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Supplementary Discussion

Leghorn chickens and highly pathogenic avian influenza. Highly pathogenic avian influenza was
first described scientifically in Leghorn chickens in Italy in 1878, just a few years after
newspaper reports of putative HPAI in chickens, ducks, and other domestic species during the
epizootic of 1872 (ref 13). Leghorn chickens from northern Italy were at the centre of European
HPALI outbreaks from the 1870s onwards, and evidently carried LPAI viruses as well'°, a pattern that
re-occurred there in 1999-2006 (ref 16). So-called ‘Poultry Mania’, the intense interest in poultry
breeding and exhibiting from the 1850s to the 1870s, involved trade in Leghorn chickens between
the U.S., Britain, and Italy*’. Given increasingly intensive farming practices from the 1870s onward,
as Leghorn breeds gained popularity as prolific egg layers'®, the trans-Atlantic movement of LPAI-
infected domestic poultry (or fowl) represents a plausible means of dispersal of avian influenza virus
and establishment of the hemispheric clades evident in the trees (Fig. 2).

The ecology of domestic and wild bird populations in relation to AIV. Many AIV strains that
circulate in chickens and turkeys show high replicative fitness in ducks (both domestic and wild),
often with an LPAI or even apathogenic phenotype** ™. For example, during an outbreak of H7N7
HPALI in chickens in Australia in 1976, ducks on a neighbouring farm were found to harbour a
closely related virus even though they showed no signs of disease’'. (See Fig. S1d for the detailed
H7 phylogeny and notice the two sequences from 1976 at the base of the Australian clade; also note
the spillover of this domestic avian lineage into to a wild bird host in 1985). Domestic ducks harbour
a huge amount of AIV genetic diversity, and viruses that can infect domestic ducks can also infect
wild ducks™. They belong to the same species as wild mallards (the most frequently sampled wild
waterfowl host of AIV); they intermingle with wild ducks on farms, in rice paddies, and in markets
worldwide every day; and they are extremely numerous (likely more numerous than their wild
counterparts)

Indeed, much of the knowledge of AIV genetic diversity in wild birds comes from mallards and
closely related dabbling ducks in North America. For North America, the long-term average total
wild duck population is ~33 million, of which ~7.5 million are mallards>*. In comparison, the total
domestic duck population worldwide is about 1 billion™. And the total domestic chicken population
worldwide is about 15 billion™. Thus, domestic birds likely vastly outnumber the wild waterfowl
hosts that are conventionally viewed as the primordial hosts of influenza A virus. And even in 2013
domestic birds are not ecologically isolated from wild species in most parts of the world.

There are yearly bottlenecks in influenza prevalence in wild ducks during the spring migration
then an increase in prevalence in the autumn: in North America, prevalence falls to ~1% during the
spring migration and rises to ~30% prior to and during the autumn migration, likely due to the large
numbers of immunologically naive young birds of that breeding season™. Hence, the long-term
circulation of the virus in domestic avian hosts (e.g. see Fig. S1d and note the decades-spanning
clade of H7 viruses among domestic birds in Australia and New Zealand, where H7 viruses are not
known to circulate in wild birds®®), with periodic amplification during large outbreaks, could be
expected on basic ecological grounds to strongly influence the genetic diversity of AIV in wild avian
populations (via domestic to wild AIV gene flow).

The seasonal prevalence patterns in wild ducks and the elevated risk of infection for juvenile,
immunologically naive birds in the breeding season also suggest an explanation for the much older
genetic diversity in HA and NA (prior immunity in the older birds, which would favour the
preservation of multiple H4 and NA serotypes).



The origins of equine H3N8 HA and NA. Given the consistent pattern across the equine H3NS8
internal genes (all nested within Western Hemisphere avian strains; Fig. 2), we think the most
parsimonious scenario is that a single avian virus was the source of all these internal genes, no earlier
than ~1954 based on the dating estimates of NP. That the other internal genes show earlier TMRCAs
with avian strains is expected due to unsampled diversity’® and the displacement in recent decades of
some older South American AIV lineages by newer Eurasian variants (e.g. in PBI; Fig. S1b).

