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Consistent patterns of positive selection in functionally similar genes can 1	

suggest a common selective pressure across a group of species. We use 2	

alignments of orthologous protein-coding genes from 39 species of birds 3	

to estimate parameters related to positive selection for 11,000 genes 4	

conserved across birds. We show that functional pathways related to the 5	

immune system, recombination, lipid metabolism, and phototransduction 6	

are enriched for positively selected genes. By comparing our results with 7	

mammalian data, we find a significant enrichment for positively selected 8	

genes shared between taxa, and that these shared selected genes are 9	

enriched for viral immune pathways. Using pathogen-challenge 10	

transcriptome data, we show that genes up-regulated in response to 11	

pathogens are also enriched for positively selected genes. Together, our 12	

results suggest that pathogens, particularly viruses, consistently target the 13	

same genes across divergent clades, and that these genes are hotspots of 14	

host-pathogen conflict over deep evolutionary time. 15	

 16	

17	
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INTRODUCTION 18	

Central to the study of evolutionary biology is the desire to understand how 19	

natural selection operates across a diverse set of populations and species. While 20	

many selective pressures vary across taxa, some common selective pressures 21	

may result in consistent patterns of natural selection across a set of species. By 22	

taking an unbiased approach and scanning all orthologous genes across a set of 23	

species for signatures of positive selection, it may be possible to identify 24	

functional patterns that indicate shared selective pressures.  25	

Early comparative genomic studies on primates, mammals, bees, ants, 26	

Drosophila and other organisms (Schlenke and Begun 2003; Sackton et al. 2007; 27	

Kosiol et al. 2008; Barreiro and Quintana-Murci 2009; Roux et al. 2014) that 28	

included unbiased selection scans identified immune system pathways as 29	

common targets of natural selection. This implies that pathogens, which elicit the 30	

immune response, may be strong and consistent selective forces across species. 31	

Furthermore, in several clades of invertebrates, receptor genes, or the genes 32	

interacting directly with pathogens are most often the target of positive selection 33	

(Sackton et al. 2007; Waterhouse et al. 2007; Ellis et al. 2012). Finally, recent 34	

studies of mammals show that proteins that interact with viruses experience 35	

about twice as many amino acid changes compared to proteins that do not 36	

(Enard et al. 2016) and proteins that interact with Plasmodium experience 37	

elevated rates of adaptation (Ebel et al. 2017). While this evidence clearly 38	

implicates pathogens as a major selective force shaping the evolution of 39	

genomes, the availability of many new genomes now allows detailed 40	
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comparisons between clades to test the degree to which the specific genes 41	

represent shared hotspots of positive selection. Furthermore, linking the results 42	

of positive selection scans to comparative functional data would provide greater 43	

insight into the role of pathogens in driving shared selection across clades. 44	

 The number of bird (class Aves) genomes has increased dramatically in 45	

recent years (e.g. Zhang, B. Li, et al. 2014), and provides an opportunity to study 46	

genome-wide signatures of positive selection in this ecologically important group. 47	

Birds are a radiation of approximately 10,000 species (Clements et al. 2016) that 48	

possess diverse morphologies and behaviors (Gill 2007). They have a global 49	

distribution and diverse range of habitats (Jetz et al. 2012), and many species 50	

migrate thousands of miles annually (Gill 2007), making them excellent models 51	

for studies of disease ecology. From a genomic perspective, they have small 52	

genomes, generally stable chromosomes, little repeat content, and low rates of 53	

gene loss and gain (Organ et al. 2007; Organ and Edwards 2011; Zhang and 54	

Edwards 2012; Ellegren 2013; Zhang, C. Li, et al. 2014). Birds have the same 55	

general blueprint of immune pathways as mammals, but with a slimmed down 56	

gene repertoire and some small differences in the functions of specific genes 57	

(Kaiser 2010; Chen et al. 2013; Juul-Madsen et al. 2014). Studies of the 58	

evolutionary dynamics of avian immune genes have almost exclusively focused 59	

on the major histocompatibility complex genes (MHC) or TLRs, with evidence of 60	

positive selection across species in MHC class I genes (Alcaide et al. 2013), 61	

MHC class II genes (Edwards et al. 1995; Edwards et al. 2000; Hess and 62	

Edwards 2002; Burri et al. 2008; Burri et al. 2010) and TLRs (Alcaide and 63	
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Edwards 2011; Grueber et al. 2014; Velová et al. 2018). From a broader 64	

perspective, the conclusions drawn from more general studies of positive 65	

selection across birds have been limited by including only a few species (e.g. 66	

