Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

E The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex technigues in the Methods section.

[x]

A description of all covariates tested

[x] [x]

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P volues as exact volues whenever suitable.

For Bayesian analysis, information on the choice of priars and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Software and code

Policy information about availability of computer code

Data collection All available sequences were downloaded from the Influenza Virus Database.
Available at: https://www.ncbi.nlm.nih.gov/genomes/FLU/Database/nph-select.cgi?go=database

Data analysis Software used:
Sequences were aligned using MAFFT
Reference: 22
Available at: https://mafft.cbrc jp/alignment/software/

Phylogenies for each genome segment were estimated using RAxML
Reference: 23
Available at: https://cme.h-its.org/exelixis/web/software/raxml/

The subsampled alignments were analysed using jModelTest2 to identifying well-fitting substitution models
https://github.com/ddarriba/jmodeltest2

Sub-sampled datasets were screened for recombination using the RDP, GEMECOV and BOOTSCAN components of the RDP3 package
Reference:25

Available at: http://web.cbio.uct.ac.za/~darren/rdp.html

Initial ancestral state reconstruction, using the maximum likelihood framework implemented in the "ape" R package

Initial discrete taxon trait ancestral state reconstruction on the subsampled RAXML trees, under a the maximum likelihood framework
implemented in the "ape" R package
Reference: 26




Awvailable at: http://ape-package.ird fr/

We estimated the posterior probability of amino acid states at tree nodes ancestral to HP clusters in the subsampled alignments using
BEASTv1.8.4

Reference: 29

Available at: https://beast.community/

Trees were summarized using TreeAnnotator, after removing 10% of the runs as burn-in
Reference: 25
Available at: https://beast.community/

We used the branch and site models for dN/dS estimation in CODEML and the datamonkey server
Reference: 32, 33, 35, 36

Available at:

http://abacus.gene, ucl.ac.uk/software/paml.htmi#download

https://www.datamonkey.org/

The |-TASSER server was used to generate structural models with the mutations of interest.
Reference: 39
Available at: https://zhanglab.ccmb.med.umich.edu/I-TASSER/

We used the PIPS (Phylogenetic Inference of Protein Stability) program.
Reference: 37

Awvailable at: https://github.com/jbloomlab/pips-1.0

The code and a README for the trait association model is available at: https://github.com/michaelgoldendev/trait-evolution.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unigue identifiers, or web links for publicly available datasets
- A list of figures that have associated raw data
- A description of any restrictions on data availability

The Supplementary Information contains: Supplementary Table 1, Supplementary Figures 1-4 and Supplementary Text 5.

All additional supplementary files {Supplementary Files 1-4, listed in the Supplementary Information) will be available for download in DRYAD {https://
datadryad.org/), once the manuscript has been accepted.

The "Amino Acid Trait Association Model' source code {compatible with Windows and Linux) is available at: https://github.com/michaelgoldendev/trait-evolution.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[E] Life sciences D Behavioural & social sciences D Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative

Sample size We downloaded from the Influenza Virus Database all available nucleotide sequences {80,000 sequences) corresponding to complete AlV
genome sets for the H7NX {n=3000) and H5NX {n=10000) subtypes, from all hosts {excluding humans) and geographical regions. The main
eight ORFs (PB2, PB1, PA, HA, NP, NA, MS and NS) were identified and extracted. The number of H7NX ORFs were PB2=1856, PB1=1787,
HA=2217, PA=1760, NP=1513, M1=1682 and N51=1231, and for the HSNX viruses were PB2=3554, PB1=3817, PA=3421, HA=5650, NP=3230,
M1=2824 and N51=3690. For the MA segment, all available NA seqguences were downloaded for both the H7NX and H5NX virus subtypes
{1739 sequences for H7NX and 4202 for H5NX). To render analyses computationally feasible, we subsampled the large-scale datasets ina
phylogenetically-informed manner. In total, 313 sequences were sampled for H7 and H5 {Supplementary File 1). For the NA datasets, we
extracted all sequences corresponding to the NA types that are associated with the HP phenotype {for H7NX: N1=136 sequences, N3=367,
N7=196 and N9=18, and for HSNX: N1=2053 subsampled to 200, N2=367, N7=757, N3=78, N8=53 and N9=223). We then merged the
individual NA subtype alignments to create two global NA alignments (for H7NX: NX=51% and for H5NX: NX=1146 subsampled to 600). The
final number of sequences in each internal segment dataset were: PB2= 514, PB1= 541, PA= 485, NP=503, M1=443 and N51=471.
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Data exclusions  All non-avian viruses {including human, experimental and ferret-derived, Environmental, ND/NA and other mammmal) were excluded from all
subsampled alignments, as viruses the rate and nature of molecular evolution can vary in different hosts.

Replication For the BEAST analysis, two MCMC runs were computed for 100x106 states or until convergence was reached.

Randomization  We did not perform a case-control study, so randomization was not necessary. Potential phylogenetic correlations were accounted for using
explicit evolutionary models.

Blinding Methods used were algorithmic and considered all possible mutations and therefore there was no need to blind to prevent experimenter bias.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
[] Antibodies [1|[] chip-seq
D Eukaryotic cell lines |:| I:I Flow cytometry
|:| Palaeontology |:| |:| MRI-based neurcimaging

D Animals and other organisms
|:| Human research participants

[] ciinical data
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Ethics oversight
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Clinical data

Policy infarmation about clinical studies

All manuscripts should comply with the ICMJEguidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration

Study protocol Note whe
Data collection Describe the settings and locoles of doto colfection, noting the time periods of recruitment and dota collection.
Outcomes Describe how vou pre-defined primary and secondary outcome measures and how you ossessed these measures,

ChlP-seq

Data deposition

D Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links
Moy remain private before publicotion.

Files in database submission Provide a list of es available in the database submission.
Genome browser session Provide a link to an anonymized genome browser sessi { submission" and "Revised version” documents only, to
(e.g. UCSC) enoble peer review. Write "no longer applicable

Methodology

Replicates Describe the experimental replicates, spe g number, type and replicate agreement.
Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mopped reads, length of

reads and whether they were paired- or single-end,
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Software

Flow Cytometry

Plots

Confirm that:
|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

D The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group’ is an analysis of identical markers).

|:| All plots are contour plots with outliers or pseudocolor plots.

D A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Describe the somple preporation, detailing the biol
Instrument

Software

Cell population abundance

Gating strategy

‘:l Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging
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Noise and artifact removal

Volume censoring

Statistical modeling & inference

Model type and settings

Effect(s) tested

Specify type of analysis: || whole brain || ROI-based [ | Both

Statistic type for inference
{See Eklund et al. 2016)

Correction

Models & analysis

n/a | Involved in the study
D [:I Functicnal and/or effective connectivity

|:] D Graph analysis

l:l l:l Multivariate modeling or predictive analysis

Functional and/or effective connectivity

Graph analysis

Multivariate modeling and predictive analysis




