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            Abstract
Zoonotic infectious diseases such as influenza continue to pose a grave threat to human health1. However, the factors that mediate the emergence of RNA viruses such as influenzaâ€‰A virus (IAV) are still incompletely understood2,3. Phylogenetic inference is crucial to reconstructing the origins and tracing the flow of IAV within and between hosts3,4,5,6,7,8. Here we show that explicitly allowing IAV host lineages to have independent rates of molecular evolution is necessary for reliable phylogenetic inference of IAV and that methods that do not do so, including â€˜relaxedâ€™ molecular clock models9, can be positively misleading. A phylogenomic analysis using a host-specific local clock model recovers extremely consistent evolutionary histories across all genomic segments and demonstrates that the equine H7N7 lineage is a sister clade to strains from birdsâ€”as well as those from humans, swine and the equine H3N8 lineageâ€”sharing an ancestor with them in the mid to late 1800s. Moreover, major western and eastern hemisphere avian influenza lineages inferred for each gene coalesce in the late 1800s. On the basis of these phylogenies and the synchrony of these key nodes, we infer that the internal genes of avian influenza virus (AIV) underwent a global selective sweep beginning in the late 1800s, a process that continued throughout the twentieth century and up to the present. The resulting western hemispheric AIV lineage subsequently contributed most of the genomic segments to the 1918 pandemic virus and, independently, the 1963 equine H3N8 panzootic lineage. This approach provides a clear resolution of evolutionary patterns and processes in IAV, including the flow of viral genes and genomes within and between host lineages.
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                    Figure 1: Performance of different clock models on simulated data.


Figure 2: Host-specific local clock model results.


Figure 3: HA, NA and internal gene diversity.
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Extended data figures and tables

Extended Data Figure 1 Performance of different clock models on simulated data.
a, Summary of the 100 replicates corresponding to Fig. 1 (IAV-like substitution model). The box plots represent the median, quartileâ€‰1, quartileâ€‰3, minimum and maximum of the 100 median TMRCA estimates. The HSLC model recovered the â€˜correctâ€™ (model) tree topology in 100% of the simulations; the other models did so in 0%. With the relaxed clock the 95% credible interval for the TMRCA never included the real root node date, whereas the HSLC model did in 91% of the simulations. b, Summary of ten otherwise similar replicates, but simulated under a JC69 substitution model. c, Simulation with unequal sampling across clades, with â€˜fastâ€™ clade (â€˜avianâ€™) sequences over-represented. (The model tree was identical to that in Fig. 1a except for the unequal number of sequences from the different clades as shown.) d, Simulation with â€˜slowâ€™ clade (â€˜equineâ€™) sequences over-represented. Unlike the HSLC model, root date estimates are systematically biased under both strict and relaxed clock models and are strongly influenced by the balance of â€˜fast-cladeâ€™ and â€˜slow-cladeâ€™ sequences sampled.


Extended Data Figure 2 Relaxed molecular clock results.
MCC trees (median node heights) inferred under a UCLD relaxed molecular clock model for PB2 (a), PB1 (b), PA (c), HA (d), NP (e), NA (f), M1/2 (g) and NS1/2 (h). Host-specific rate distributions in substitutions per site per year are shown in insets at the top left. Trees are drawn to the same time scale, with branch lengths in years. Eastern (â€˜eâ€™) and western (â€˜wâ€™) hemisphere AIV lineages are highlighted with black and grey vertical bars, respectively. Colouring of branches and clades follows the pattern in Fig. 2. The median dates of node 1 and node 2 from the HSLC analyses depicted in Fig. 2 are shown here for comparison. As with the synthetic data sets (Fig. 1 and Extended Data Fig. 1), the topologies and timing estimated under a relaxed clock model seem to be compromised by a failure to account for host-specific rates. It is not readily apparent from these trees, for example, that the equine H7N7 lineage is basal to the AIV diversity or that the 1918 pandemic virus is nested within a western hemisphere AIV lineage. The root node in each tree is also severely biased towards more recent dates, similar to the results with simulated sequences. Data, input and full MCC tree files are available from http://dx.doi.org/10.5061/dryad.m04j9.


Extended Data Figure 3 Branch-site REL analyses to test for episodic diversifying selection.
The branches are coloured to depict the proportion of substitutions along each branch that are under purifying selection (with dN/dSâ€‰<â€‰1: blue), the proportion evolving neutrally (with dN/dS = 1: grey) or under diversifying selection (with dN/dSâ€‰>â€‰1: red). In every gene, almost every site in every branch evidently evolved under purifying selection. In a few branches, a small proportion of sites show evidence of positive selection (for example, the branch between AIV and equine H7N7 in NS1/2). However, the proportion is so small that there seems to be no conceivable way that episodic diversifying selection occasioned by host jumps could be driving the overall dating estimates. Even for HA and NA, purifying selection dominates overwhelmingly.