Nam et al. 2010), or using low-power analysis methods (e.g. comparing overall 67	

dN/dS values across GO-terms (Zhang, C. Li, et al. 2014)). 68	

 We use comparative genomics in birds to study genome-wide signatures 69	

of positive selection without any a priori assumptions of gene functions. We find 70	

that the strongest signatures of selection are concentrated in four general 71	

categories: immune system genes, genes involved in recombination and 72	

replication, genes involved in lipid metabolism, and phototransduction genes. By 73	

comparing avian and mammalian datasets, we show that genes under positive 74	

selection in birds are likely to be under positive selection in mammals, and that 75	

this signal is the strongest in viral defense immune pathways. Finally, we show 76	

that genes up-regulated following a pathogen challenge are more likely to be 77	

under positive selection in birds, that there is also an overlap in birds and 78	

mammals in genes up-regulated in response to pathogens, particularly viruses, 79	

and that some of the classic genes studied as targets of host-pathogen co-80	

evolution (PKR, MX1), are under selection and differentially expressed in both 81	

clades. Together, all of our results support the hypothesis that pathogens 82	

consistently target the same genes across deep evolutionary timescales.  83	

 84	

 85	

 86	
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RESULTS 87	

Strong signatures of positive selection throughout the avian genome 88	

We used PAML and HyPhy site models to test genes for evidence of positive 89	

selection across birds. We ran all models for 11,231 genes using the gene tree 90	

as the input tree and for 8,669 genes using the species tree as the input tree. To 91	

test for positive selection for each gene, we conducted likelihood ratio tests 92	

between models that include an extra ω parameter for some proportion of sites 93	

and models that do not include the extra ω parameter. An FDR-corrected p-value 94	

from that likelihood ratio test less than 0.05 is considered evidence of positive 95	

selection for that gene. For all model comparisons (PAML models described in 96	

Table 1), we found that between 17% and 73% of genes are under positive 97	

selection (Table 2). About 20% of genes are positively selected with the more 98	

conservative M1a vs. M2a tests or M2a vs M2a_fixed tests, with large overlaps 99	

among the genes identified. The less conservative M7 vs. M8 tests show much 100	

greater proportions of positively selected genes (~70%), although this is reduced 101	

Table 1: PAML Model descriptions. 
model model description parameters 

M0 one ratio ω 

M1a neutral p0 (p1 = 1 - p0) 
ω0 < 1, ω1 = 1 

M2a_fixed neutral p0,p1 (p1 = 1 - p0 - p1) 
ω0 < 1, ω1 = 1, ω2 = 1 

M2a selection p0,p1 (p1 = 1 - p0 - p1) 
ω0 < 1, ω1 = 1, ω2 > 1 

M7 neutral (beta distribution) p, q 

M8a neutral (beta distribution) p0 (p1 = 1 - p0),  
p, q, ωs = 1 

M8 selection (beta distribution p0 (p1 = 1 - p0),  
p, q, ωs > 1 
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to about 35% with the M8 vs. M8a test, indicating that the M8 model may often 102	

improve fit by adding a class of sites with ω very close to 1. HyPhy’s BUSTED 103	

identified ~50% of genes as positively selected (FDR-corrected p-value less than 104	

0.05). Fewer than half of these genes are also identified as being positively 105	

selected by all PAML tests - 1,562 genes with the genes tree as input and 1,203 106	

genes with species tree as input. In total, 14% of analyzed genes are found to be 107	

under positive selection in all tests (Table 2, Supplemental Table 1 (raw gene 108	

tree results), Supplemental Table 2 (raw species tree results)). We consider 109	

these 1,562 genes to be a high-confidence positive selection gene for 110	

downstream functional analyses. Compared to all other genes, the high-111	

confidence positive selection gene set has overall higher distributions of M0 112	

model w values, which assumes a single w for all sites in a gene (Supplemental 113	

Figure 1; Mann-Whitney U-test: gene trees: not-significant median w = 0.084, 114	

significant median w = 0.344 , p < 0.0001; species trees: not-significant w = 115	

0.084, significant w = 0.332, p < 0.0001). 116	

Gene trees and species trees also had similar distributions overall w 117	

values with the M0 model (K-S test: D=0.006, p=1, Supplemental Figure 2). The 118	

mean ω value is 0.15, the median ω is 0.10 and standard deviation is 0.14 using 119	

Table 2. Counts (above) and proportions (below) for all tests of individual, and 
combined tests of selection for gene trees and species trees. 