The equine H3N8 HA and NA exhibit phylogenetic patterns distinct from the internal protein-
encoding segments, suggesting one or both of the major antigenic segments may have been
circulating in equines for decades prior to 1963 and might be relicts of an equine IVA genome
related to the putative H3N8 pandemic virus of 1889-92 (ref 57). The TMRCA of H3 in horses,
birds, and humans was estimated at just prior to the 1889 pandemic; and the U content of the equine
H3-encoding segment in 1963 was already ‘mammalian’ (i.e. above the avian range) (Extended Data
Fig. 4). The U content of N8 was at the low extreme observed among Western Hemisphere avian N8,
so it seems possible either that the equine N8 N4 was a recent acquisition from Western Hemisphere
birds (along with the internal genes) or that it had a deeper equine ancestry along the stem branch
leading to the equine clade and had Eastern Hemisphere origins (but had circulated in horses long
enough to attain U content higher than Eastern AIV strains by 1963).

Thus, the 1963 panzootic virus may have originated through the combination, shortly before
1963, of an existing equine HA4 with the internal genes and perhaps the N4 of a South American
avian strain. However, given that no H3 genes from AIV strains have been sampled from South
America at any time point, to our knowledge, it seems conceivable that a divergent avian lineage
with a U content above the range of the current sample was the source of its /4, so an entirely avian
origin shortly before 1963 is difficult to exclude.

Relatively recent dispersals of AIV internal genes from the Eastern Hemisphere to the Western
Hemisphere. Fig. S1 shows the PB1, PA, NP, and NS lineage A clades that have replaced (or nearly
replaced) the earlier ‘West-1" variants in the Western Hemisphere. These ‘West-2’ and ‘West-3’
clades descend from close relatives of the H7 ‘fowl plague’ viruses from European and Asian
domestic birds. For example, most Eastern Hemisphere AIV NP genetic diversity, as well as the
West-2 lineage, evolved from ancestors closely related to the A/chicken/Brescia and
Al/chicken/Rostock HPAI viruses isolated in the 1930s. The West-2 lineage and A/chicken/Brescia
share a most recent common ancestor at ~1923. The West-2 NP clade, which emerged in the West
between ~1940 and ~1945, accounts for fully 97% of Western Hemisphere NP genes sampled in
2009-2013. And the NP gene from an influenza outbreak in domestic ducks in Manitoba in 1952 (ref
58) (or one almost identical to it) evidently gave rise to all the West-2 NP diversity (and therefore
~97% of the total) currently circulating in North American birds, both wild and domestic.

Similarly, 100% of AIV PBI sampled in the Western Hemisphere since 2009 is from the West-2
clade. This lineage descended quite recently from Eurasian AIV and is very closely related to the
LPALI strain A/chicken/Germany/N/1949, sharing an MRCA with it not long before 1949. The West-
2 lineage is nested among European AIV sequences from LPAI and HPAI viruses of domestic ducks
and chickens (including A/chicken/Germany/N/1949), and emerged in the Western Hemisphere
sometime between ~1940 and ~1955. Since the entire Eastern Hemisphere PB/ lineage as well as the
West-2 lineage descended from an early 20™ century virus closely related to the ‘fowl plague’ HPAI
viruses sampled in the 1920s and 1930s, it follows that PB/ has undergone a worldwide sweep,
within about one century, with all current PB/ genetic diversity tracing back to this fowl plague-like
ancestor at ~1910. Interestingly, this remarkably successful Eurasian avian PB/ lineage was also the
source of the newly-emerged PBI genes in both the 1957 H2N2 human pandemic virus and the 1968
H3N2 pandemic virus: the 1957 human PB/ is the sister group to the West-2 avian PB/ and the 1968



human PBI is the sister group to the West-3 avian PBI (Fig. S1b), suggesting a propensity of this
PBI lineage for cross-species transmission into humans as well as successful spread among avian
hosts.

Likewise, between the 1920s and 1940s an Eastern Hemisphere NS A variant emerged in the
Western Hemisphere (‘West-2’; Figs. 1h & S1h, Extended Data Table 2). Since that time it has
nearly replaced the prior NS A variant—it accounted for 98.9% of NS A genes sampled in 2009-
2013. Interestingly, it has not replaced the Western Hemisphere NS B lineage, which still accounts
for about 30% of all NS genes sampled in the last 5 years.

Is the high uracil content in equine H7N7 sequences a laboratory artefact or the wild-type
genotype? We investigated the possibility that the extremely high U content in the genes of all
available equine H7N7 influenza viruses is an artefact, for example due to passaging these viruses in
mammalian cells in the laboratory.

