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Supplementary Table 1. HAPMs and HP clusters inferred to be evolving under positive selection 

H7NX Site models (pervasive selection) 
Site models (episodic  

selection) 
  Branch-site models (episodic selection)   Directional Selection (DEPS) 

Gene* 
SLAC 
≤ 0.05 SITE* 

FEL ≤ 
0.05 SITE* 

MEME ≤ 
0.05 SITE* 

BSA ≤ 
0.05 ‡ CLUSTER SITE*§ 

bsREL 
≤ 0.05 CLUSTER SITE* DEPS: Mutation/EBF value
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H5NX 
SLAC 
≤ 0.05 SITE* 

FEL ≤ 
0.05 SITE* 

MEME ≤ 
0.05 SITE* 

BSA ≤ 
0.05 ‡ CLUSTER SITE *§ 

bsREL 
≤ 0.05 CLUSTER SITE* DEPS: Mutation/EBF value

ǁ
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S145L/9814, N154I/101,  
S157P/>105, I167T/>105 

--  
--  

P213S/>105  

* Genes/sites shown in this table correspond only to those where candidate HAPMs were detected by reconstruction of ancestral states. Highlighted in black 

are the HP-positively associated HAPMs. 
‡ Although the significance for the BSA test can be negative due to very small global proportion of PSS, sites can still be significantly scored under BEB. 

§ PSS scored under BEB (PP ≥ 90%). 

ǁ Empirical Bayes Factor (EBF) for convergent evolution using Directional Evolution of Protein Sequences (DEPS).  



 

Supplementary Figure 1. Large-sale phylogenetic trees for HA genome segments of 
H7NX and H5NX viruses 
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Supplementary Figure 2. Maximum likelihood trees for the internal genome segments 
of H7NX viruses 
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Supplementary Figure 3. Maximum likelihood trees for the internal genome segments 
of H7NX viruses 
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Supplementary Figure 4. Maximum likelihood trees for the NA genome segments (N1-
N9 subtypes) of H7NX and H5NX viruses 
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A|H5N2|environment|New_York|484678|LP|2007 

 

PB2 H5NX 
A|H5N2|turkey|New_York|465977|LP|2006 
A|H5N2|duck|New_York|489761|LP|2007 
A|H5N2|avian|Missouri|465593_7|LP|2006 
A|H5N3|environment|California|7334|LP|2008 

A|H5N3|env|California|7251|LP|2008 
A|H5N2|pintail|California|44249_053|LP|2006 

Site 627  
E 
K 

A|H5N2|teal|Wisconsin|10OS2955|LP|2010 
A|H5N7|shorebird|DE|101|LP|2004 
A|H5N8|avian|Colorado|456648|LP|2006 
A|H5N2|waterfowl|Colorado|457952_2|LP|2006 
A|H5N1|mallard|Ohio|11OS2216|LP|2011  A|H5N1|turnstone|New_Jersey|AI07_699|LP|2007 

A|H5N2|mallard|QC|2323_25|LP|2006 

 A|H5N2|mallard|California|8035|LP|2008 
A|H5N2|duck|Pennsylvania|446080_7|LP|2006 
A|H5N2|duck|New_York|445743|LP|2006 
A|H5N2|mallard|Arkansas|473507_1|LP|2006 
A|H5N2|goose|Colorado|473047_2|LP|2006 
A|H5N3|pintail|Illinois|11OS4796|LP|2011 
A|H5N2|shoveler|California|LDC188|LP|2014 
A|H5N2|gadwall|Missouri|10MO0280|LP|2010 
A|H5N2|widgeon|California|LS257|LP|2014 

A|H5N1|goose|Delaware_Bay|601|LP|2016 
A|H5N2|mallard|Ohio|14OS3372|LP|2014 

A|H5N2|duck|Ohio|12OS5557|LP|2012 
A|H5N9|mallard|Missouri|10MO084|LP|2010 
A|H5N1|mallard|California|2531V|LP|2011 
A|H5N2|mallard|California|5191|LP|2009 

A|H5N2|mallard|California|5359|LP|2009 
A|H5N2|gadwall|Ohio|12OS5640|LP|2012 

 