dataset n 
genes 

m1a vs 
m2a 

m2a vs 
m2a_fixed 

m7 vs 
m8 

m8 vs 
m8a all PAML BUSTED 

all PAML 
+ 

BUSTED 

gene trees 11231 1925 
0.17 

2197  
0.20 

7504 
0.67 

3679 
0.33 

1901  
0.17 

6244 
0.56 

1562 
0.14 

species 
trees 8669 1783 

0.21 
2026  
0.23 

6293 
0.73 

3395 
0.39 

1752  
0.20 

3870 
0.45 

1203 
0.14 
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either the gene or species tree as the input tree. Because of the similarity 120	

between gene tree and species tree results, and to minimize issues associated 121	

with hemiplasy in species trees (Hahn and Nakhleh 2015; Mendes and Hahn 122	

2016), for all bird-specific analyses below, we use gene tree results to maximize 123	

the number of genes tested. However, all results are qualitatively similar with the 124	

species tree results as input. 125	

 126	

 127	

Immune, recombination, lipid metabolism, and phototransduction 128	

pathways are enriched for positive selection in birds 129	

For an unbiased perspective on whether or not positively selected genes are 130	

concentrated in particular functional pathways, we performed a pathway 131	

enrichment test of positively selected genes against a background of all genes 132	

tested. With chicken as the reference organism, 351 genes of the high-133	

confidence positive selection gene set and 3,347 of all genes tested could be 134	

mapped to KEGG pathways for use as the test set and gene universe 135	

respectively. Out of the 166 KEGG pathways available for chicken, or any other 136	

bird species, 119 had at least one gene with evidence of positive selection 137	

(Supplemental Table 3). We found 18 KEGG pathways that were significantly 138	

enriched with positively selected genes (q-value less than 0.1; Figure 1A; 139	

Supplemental Table 3). These 18 pathways belong to seven KEGG functional 140	

categories: infectious disease, immune system, signaling molecules and 141	

interaction, replication and repair, lipid metabolism, and sensory system. Some 142	
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genes are shared by multiple enriched pathways, particularly among those with 143	

	
Figure 1. Pathway enrichment results to determine whether positively selected genes 

are functionally similar with chicken as the reference organism. A. The 18 pathways 

significant at q-value < 0.1 ordered by enrichment values, calculated as the proportion 

of genes under selection in the pathway over the proportion of genes significant in all 

KEGG pathways. Points are filled by q-value, and each pathway is colored by the 

broader KEGG functional category. B. Map depicting the relationships of all significant 

genes among pathways. Each gene (small, light circle) is connected by a line to each 

pathway it belongs to (large, dark circle). Each point is shaded according to the broader 

KEGG functional category. 
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immune or recombination-related functions. However, many genes are uniquely 144	

enriched in a single pathway as well (Figure 1B), suggesting that these 145	

enrichment results are not driven by a few core genes present in many pathways. 146	

To test whether our pathway enrichment results were robust to reference 147	

organism, we also conducted pathway enrichment tests using zebra finch and 148	

human as the reference organism. Pathway enrichment results using zebra finch 149	

showed similar results as those presented above using chicken, particularly for 150	

immune-related pathways and recombination and repair pathways (Supplemental 151	

Table 4). Pathway enrichment results using human, which has additional 152	

annotated pathways, resulted 37 pathways significantly enriched with positively 153	

selected genes (q-value less than 0.1; Supplementary Table 5) out of 269 154	

pathways with at least one homologous gene in our dataset. Compared to the 155	

enrichment results using chicken, the human pathways primarily added many 156	

disease or immune pathways not available for birds, suggesting that the overall 157	

functional results are robust to reference organism. 158	

 159	

 160	

Lineages clustered by genes under selection in birds are most strongly 161	

related to body size and lifespan 162	

Codon-based site models typically can only detect positive selection when the 163	

same sites in the protein are under selection in numerous lineages. In order to 164	

detect selection limited to particular lineages, we relaxed this assumption, and 165	

used aBS-REL to estimate of the probability of selection independently at each 166	
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branch of the phylogeny. To test consistency with our site-model results, we 167	

calculated the number of lineages with evidence for positive selection from the 168	

branch-site (aBS-REL) for each gene. We found that genes identified by 169	

BUSTED as having sites with evidence of positive selection across avian 170	

lineages also had significantly more lineages under selection using aBS-REL 171	

(Mann-Whitney U-test: median proportion significant lineages under selection 172	

given significant BUSTED result: 0.16, median proportion significant lineages 173	

under selection given non-significant BUSTED result: 0.05, p<10-16, 174	

Supplemental Figure 3). While branch-site tests can be subject to false 175	

inferences of positive selection due to multinucleotide mutations (Venkat et al. 176	