The metadata from the GenBank accessions of A/equine/Prague/2/1956 (sequenced by the NIAID
Influenza Genome Sequencing Consortium and directly submitted to GenBank in 2011) indicates
that it is from a low-passage strain, apparently having experienced just two egg passages and no
mammalian (MDCK) passages. Notably, its U content is essentially identical across all genes to that
of other strains derived from the same isolate, some of which might have experienced more extensive
passaging but for which there is no available information on passage history:
A/equine/Prague/1/1956 and A/equine/Prague/1956, also from the NIAID Influenza Genome
Sequencing Consortium and directly submitted to GenBank in 2011 and 2012, respectively. The
remaining previously published complete genome of an equine H7N7 virus (prior to the reassortment
event(s) which saw most of the H7N7 genome replaced by H3N8 segments) is
A/equine/Lexington/1/1966. It was sequenced by the NIAID Influenza Genome Sequencing
Consortium and was directly submitted to GenBank in 2009. In no case is there any record of these
viruses (or any other equine H7N7 virus) being passaged in mammalian cells.

Aside from these sequences, several additional H7 HA4 genes are available, primarily from a 1992
study by Gibson et al.”’. These additional sequences come mostly from viruses isolated in the U.K.
and Switzerland from the 1960s and 1970s and maintained at the National Institute of Biological
Standards and Control in the UK. Passage history is not reported in this study. These viruses (along
with A/equine/Prague/1956 and A/equine/Lexington/1/1966, which were also sequenced as part of
the same study), isolated on different continents and sequenced several years ago, also exhibit
exceptionally high U content, suggesting that the vagaries of different storage conditions and
sequencing protocols in different laboratories are unlikely to influence U content results. Similarly,
several additional N7 NA sequences from the 1970s are available, most sequenced by the NIAID
Influenza Genome Sequencing Consortium over the last few years, with consistently high U
contents.

For the current study we located and sequenced an additional equine H7N7 complete genome
from 1964 with, to our knowledge, a very limited passage history and then only in chicken eggs:
A/equine/Detroit/3/1964 was evidently passaged once in 1990 in chicken eggs and either 2 or 3 times
prior to that, also in chicken eggs. Its U content is very high, like the previously sequenced viruses,
indicating that these high U contents reflect the wild type and are not caused by passage in
mammalian cells.

Finally, we took an evolutionary approach to this question. We reasoned that if the high U content
found in each of these equine virus genomes had been independently acquired during passaging in
mammal cells, these mutations would likely occur to a large degree at different sites in each genome.
Considering which U residues are unique versus shared in the 1956 sequence and the 1966



sequences, we found an overwhelming pattern of shared variation (>95% and up to 98.9% of uracil
sites, depending on the gene) strongly suggesting these occurred on the lineage leading to their
common ancestor. Taken together, these lines of evidence seem to indicate that the high U content in
equine H7N7 is a real reflection of the wild type.

Equine and avian H7N7. The basal position of the equine H7N7 lineage in relation to all AIV and
the similar timing suggest the 1872-1873 panzootic may be connected to the sweep of internal genes
that we infer; however the current data cannot exclude either the hypothesis that a putatively ancient
equine H7N7 lineage was the source of these AIV genes or the alternative that a particularly
successful AIV lineage jumped into horses at about the time it began sweeping through avian
populations in the late 1800s. Regardless of the directionality of this host jump, it is noteworthy that
the equine H7 HA is highly cleavable in avian cells® and is capable of producing a lethal infection in
chickens with no additional mutations®'. It also possesses 226Q and 228G residues predictive of the
avian specificity for SAa2,3Gal sialic acid receptors, the major host range determinant in HA. In
PB2, arguably the most important internal protein with respect to host range, all equine H7N7
viruses exhibit the ‘avian’ 627E residue.
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PB2 (Fig.2 results)

Figure S1

(please see figure legend below last panel)
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M1/2 (Fig.2 results)
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NS1/2 (Fig.2 results)

2009-2013 Western Hemisphere
AlV (separate analysis):

NS A West-1: 1.1%
NS A West-2: 98.9%
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Figure S1 | Host-specific local clock model results (full trees corresponding to Fig. 2 and Extended Data
Fig. 6). a through h, MCC trees for PB2, PB1, PA, HA (H7), NP, NA (N7), M1/2, and NS1/2, respectively.
Branch lengths are in years. Posterior probability and 95% CI for each node date are indicated. These are the
complete trees corresponding to Fig. 2. The inset boxes in b, ¢, e, and h indicate the percentages of ‘West-2
and ‘West-3 sequences in a sample of Western Hemisphere sequences from 2009-2013. i through I, MCC
trees for H1, N1, H3, and N8, respectively. These are the complete trees corresponding to Extended Data Fig.
6.