A|H5N9|mallard|Idaho|UGAI16_1964|LP|2016 
A|H5N9|pintail|Alaska|44184_144|LP|2006 

A|H5N2|duck|Minnesota|462960_2|LP|2006 
A|H5N1|mallard|Wisconsin|2576|LP|2009 

A|H5N2|pintail|California|44221_789|LP|2006 
A|H5N9|pintail|California|44221_761|LP|2006 
A|H5N2|pintail|California|473046|LP|2006 
A|H5N2|avian|New_York|Sg_372|LP|2001 

 

A | H 5 N 2 | c h i c k e n | P u e b l a | 1 4 5 8 7 _ 6 4 4 | H P | 1 9 9 4 
A | H 5 N 2 | c h i c k e n | P u e b l a | 1 4 5 8 6 _ 6 5 4 | H P | 1 9 9 4 
A | H 5 N 2 | c h i c k e n | P u e b l a | 8 6 2 3 _ 6 0 7 | H P | 1 9 9 4 
A|H5N2|chicken|Mexico|28159_541|LP|1995 
A|H5N2|chicken|Mexico|31381_3|LP|1994 

A|H5N2|chicken|Jalisco|14589_660|LP|1994 
A|H5N2|chicken|Durango|1433_08|LP|2005 
A|H5N2|chicken|Durango|1433_09|LP|2006 
A|H5N2|chicken|Chiapas|15406|LP|1997 
A|H5N2|chicken|Mexico|37821_771|LP|1996 
A|H5N2|chicken|El_Salvador|102711_2|LP|2001 
A|H5N2|chicken|Veracruz|1433_1|LP|2006 
A|H5N5|mallard|California|1478|LP|2013 

 

A|H5N5|mallard|California|1370|LP|2013 

 

A|H5N5|mallard|California|1433|LP|2013 
A|H5N5|mallard|California|1481|LP|2013 
A|H5N6|mallard|California|1418|LP|2013 
A|H5N2|mallard|Minnesota|AI11_4897|LP|2011 

 

A|H5N2|duck|Oregon|459674_3|LP|2006 
A|H5N2|widgeon|Oregon|467919|LP|2006 
A|H5N2|mallard|Oregon|461067_2|LP|2006 
A|H5N2|swan|Alaska|462958|LP|2006 
A|H5N2|mallard|Washington|44242_264|LP|2006 
A | H 5 N 2 | r h e a | T X | 3 9 9 2 3 | H P | 1 9 9 3 A | 
H 5 N 2 | e m u | T X | 3 9 9 2 4 | H P | 1 9 9 3  

 
C1 

A | H 5 N 2 | c h i c k e n | F l o r i d a | 2 5 7 1 7 | H P | 1 9 9 3 
A | H 5 N 2 | c h i c k e n | N Y | 1 4 0 0 9 | H P | 1 9 9 3 
A|H5N2|mallard|Wisconsin|598|LP|1983   
A|H5N2|NA|Chukkar_MN|14951_7|LP|1998 

 

A|H5N2|wigeon|Ohio|379|LP|1988 
A|H5N2|mallard|New_York|189|LP|1982 
A|H5N2|mallard|Wisconsin|411|LP|1981 
A|H5N2|environment|NY|98899_6|LP|2001 