2018), the similar patterns between our site-model results and the aBS-REL 177	

results suggests that the overall patterns we observe hold true with this 178	

alternative analysis. 179	

  To identify additional functional classes of genes that may be selected in 180	

only a subset of lineages, we used a principle components analysis (PCA) to 181	

summarize the variance of log-transformed p-values across genes for each 182	

species, and then used phylogenetic comparative methods to identify species 183	

traits associated with PC loadings for each gene. We find three PCs that together 184	

explain 16.8% of the variance in aBS-REL p-values across species, while the 185	

remaining PCs explain about 3% of the variance (Supplemental Figure 4). PC1 186	

(Figure 2) identifies a diverse set of species from different sharing similar PC 187	

scores, while PC2 and PC3 appear to identify clade-specific selection in 188	
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palaeognaths (Supplemental Figure 5) and passerines and allies (Supplemental 189	

Figure 6) respectively. We focused on PC1, the only principle component to 190	

cluster species in different lineages, in order to test whether it might be 191	

associated with life history. We found a correlation between log-transformed 192	

body mass, a proxy for many life history characteristics, and PC1 scores for each 193	

	
 
Figure 2. A visualization of PC1 scores on the phylogeny and the maximum likelihood 

reconstruction of the PC1 values for internal branches. The PC1 scores indicates 

species in different clades that have similar log-transformed p-values from aBS-REL 

tests for positive selection and explain 7.7% of the variance across all genes tested. 
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species using phylogenetic generalized least squares (Figure 3, b = -24.97, SE = 194	

6.46, t-value = -3.9, p-value = 0.0004). 195	

 To understand any functional signal in the genes most strongly correlated 196	

with body size, we calculated a Spearman’s rank correlation for each gene using 197	

log-transformed aBS-REL p-values for each lineage compared to log-198	

transformed body mass. We performed KEGG pathway gene set enrichment 199	
	

 
Figure 3. A phylomorphospace plot showing the association between log-transformed 

body mass on the x-axis and PC1 on the y-axis. Species values and reconstructed 

node values are connected by phylogeny. A PGLS analysis of these two traits showed 

a significant correlation (p = 0.0004). 
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using the r value for each gene. Only one pathway had a q-value less than one 200	

(Supplemental Table 6). The cellular senescence pathway had a q-value of 0.26 201	

and a normalized enrichment score of 1.62. 202	

 203	

 204	

Convergent signatures of selection in birds and mammals are enriched for 205	

viral-interacting pathways 206	

We investigated whether we could detect signatures of pathogen-mediated 207	

selection at deeper time scales by testing whether the same genes are 208	

repeatedly under selection in both birds and mammals, and whether those genes 209	

are clustered in functional pathways. We combined our results with those from 210	

Enard et al. (2016), a study that used HyPhy’s BUSTED program to test for 211	

positive selection in 9,681 orthologous genes from 24 mammal genomes. To 212	

best match the experimental procedures used by Enard et al. (2016), for bird-213	

mammal comparisons we only used our BUSTED results with the species tree as 214	

the input phylogeny. The combined dataset consisted of 4,931 orthologous 215	

genes with results in both clades.  216	

We first tested for significant overlap in positively selected genes in both 217	

clades with a Fisher’s exact test. To understand whether these results were 218	

driven by genes with different levels of evidence for positive selection, we used 219	

four different FDR-corrected p-value cutoffs for significance, 0.1, 0.01, 0.001, and 220	

0.0001. We found evidence for a significant overall overlap in positively-selected 221	
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genes at all four different FDR-corrected p-value cutoffs, with stronger signal at 222	

smaller FDR-corrected p-values (Figure 4A, Supplemental Table 7). 223	

We tested for functional enrichment in shared selected genes compared to 224	

all genes under selection in birds. KEGG enrichment with a test set of genes 225	

under selection in both clades and gene universe of genes under selection in 226	

birds, showed that pathways with immune function, particularly viral-interacting 227	

pathways, are significantly enriched for convergent signatures of selection. 228	

These results are particularly significant at the lowest FDR-corrected p-value 229	

significance cutoffs (Figure 4B). As pathways enriched for positively selected 230	

genes in birds have higher enrichment values than other pathways (Figure 4B), 231	

we also conducted 1,000 randomized enrichment tests to make sure pathways 232	

with more genes under selection in birds are not more likely to show more 233	

positively selected genes in both lineages by chance. We calculated multiple test 234	

corrected p-values for the empirical enrichment scores compared to the randomly 235	

generated null distribution within each of the four FDR-corrected p-value cutoffs 236	

for significance. These results corroborate those of KEGG enrichment tests, with 237	

