-
tances between pairs of segments encompass most means and occupy a relatively small
range, suggesting there is no evidence of differences in the number of reassortments be-
tween segments (Figure S4). Reassortment rate given as number of SPR moves per total
time in both trees shows similar results (Figure S5). This is in line with recent experi-
ments in influenza A that have shown that reassortment between segments differing by a
single synonymous difference is highly efficient (Marshall et al., 2013). We note, however,
that because of phylogenetic uncertainty our estimate of SPR distance might simply lack
power. Comparisons between independent analyses of the same segments yield distances
that are comparable to distances between different segments (Figures S6 and S7), suggest-
ing that phylogenetic uncertainty is making a considerable contribution to our estimates
of approximate SPR distances. Still, we find that independent replicates from the same
segment (Figure S7) show lower SPR distances that comparisons between segments (Fig-
ure S6), suggesting that phylogenetic noise is not completely overwhelming reassortment
signal. In addition, SPR distances themselves can only approximate (and underestimate)
the actual numbers of reassortments. Thus we caution against over-interpreting Figure
S4. Although there might be concern about using approximate, rather than exact, SPR
distances we do estimate exact SPR distances for a limited number of segment pairs - PB1,
PB2 and HA - and find that after normalization exact and approximate SPR distances
are not significantly different (Figures S11–S13).
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Figure S5. Normalized reassortment rate Reassortment rate is calculated as approximate
number of SPR moves per sum of total time in both trees.

Figure S6. Approximate SPR distances between all pairs of trees of segments. There is
a visible trend where comparisons between shorter segments have larger SPR distances, consistent
with decreasing tree topology stability over the course of MCMC for shorter segments.
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Figure S7. Approximate SPR distances between replicate trees of each segment.
Approximate SPR distances between replicates of MP and NS trees are much higher (≈260) than
any other segments, suggesting greater variability in tree topology over the course of MCMC. SPR
distances between replicates of most other segments are ≈200.

Figure S8. Geographic distribution of sequences in the primary dataset. Sequences
were assigned to the “other” category if there were less than 5 sequences from that country. Most
of the genomes in the primary dataset were sampled in the USA.
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Figure S9. Geographic distribution of sequences in the secondary dataset. Sequences
were assigned to the “other” category if there were less than 5 sequences from that country. Most
of the genomes in the secondary dataset were sampled in Australia.

Figure S10. Numbers of trait transitions in each tree. The numbers shown are the mean
inferred number of trait transitions (minus one to account for the initial Vic–Yam split) in a given
tree and trait combination. The numbers in brackets correspond to 95% highest posterior density
intervals. Transitions may not be independent when more than one segment reassorts at the same
time.
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Figure S11. Distribution of differences between exact and approximate PB1-PB2 SPR
distances after normalization. 95% HPD interval (blue) overlaps zero, suggesting no evidence
of differences between approximate and exact SPR distances following normalization.
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Figure S12. Distribution of differences between exact and approximate PB1-HA SPR
distances after normalization. 95% HPD interval (blue) overlaps zero, suggesting no evidence
of differences between approximate and exact SPR distances following normalization.
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Figure S13. Distribution of differences between exact and approximate PB2-HA SPR
distances after normalization. 95% HPD interval (blue) overlaps zero, suggesting no evidence
of differences between approximate and exact SPR distances following normalization. Due to exces-
sively long computation time of exact SPR distances between PB2 and HA trees few comparisons
were made.
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Figure S14. Synonymous, non-synonymous and nucleotide substitution rates in seg-
ments under different PB1-PB2-HA complexes. Evolutionary rate dissimilarities under Vic
and Yam PB1-PB2-HA complexes are not systematic and appear negligible. Synonymous and non-
synonymous rates were calculated by dividing the sum of all substitutions of a given class by the
total amount of evolutionary time under each PB1-PB2-HA constellation. Nucleotide rates were
calculated by multiplying the inferred nucleotide substitution rate on each branch by the branch
length, then dividing this by the total amount of evolutionary time under each PB1-PB2-HA con-
stellation. Vertical bars indicating uncertainty are 95% HPDs, black bars indicate 95% HPDs that
do not overlap.
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Figure S15. δTMRCA between all pairs of trees of segments. δTMRCA between trees of
segments reveal that tip pairs in PB1, PB2 and HA trees have very similar TMRCAs. The upper
tail of the 95% HPD (HPDs are represented as vertical lines) interval of δTMRCA values for PB1-
PB2-HA and MP-NA trees do not exceed 3 years.

Figure S16. δTMRCA between replicate trees of each segment. δTMRCA values between
independent analyses of each segment show that mean δTMRCA values rarely exceed 1 year.
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Figure S17. Calculating δTMRCA from a species tree perspective. Consider an organism
that has diverged into 3 taxa (A, B, C) with a genome comprised of 3 segments (blue, green and
red). Due to reassortments taxa A and B share a slightly more recent TMRCA in the red segment,
likewise for taxa B and C in the green segment. By comparing differences in TMRCAs between
taxa A-B, A-C and B-C in blue, red and green segments we would find that the red segment has
a lower ‘reassortment distance’ (X) than the green segment (Y). In the absence of reassortment
we expect every segment in the genome to have the same tree, i.e. the tree of every segment
should recapitulate the ‘virus’ tree (analogous to ‘species’ trees in diploid population genetics),
including the dates of nodes. Due to population bottlenecks influenza viruses go through each
year we expect strains isolated at any given time to have descended from a single recent virus
genome. This descent from a single genome should therefore be reflected in the TMRCAs of all
segments, the only exception being reassortment, which will dramatically alter the TMRCAs of
the reassorted segment tree with respect to the background onto which it is reassorting.
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