A|H5N2|teal|Wisconsin|231|LP|1976 
A|H5N2|duck|Alberta|ALB_57|LP|1976 

A|H5N2|turkey|Virginia|6962|LP|1983 
A|H5N9|turkey|Wisconsin|1|LP|1968 
A | H 5 N 1 | c h i c k e n | B h u t a n | 4 0 7 | H P _ C | 2 0 1 2 
A | H 5 N 1 | c h i c k e n | B h u t a n | 2 6 5 | H P _ C | 2 0 1 2 
A | H 5 N 1 | p i g e o n | B h u t a n | 0 1 B R 0 1 | H P _ C | 2 0 1 2 
A | H 5 N 1 | c h i c k e n | B h u t a n | 4 1 4 | H P _ C | 2 0 1 2 
A | H 5 N 1 | b i r d | B h u t a n | 3 2 8 | H P _ C | 2 0 1 2 
A | H 5 N 1 | b i r d | B h u t a n | 3 2 5 | H P _ C | 2 0 1 2 
A | H 5 N 1 | c h i c k e n | N e p a l| 0 8 T I 8 7 | H P _ C | 2 0 1 3 
A | H 5 N 6 | c h i c k e n | Z h e j i a n g | 7 2 7 0 2 6 | H P _ C | 2 0 1 4 
A | H 5 N 1 | e n v i r o n m e n t | X i n j i a n g | 6 | H P _ C | 2 0 0 9 
A | H 5 N 1 | c h i c k e n | N i g e r i a | 0 8 R S 8 4 8 _ 6 | H P _ C | 2 0 0 6 
A | H 5 N 1 | T u r k e y | N A | 1 2 | H P _ C | 2 0 0 6 

C8 A | H 5 N 1 | C y g n u s | I r a n | 7 5 4 | H P _ C | 2 0 0 6 

A | H 5 N 1 | c h i c k e n | N i g e r i a | 0 8 R S 8 4 8 _ 2 2 | H P _ C | 2 0 0 6 
A | H 5 N 1 | c h i c k e n | N i g e r i a | 1 0 4 7 _ 5 4 | H P _ C | 2 0 0 6 
A | H 5 N 1 | c h i c k e n | N i g e r i a | 1 0 4 7 _ 3 0 | H P _ C | 2 0 0 6 
A | H 5 N 1 | g o o s e | Y u n n a n | 5 5 3 9 | H P _ C | 2 0 0 5 
A | H 5 N 1 | N A | I n d o n e s i a | C D C 5 2 3 | H P _ C | 2 0 0 6 
A | H 5 N 1 | c h i c k e n | B a li| U 8 6 6 1 | H P _ C | 2 0 0 9 
A | H 5 N 1 | c h i c k e n | E a s t_ J a v a | U T 6 0 1 6 | H P _ C | 2 0 0 6 
A | H 5 N 1 | s w i n e | E a s t _ J a v a | U T 6 0 0 3 | H P _ C | 2 0 0 6 
A | H 5 N 1 | c h i c k e n | F u j i a n | 1 1 9 3 3 | H P _ C | 2 0 0 5 
A | H 5 N 1 | d u c k | C a _ M a u | 1 1 8 1 | H P _ C | 2 0 0 6 
A | H 5 N 1 | c h i c k e n | C a m b o d i a | T K C M B 5 T | H P _ C | 2 0 1 0 
A | H 5 N 1 | q u a il| P h a t h u m t h a n i| N I A H 2 7 1 1 | H P _ C | 2 0 0 4 
A | H 5 N 1 | d u c k | H u n a n | 1 3 4 0 | H P _ C | 2 0 0 2 
A | H 5 N 1 | d u c k | S h a n t o u | 1 9 3 0 | H P _ C | 2 0 0 1 
A | H 5 N 8 | m a ll a r d | O r e g o n | 1 9 5 5 3 6 | H P _ C | 2 0 1 4 
A | H 5 N 2 | t u r k e y | M i n n e s o t a | 1 5 _ 0 1 2 5 8 2 _ 1 | H P _ C | 2 0 1 5 
A | H 5 N 8 | d u c k | G i f u | 2 1 1 2 D 0 0 1 | H P _ C | 2 0 1 4 
A | H 5 N 8 | e n v i r o n m e n t | K o r e a | W 4 6 6 | H P _ C | 2 0 1 4 
A | H 5 N 2 | c h i c k e n | Z h e j i a n g | 8 1 6 4 3 | H P _ C | 2 0 1 5 
A|H5N2|duck|Korea|A93|LP|2008 
A|H5N2|bird|Korea|CN2|LP|2009 
A|H5N2|bird|Korea|w221|LP|2007 
A | H 5 N 1 | c h i c k e n | J ili n | h k | H P | 2 0 0 4 
A|H5N2|duck|Japan|11OG1084|LP|2011 
A | H 5 N 1 | c h i c k e n | J ili n | h j | H P | 2 0 0 3 
A|H5N2|bird|Korea|w198|LP|2007 
A | H 5 N 1 | c h i c k e n | G u i y a n g | 4 4 1 | H P | 2 0 0 6 
A | H 5 N 1 | g o o s e | G u i y a n g | 3 3 7 | H P | 2 0 0 6 
A | H 5 N 1 | d u c k | G u i y a n g | 2 2 3 1 | H P | 2 0 0 5 
A | H 5 N 1 | d u c k | G u a n g x i| 4 6 6 5 | H P _ C | 2 0 0 5 
A | H 5 N 1 | m a g p i e | H o n g _ K o n g | 2 2 5 6 | H P _ C | 2 0 0 6 
A|H5N3|duck|Netherlands|30|LP|2008 
A|H5N3|duck|Hong_Kong|819|LP|1980 
A|H5N3|duck|Hong_Kong|694|LP|1979 