Influenza A and Herpes simplex infection pathways showing significantly higher 238	

enrichment values, particularly at lower FDR-corrected p-value cutoffs for 239	

significance (Figure 4C). 240	
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 241	

	
Figure 4. Signatures of convergent positive selection in birds and mammals. For all analyses, we considered four different FDR-corrected 

p-value cutoffs for significance (to identify genes under positive selection) A. Odds ratio of overlap in genes under selection in both bird 

and mammal datasets. B. Pathway enrichment scores from KEGG pathway enrichment tests with genes under selection in both birds and 

mammals as the test set, and genes under selection in birds as the background set. Ten pathways significantly enriched in birds with at 

least one gene under selection in both birds and mammals are color-coded. All other pathways are shown in grey. Significant enrichment 

values are outlined in black (q-value < 0.1) or grey (q-value < 0.2). C. Null distribution of enrichment scores generated from 1,000 

randomization tests compared to empirical enrichment scores (vertical bars). Null distributions were generated by randomly selecting 

gene sets from the background set of genes (bird significant genes) for use as the test set. The randomized test set contained the same 

number of genes as empirical test set for each FDR-corrected p-value cutoff for significance. Empirical enrichment scores are depicted by 

a vertical bar, and with significant q-value scores outlined in black (q-value < 0.1) or grey (q-value < 0.2). 
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Genes up regulated in response to pathogens are more likely to be under 242	

positive selection in birds 243	

We used gene expression data to independently test whether pathogens are 244	

likely driving immune-related patterns of positive selection. First, for birds, we 245	

tested whether genes that were significantly differentially expressed following a 246	

pathogen challenge are more likely to be under positive selection. We used avian 247	

transcriptome data from 12 different studies representing seven different types of 248	

pathogens, including four viruses, two bacteria, and one species of protist 249	

(Supplemental Table 8). We compared both the proportions of positively-selected 250	

genes (using the high-confidence positive selection gene set) that were up-251	

regulated following a pathogen challenge compared to those not differentially 252	

expressed, and the proportions of positively selected genes that were down-253	

regulated following a pathogen challenge compared to those not differentially 254	

expressed. We found that for all pathogens, up-regulated genes are significantly 255	

more likely to be positively selected (Figure 5; Supplemental Table 9). The 256	

pattern was less consistent for down-regulated genes, with overall smaller 257	

numbers of down-regulated genes, weak evidence for a greater proportion of 258	

positively selected genes for West Nile Virus and Plasmodium, and weak 259	

evidence for a smaller proportion of positively selected genes for E. coli (Figure 260	

5; Supplemental Table 9). 261	

We tested for shared pathogen-mediated selection in birds and mammals 262	

by comparing bird and mammal gene expression patterns when challenged with 263	

the same, or a closely-related pathogen. There were five pathogens with publicly 264	
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Figure 5. A comparison of genes under positive selection in birds and genes differentially 

expressed following pathogen challenge to test for patterns of pathogen-mediate selection. 

For different pathogens, we show the proportion of genes under positive selection in birds 

(defined as significant with FDR corrected p-value < 0.05 for all PAML and BUSTED model 

comparisons) for genes down significantly down regulated, significantly up regulated, or not 

significantly differentially regulated. The number above each bar indicates the number of 

genes in a given transcriptional response class. The significance of enrichment for positively-

selected genes in up- or down-regulated expression classes, as calculated by logistic 

regression, is indicated by asterisks above the “down” and “up” bars.  
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available data for at least one bird and mammal species – two viruses: Influenza 266	

A and West Nile virus, two bacteria: E. coli and mycoplasma, and one protist: 267	

Plasmodium (Supplemental Table 8). All comparisons between bird and mammal 268	

datasets for viral and bacterial pathogens showed that there was significant 269	

overlap in up-regulated genes, but no significant overlap in down-regulated 270	

genes (Table 3).  Genes differentially expressed in response to Plasmodium 271	

showed the opposite pattern, with significant overlap in down-regulated genes, 272	

but no significant overlap in up-regulated genes (Table 3).  273	

Logistic regressions with genes under selection in birds as the response 274	

variable and genes under selection in mammals, genes up or down-regulated in 275	

birds, and their interaction as predictor variables showed that for all categories, 276	

the selection status in mammals is the strongest predictor, followed by the 277	

transcriptional response in birds for some pathogens, but no significant 278	

interaction between the two (Table 4). Very few genes were under selection in 279	

birds and mammals and also differentially expressed in both clades at all FDR-280	