Extended Data Figure 4 Uracil content patterns.
U content patterns for PB2 (a), PB1 (b), PA (c), HA (d), NP (e), NA (f), M1/2 (g) and NS1/2 (h). The 95% confidence interval of avian U content is shown for each segment with a grey rectangle. U content versus year of sampling is shown by black diamond symbols for human H1N1 and bat H17N10, magenta diamonds for equine H7N7, and solid green circles for equine H3N8. The curves fitted to the H3N8 data are shown. The equine panzootic of 1872â€“73 is depicted with a vertical red line. The left dashed line corresponds to node 1 from Fig. 2; the right dashed line, node 2. P values beside the red lines reflect the tests of whether the equine H7N7 age estimates predate 1872 (see Methods); for HA, NA and NS1/2 the grey rectangle depicts the 95% confidence interval for the ingroup avian data (H7, N7 and NS1/2 A lineage, respectively). Avian H3, N8 and NS1/2 lineage B U content distributions are indicated with separate arrow lines. The estimated origin dates of the equine H7N7 genes based on U content values were: PB2 1548[1533â€“1574]; PB1 1842[1816â€“1877]; PA 1819[1795â€“1842]; H7 1880[1878â€“1884]; NP 1785[1747â€“1823]; N7 1387[1373â€“1413]; M1/2 1801[1724â€“1879]; NS1/2 1835[1810â€“1861].


Extended Data Figure 5 Uracil content patterns for human and swine IAV internal genes.
aâ€“f, Human PB2 (a), PB1 (b), PA (c), NP (d), M1/2 (e) and NS1/2 (f). gâ€“l, Swine PB2 (g), PB1 (h), PA (i), NP (j), M1/2 (k) and NS1/2 (l). After nearly a century of steadily increasing U content in each of these mammalian hosts, these genes still show considerably lower U content than the corresponding equine H7N7 genes.


Extended Data Figure 6 HSLC results for H1, N1, H3 and N8.
MCC trees (median node heights) inferred under the HSLC model and host-specific rate distributions (in substitutions per site per year, to the right of each tree) for H1 (a), N1 (b), H3 (c) and N8 (d). Trees are drawn to the same scale, with branch lengths in years. Eastern and western hemisphere AIV lineages are highlighted with black and grey vertical bars, respectively. Fully resolved trees including posterior probabilities for each node and 95% credible intervals on node dates are depicted in Supplementary Fig. 1iâ€“l. These results suggest an avian origin of the H1 HA and N1 NA of the 1918 human pandemic virus, some time after the human/avian MRCA in about 1893 for HA and the human/avian MRCA in about 1914 for NA. For H1, the available sample of AIV sequences coalesces in about 1952. Hence, the H1 western and eastern hemisphere lineages were established very recently compared with the internal genes (Fig. 2). This means that current sampling can provide no information about the geographic origin of the HA gene of the 1918 virus. Similarly, for N1, a deep western hemisphere lineage shares an MRCA with the eastern hemisphere lineage in about 1919 (with a subsequent east-to-west dispersal in the early 1960s, indicated by a vertical arrow). Again, these data offer no insights into the geographical origin of the 1918 pandemic virusâ€™s NA gene, because the 1918 sequence is not nested within either a western or an eastern hemisphere AIV clade as with the internal genes. If archival AIV sequences from closer to 1918 could be recovered, they might resolve these geographical questions. For H3 and N8, distinct equine lineages are apparent; however, when and where they crossed from the AIV reservoir remains unclear (see Supplementary Information for additional discussion).


Extended Data Figure 7 HA and NA genetic diversity analysis rates and dates (from Fig. 3).
a, Posterior density of substitution rates of HA and NA. b, Posterior density of TMRCA of all HA genetic diversity and all NA genetic diversity. c, Within-subtype TMRCAs for each HA and NA subtype.


Extended Data Figure 8 Phylogenetic evidence of AIV gene flow from domestic to wild birds.
These results are subtrees for PB2 (a), PB1 (b), PA (c), HA (d), NP (e), NA (f), M1/2 (g) and NS1/2 (h) taken from an analysis of the data sets in Fig. 2, but with the addition of the three newly sequenced complete genomes (A/chicken/Japan/1925, A/duck/Manitoba/1953 and A/equine/Detroit/3/1964), as well as several additional South American PB1 sequences, using an SRD06 substitution model (full trees are available from http://dx.doi.org/10.5061/dryad.m04j9). The main eastern hemisphere avian clades are collapsed for clarity and depicted as purple triangles. Each brown circle depicts the MRCA of the 1920s/1930s sequences from domestic birds. Each blue circle represents the MRCA of the major eastern hemisphere AIV clade and the closest 1920s/1930s virus for each gene. The A/chicken/Japan/1925 HPAI strain is highlighted in red. In each case it is clear that most of the post-1940s genetic diversity within eastern hemisphere AIV (as well as the various West-2 and West-3 western hemisphere lineages that emerged relatively recently from the eastern hemisphere) descends from the clade of 1920s/1930s â€˜fowl plagueâ€™ (HPAI) and 1940s low-pathogenicity avian influenza (LPAI) avian influenza viruses of Eurasian domestic birds.


Extended Data Table 1 Dating estimates for key nodes on Fig. 2 with different substitution models, subsamples of sequences and data partitionsFull size table


Extended Data Table 2 Complete or partial sweeps of eastern hemisphere-origin AIV internal genes across western hemisphere AIV in recent decadesFull size table
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        Editorial Summary
The history of avian influenza virus
The factors behind the emergence of RNA viruses such as influenza A as threats to human health are still incompletely understood. Here Michael Worobey et al. present a new approach to tracking the evolution of the avian influenza virus. Their host-specific local clock model incorporates independent rates of molecular evolution for the various viral host lineages. Phylogenomic analysis points to a consistent evolutionary history across all genomic segments and identifies the equine H7N7 lineage as a sister clade to strains from birds â€” and from humans, swine and the equine H3N8 lineage â€” sharing an ancestor with them in the nineteenth century. The resulting western hemispheric avian influenza virus lineage subsequently contributed most of the genomic segments to the 1918 pandemic virus and, independently, the 1963 equine H3N8 panzootic lineage.
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