 

 

A | H 5 N 9 | fo w l| F r a n c e | 1 5 0 2 0 7 n | H P | 2 0 1 5 
A | H 5 N 9 | d u c k | F r a n c e | 1 5 0 2 3 6 | H P | 2 0 1 5 
A|H5N2|goose|Korea|EG16|LP|2006 
A|H5N2|bird|Korea|w113|LP|2006 
A | H 5 N 8 | c h i c k e n | C z e c h _ R e p u b li c | 2 0 6 _ 1 7 _ 2 | H P | 2 0 1 7 
A | H 5 N 8 | C y g n u s | B e l g i u m | 1 5 6 7 | H P | 2 0 1 7 
A|H5N2|duck|Taiwan|DV1236|LP|2009 
A|H5N2|bird|Korea|w208|LP|2007 
A|H5N3|duck|Jiang_Xi|197820|LP|2003 
A|H5N3|duck|Jiang_Xi|6146|LP|2003 
A|H5N3|goose|Netherlands|5|LP|2010 
A|H5N3|duck|Moscow|4182|LP|2010 
A|H5N2|ostrich|South_Africa|325863|LP|2015 
A|H5N2|duck|France|80032|LP|2008 
A|H5N2|duck|Netherlands|52|LP|2008 
A|H5N2|duck|Japan|9UO139|LP|2009 
A|H5N3|mallard|Italy|36|LP|2002 
A | H 5 N 2 | p o u l t r y | I t a l y | 3 8 2 | H P | 1 9 9 7 

A | H 5 N 2 | c h i c k e n | I t a l y | 8 | H P | 1 9 9 8 
A | H 5 N 2 | c h i c k e n | I t a l y | 3 1 2 | H P | 1 9 9 7 
A | H 5 N 2 | p o u l t r y | I t a l y | 3 3 0 | H P | 1 9 9 7 
A | H 5 N 2 | p o u l t r y | I t a l y | 3 7 3 | H P | 1 9 9 7 
A | H 5 N 2 | p o u l t r y | I t a l y | 3 6 5 | H P | 1 9 9 7 
A|H5N3|mallard|Italy|208|LP|2000 
A | H 5 N 6 | s w a n | I w a t e | 5 | H P | 2 0 1 6 
A | H 5 N 6 | s w a n | N ii g a t a | 8 | H P | 2 0 1 6 

A|H5N2|turkey|Italy|10MO0280|LP|1980 
A|H5N2|duck|New_Zealand|41|LP|1984 

20.0 s/s/y 
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Supplementary Figure 6. Full time-scaled MCC tree for H5 PB2 with the 

ancestral reconstructions for site 627. 
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Supplementary Figure 7. Full time-scaled MCC tree for H7 with the 
ancestral reconstructions for site 143. 
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Supplementary Figure 8. Full time-scaled MCC tree for H7 PB2 with the 
ancestral reconstructions for site 335. 
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Amino Acid Trait Association Model  

Model description 

We developed a pair of nested evolutionary models, a null and an alternative model, to test 

for associations between a target amino acid at an alignment site and a target binary trait. 

The target amino acid being tested, denoted targetaa, represents one of the 20 possible 

amino acids. The target trait, denoted , represents the trait being tested for an association 

with the target amino acid. The non-target trait is denoted . The traits, like the amino 

acids, are assumed to have evolved in an evolutionary manner. 