Table 3. Fisher’s exact test results from bird and mammal transcriptome studies 

pathogen transcriptional 
response 

n genes diff. 
expressed in 
both lineages 

n genes 
expected 

by chance 
p-value odds ratio (95% conf. 

intervals) 

Influenza up 30 14.8 < 0.0001 2.48 (1.56,3.84) 
Influenza down 7 7.2 1.000 0.96 (0.35,2.29) 

West Nile Virus up 6 0.9 < 0.0001 25.06 (4.46,253.47) 
West Nile Virus down 0 0 1.000 0 (0, 884.62) 

E. coli up 84 52.4 < 0.0001 1.9 (1.45, 2.47) 
E. coli down 24 20.7 0.397 1.2 (0.73, 1.90) 

Mycoplasma up 16 8.4 0.010 2.1 (1.14, 3.62) 
Mycoplasma down 0 0.1 1.000 0 (0, 47.56) 
Plasmodium up 14 9.8 0.166 1.53 (0.79, 2.77) 
Plasmodium down 9 3.2 0.004 3.44 (1.42, 7.57) 
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corrected p-value cutoffs for significance, reducing power to detect signals of 281	Table 4. Logistic regression results testing whether genes under selection in birds could be predicted by 
selection status in mammals (sig_mammals), transcriptional regulation in birds, or their interaction 

pathogen transcriptional 
response n genes predictor variable estimate standard 

error 
z 

score p-value 

influenza down 4488 sig_mammals 0.76 0.09 8.45 < 0.0001 
influenza down 4488 down_reg_birds -0.12 0.42 -0.29 0.771 

influenza down 4488 sig_mammals: 
down_reg_birds -0.76 0.85 -0.89 0.372 

influenza up 4488 sig_mammals 0.77 0.09 8.52 < 0.0001 
influenza up 4488 up_reg_birds 0.79 0.22 3.69 0.0002 

influenza up 4488 sig_mammals: 
up_reg_birds -0.88 0.5 -1.77 0.077 

west nile virus down 3774 sig_mammals 0.77 0.1 7.76 < 0.0001 
west nile virus down 3774 down_reg_birds 11.98 196.97 0.06 0.952 

west nile virus down 3774 sig_mammals: 
down_reg_birds - - - - 

west nile virus up 3774 sig_mammals 0.77 0.1 7.76 < 0.0001 
west nile virus up 3774 up_reg_birds 1.1 0.87 1.27 0.203 

west nile virus up 3774 sig_mammals: 
up_reg_birds -1.46 1.66 -0.88 0.378 

E. coli down 4225 sig_mammals 0.74 0.09 7.95 < 0.0001 
E. coli down 4225 down_reg_birds -0.16 0.19 -0.83 0.409 

E. coli down 4225 sig_mammals: 
down_reg_birds 0.18 0.5 0.36 0.717 

E. coli up 4225 sig_mammals 0.72 0.1 7.2 < 0.0001 
E. coli up 4225 up_reg_birds 0.24 0.1 2.39 0.017 

E. coli up 4225 sig_mammals: 
up_reg_birds -0.03 0.26 -0.13 0.895 

mycoplasma down 4059 sig_mammals 0.73 0.09 7.74 < 0.0001 
mycoplasma down 4059 down_reg_birds -0.59 0.53 -1.11 0.266 

mycoplasma down 4059 sig_mammals: 
down_reg_birds -0.06 0.93 -0.06 0.948 

mycoplasma up 4059 sig_mammals 0.75 0.1 7.77 < 0.0001 
mycoplasma up 4059 up_reg_birds 0.51 0.21 2.42 0.016 

mycoplasma up 4059 sig_mammals: 
up_reg_birds -0.71 0.41 -1.73 0.084 

plasmodium down 3222 sig_mammals 0.74 0.11 6.86 < 0.0001 
plasmodium down 3222 down_reg_birds -0.02 0.37 -0.05 0.961 

plasmodium down 3222 sig_mammals: 
down_reg_birds 0.01 0.85 0.01 0.992 

plasmodium up 3222 sig_mammals 0.73 0.11 6.71 < 0.0001 
plasmodium up 3222 up_reg_birds 0.19 0.23 0.85 0.396 

plasmodium up 3222 sig_mammals: 
up_reg_birds 0.44 0.87 0.5 0.614 
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enrichment. However, a few genes with low FDR-corrected p-values selection 282	

cutoffs in both datasets (p < 0.0001) were also up-regulated in response to 283	

influenza (PKR, PARP9, and MX1), up-regulated in response to West Nile virus 284	

(PKR), up-regulated in response to E. coli (F5), or down-regulated in response to 285	

E. coli (RAD9A). 286	

Due to the small number of genes under selection and differentially 287	

expressed in both lineages, we also sought to test whether there was any 288	

difference in differential expression effect size (b values) between genes under 289	

selection in both lineages, genes under selection in birds, and genes not under 290	

positive selection. A difference in overall differential expression effect size might 291	

suggest the existence of general differences in gene expression patterns that 292	

might not be strong enough to produce significant signal at individual genes. For 293	

each gene, we calculated the harmonic mean of bird and mammal absolute, 294	

standardized b values in response to infection with each pathogen and compared 295	

the mean of each b distribution in the three selection categories with pairwise 296	

Mann-Whitney U-tests. We found that genes under selection in both lineages 297	

have larger b values than both other classes, particularly in response to viruses 298	

(Figure 6, Supplemental Table 10). Genes under selection in birds also have 299	

larger b values compared to genes not under selection in response to viruses, 300	

but not other pathogens.  301	
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 302	

 303	

DISCUSSION 304	

Here, we show that shared signatures of positive selection are consistent with 305	

pathogen-mediated selection. First, across birds, genes involved in immune 306	

system function, DNA replication and repair, lipid metabolism, and 307	

phototransduction are targets of positive selection. Most of these pathways can 308	

be directly or indirectly linked to immune response. Functional transcriptomic 309	

data independently validates these results, showing that gene up-regulated in 310	

	
Figure 6. Comparison of differential expression effect values for groups of genes, across pathogens 

with transcriptome data available for both birds and mammals. Groups of genes are defined as being 

under positive selection in both birds and mammals, in birds only, or neither birds nor mammals (not 

significant). Differential expression effect values for each gene are calculated as the harmonic mean of 

the absolute b values of birds and mammals. We compared the mean of each category to that of the 

other two categories within each pathogen with Mann-Whitney U-tests, and the significance-level for 

each test is indicated by asterisks. Comparisons with p > 0.10 are left blank. Note that boxplot outliers 

are not depicted. 
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response to pathogens contain a higher proportion of genes under positive 311	

selection than those not regulated by infection. These results hold true at a 312	

broader taxonomic scale. We not only show that genes under selection in birds 313	

more likely to be under selection in mammals, but that these shared selected 314	

genes are enriched for immune system processes, and in particular those related 315	

to viral response. We find few genes differentially regulated and under positive 316	

selection in both birds and mammals, but those we found are known to interact 317	

directly with pathogens. We also find that genes under positive selection in both 318	

lineages have significantly larger overall differential expression effect values 319	

compared to those only under positive selection in birds or those not under 320	

positive selection. Our results point to pathogens, and in particular viruses, being 321	

the most consistent selective pressure across tetrapods. 322	

 323	

 324	

Pathogens drive convergent signatures of selection across birds and 325	

mammals 326	

The strong overlap in genes under positive selection in mammals and birds 327	

(Figure 4A), together with the functional enrichment and expression results, 328	

support the hypothesis that pathogens consistently target the same genes across 329	

deeper evolutionary timescales. Although there are some differences in the fine 330	

details between avian and mammalian immune systems (e.g. different TLRs are 331	

functionally similar in the types of pathogens they recognize (Kaiser 2010; Chen 332	

et al. 2013), the overall immune responses are conserved between the clades 333	
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(Kaiser 2010). Schrom et al. (2017) theoretically demonstrated that there are a 334	

limited number of network architecture configurations that are both inducible and 335	

robust, and our results here further suggest that pathogens are constrained in 336	

how they can interact with these networks to suppress an immune response. 337	

Further work on signatures of selection in other tetrapod clades would help to 338	

distinguish whether the shared patterns of selection we observe are due to 339	

convergence or ancient shared tetrapod selection.   340	

We also show that the same genes are likely to be up-regulated in 341	

response to pathogen infection (Table 3), despite significant differences in the 342	

overall transcriptomic study designs (Supplemental Table 8). We found few 343	

genes both differentially expressed and under positive selection in both lineages, 344	

although we did find a significant, but small tendency for genes under selection in 345	

both clades to be differentially expressed (Figure 6). Those genes we did find are 346	

either classic examples of well-documented host-pathogen arms races (PKR 347	

(Samuel et al. 2006; Rothenburg et al. 2008; Enard et al. 2016) and MX1 (Ferris 348	

et al. 2013)), or genes known to interact directly with pathogens or the immune 349	

response (PARP9 (Zhang et al. 2015), RAD9 (An et al. 2010), F5 (Brunder et al. 350	