The null model treats the amino acid evolution at a site and the trait evolution as 

independent of one another, whereas the alternative model treats the target amino 

acid and the target binary traits as potentially associated. This potential association 

is introduced into the alternative model via a dependence parameter λ. 

For a given amino acid site and set of traits we used maximum likelihood estimation 

to estimate the parameters of both models and to obtain the maximum likelihood values. 

The maximum likelihood values were used to compare both models using a likelihood 

ratio test (LRT) and to calculate a p-value. If the LRT rejects the null model (p < 0.05) in 

favour of the alternative model, this suggests that the target amino acid and target trait 

are associated. 

This association can be a positive association: the target amino acid and the target trait 

tend to co-occur together, or a negative association: the target amino acid and the target trait 

tend to actively avoid co-occurring together. When the maximum likelihood estimate for the 

dependence parameter is larger than one, λ ˆ > 1, this suggests a positive association, and 

when λ ̂  < 1, this suggests a negative association. 

This test is somewhat analogous to a chi-squared test of association, except it accounts 

for phylogenetic correlations. A chi-squared test will treat each observation of amino acid and 

trait at the tips of a phylogeny as independent events, when in reality they are produced by 

an evolutionary process where the underlying number of events leading to those 

observations may be small. This is commonly referred to as a founder effect (Bhattacharya et 

al., 2007), and can result in chi-squared associations whose significance is erroneously 

inflated. Our test avoids this by explicitly modelling the potential dependence between the 

amino acid and trait evolutionary processes and testing its significance relative to a model 

that treats them as independent of one another. 

1 



Note that the traits, like the amino acids, are assumed to evolve in an evolutionary 

manner along the tree, and therefore our test is only appropriate where the trait can be 

described by an evolutionary process. This is the case for the HP and LP traits because they 

are a direct function of the presence or absence of an insertion, which is generated by an 

insertion-deletion evolutionary process along the tree. This test would not be appropriate for 

a trait such as patient survival, which represents a propensity along the tree rather than 

propagating in a discrete manner. For traits such as these we recommend the test outlined 

in Bhattacharya et al. (2007). 

A formal description of the model is given as follows: the joint evolution of amino acids 

and traits are modelled using a 4040 substitution model Q, that combines a 2020 amino 

substitution model, A, and 22 by trait model, T. The trait model is a two-state continuous-

time Markov model akin to Felsenstein’s 1981 DNA substitution model (Felsenstein, 1981). 

The joint model is given as follows: 

 

Qij,mn = 

⎧ 

⎨

⎪

⎪

⎪

⎪

⎪

⎪

⎪

/1A i jλ if i = j and j = targetaa and m = n = 

/1A ij1
λifi=jandj=targetaaandm=n=/1

A i j if i = j and m = n =  

πTτλ if i = j = targetaa and m =  and n = 

πTτ
1
λif i = j and j=targetaa and m =  and n = 

πN τ if i = j and m =  and n =  

0 otherwise 

(1) 

 

Where i and j represent the initial and end amino acid states, respectively, and m and n 

represent the start and end trait states, respectively. This formulation is motivated by the 

RNA base-pairing model of Muse (1995). Our model shares similarities with other discrete 

models such as BayesTraits (Pagel, 1994; Pagel and Meade, 2006), however, these models 

typically only consider two binary traits, whereas our model considers a binary trait and a 

20 state amino acid. Furthermore, by following the approach of Muse (1995) our model 

captures the potential dependence between the trait and the target amino acid in a single 

parameter rather than requiring a large matrix of free parameters that considers each 

possible transition separately. This approach simplifies hypothesis testing and implies we 

can perform maximum likelihood inference as opposed to more computationally time 

intensive Bayesian inference. 

/1 is a site-specific amino acid substitution rate, and τ is the trait substitution rate. A is 

a rate matrix given by the LG2008 substitution model. π
A
 is a vector of 20 amino acid 

frequencies as specified by the LG2008 model, and πT and πN represents the frequencies 

of the target () and non-target traits () states, respectively. 

The equilibrium frequencies, π, of the alternative model are given by four separate cases 

corresponding to the two possible values for traits ( or ), and whether the amino acid 
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 πT 

p(trait = aa =targetaa) = 
(7) 

πN λ + πT 

(aa) matches the target amino acid (targetaa) or not: 

πaa=targetaa,trait=T = k−1πAaaπTλ (2) 

πaa6=targetaa,trait=T = k−1πA aaπT 1 (3) 
λ  

πaa=targetaa,trait=N = k−1πAaaπN (4) 

πaa6=targetaa,trait=N=k
−1πA

aaπN (5) 

Where κ = (λ + 1λ )πT + 2πN is a normalising constant. 

These equilibrium frequencies provide a intuitive way of understanding the influence 

of the association parameter λ. It is possible to get a sense of the expected frequencies of 

particular amino acid and trait associations for given values of λ. Furthermore, they can 

be used to predict, for a single sequence, the posterior probability of a trait given the 

amino aa at the target site: 

π T  λ    
p(trait = aa = targetaa) = (6) 

πN + πT λ 

 

Also note that the model is time-reversible, and therefore an unrooted tree can be 

used if the equilibrium probabilities are taken to be the initial probabilities at any rooting 

of the tree (Felsenstein, 1981). 

Simulations 

The Influenza H7 ML tree and corresponding HP and LP traits were taken and amino acid 

alignments were simulated. Note that amino acid sequences were simulated conditioned 

on the patterns of HP and LP traits observed in the real data. This was done to account 

for sampling bias. Each alignment consisted of 500 amino acids, with the first twenty 

sites of each alignment simulated as being associated with the traits, each having a 

different one of the 20 canonical amino acids as the target amino acid. The remaining 480 

amino acid sites were simulated under the LG2008 model and were therefore treated as 

being independent of the traits. Three different degrees of association were simulated: 

weak, intermediate, and high, combined with three different rates of trait evolution (2.0, 

4.0, and 7.0) - the inferred rate of trait evolution in the H7 ML tree was 4.0 and so this 

was selected as an intermediate value. 
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Table 1: Summary of benchmarks results 

Simulated  
association  

strength 

Simulated  
rate of trait  
evolution Recall Precision 

Weak (2.0) 2.0 0.23 0.94 
Intermediate (4.0) 2.0 0.35 0.96 

Strong (8.0) 2.0 0.50 0.93 
Weak (2.0) 4.0 0.26 0.92 

Intermediate (4.0) 4.0 0.48 0.92 
Strong (8.0) 4.0 0.64 0.96 
Weak (2.0) 7.5 0.28 0.97 

Intermediate (4.0) 7.5 0.62 0.98 
Strong (8.0) 7.5 0.73 0.95 
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Figure 1: Contour plot of recall (blue-green-yellow colour gradient) as a function of 
simulated rate of trait evolution (x-axis) and simulated association strength (y-axis). 

To account for the potential error introduced during tree inference, an ML tree was 

inferred using FastTree (Price et al., 2010) for each of the simulated alignments. Potential 

associations were then estimated using our model and the Bhattacharya method (Bhat-  

tacharya et al., 2007) on the first 40 sites of each alignment. The first twenty sites were  

used to measure the number of true positive and false negative detections, whereas the re-

maining twenty sites were simulated as independent of the traits and were used to measure 

the number of true negative and false positive detections. The recall and precision were 

calculated for each simulation using the number of true positives (TN), false-positives (FP), 
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and false-negatives (FN). Recall and precision are defined as follows: 

TP 
Recall =   _________________________________________ (8)  

TP + FN 

Precision = (9) 
TP + FP 

T P  

 The results in Table 1 indicate that our model has a false-discovery rate (FDR= 

100%x[10Precision]) of  5% across all test conditions which is consistent with our p-

value significance threshold of 0.05. The recall of the model increases with the simulated 

association strength as expected, with stronger associations being more easily detected. 

Likewise, the recall of the model increases with a higher rate of trait evolution (Table 1 and 

Figure 1), which is also expected given that higher rates of trait evolution imply a greater 

number of trait events along the tree and therefore more the power in being able to detect 

an association. 

Software availability 

Julia source code (compatible with Windows and Linux) is available at: https://github.com/michaelgoldendev/trait-evolution  
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