1997)), which are new candidates for genes that may be involved in host-351	

pathogen arms races across tetrapods.  352	

 353	

Viruses produce the strongest signatures of pathogen-mediated selection 354	

Our results highlight that shared signatures of selection are enriched for 355	

pathways annotated to interact with viruses compared to those that interact with 356	
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other pathogens. We show similar findings with our differential expression results 357	

- the differences in shared levels of differential expression in birds and mammals 358	

are strongly significant for the viral infectious agents, and only marginally 359	

significant for the other infectious agents (Figure 6). There was also a stronger 360	

overlap in expressed genes for the viruses compared to the other two classes of 361	

pathogens (Table 3). Finally, the Influenza A and Herpes simplex pathways were 362	

significantly enriched for shared genes under selection (Figure 4B,C). There is a 363	

near universal tendency to switch hosts in viruses (Geoghegan et al. 2017; Shi et 364	

al. 2018) and retroviruses (Henzy et al. 2014), although there is some variation in 365	

the prevalence of host switching in different viral families (Geoghegan et al. 366	

2017). Examples of host-switching will only increase as more viruses are 367	

sequenced. Across populations of Drosophila melanogaster, a recent study 368	

observed higher rates of adaptation in viral genes only, not immune genes in 369	

general, bacterial genes, or fungal genes (Early et al. 2017), suggesting that 370	

these results may be more general across broader organisms as well.  371	

  372	

Pathogens are a strong selective pressure in birds 373	

Our pathway enrichment results and differential expression results imply that 374	

pathogens are one of the strongest selective pressures on amino acid sequence 375	

of protein coding genes in birds. Our site test results, which require the same 376	

sites to be under selection across species, suggest that host-pathogen 377	

interactions are constrained to target specific sites in the same genes in different 378	

species. Without these site constraints, genes may be under selection in many 379	
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different lineages of birds, but there may also be much greater variation in 380	

molecular pathways under selection at more recent evolutionary timescales. Our 381	

PCA of the probability of positive selection for each gene for each species 382	

supports this hypothesis. Following PC1, axes of variation either separate clades 383	

of species (e.g. ratites, song birds), or specific lineages. Three previous studies 384	

that performed genome-wide scans for positive selection in specific bird lineages 385	

further support this hypothesis. First, Nam et al. (2010) compared positive 386	

selection acting on three avian lineages, and while 1,751 genes were evolving 387	

more rapidly than average in one of these three lineages, only 208 were common 388	

to all. Backstrom et al. (2013) compared signatures of positive selection in two 389	

species of galliformes and two species of passerines, and found that only the 390	

passerine lineages showed GO enrichment with terms related to fat metabolism, 391	

neurodevelopment and ion binding. Finally, Zhang, C. Li et al. (2014) found 392	

evidence for positive selection in the three vocal-learning bird lineages enriched 393	

for neural-related GO terms.  394	

Previous studies of immune gene evolution in birds focus on receptor 395	

genes known to be hotspots of host-pathogen co-evolution, the Toll-like 396	

Receptors (TLRs) and Major Histocompatibility Complex (MHC). Five of the 10 397	

avian TLRs are present in our dataset, with TLRs 1A, 1B, 2A, and 2B likely 398	

filtered out due to their recent duplication and TLR21 likely filtered out due to 399	

missing data caused by sequencing difficulty (Alcaide and Edwards 2011; 400	

Grueber et al. 2014). For the five TLRs in our dataset we observe that the M0 ω 401	

values are similar to those observed by a previous study (Alcaide and Edwards 402	
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2001). In addition, our results confirm those of Alcaide and Edwards (2011) 403	

Grueber et al. (2014), and Velová et al. (2018), which showed TLR5 as having 404	

the highest proportion of selected sites, and the endosomal TLRs (TLR3, TLR7) 405	

as having the smallest proportion of selected sites. These similarities from 406	

independent studies focusing on just a few genes give us additional confidence 407	

in the results of our larger dataset. Unfortunately, the complexity of the MHC 408	

genes mean that they were not included in our dataset. However, a recent survey 409	

of selection across birds found selection for both classes of MHC loci (Minias et 410	

al. 2018), indicating that our overall patterns of selection likely hold true. 411	

Receptor genes clearly have signatures of pathogen-mediated selection 412	

but signaling pathways (e.g. ECM-receptor interaction and cytokine-cytokine 413	

receptor interaction) and downstream genes in immune pathway are also under 414	

selection in our dataset. Pathogens have evolved many ways to avoid the host 415	

immune response, sometimes at receptors, but sometimes at signaling 416	

molecules or genes involved in other cellular processes (Finlay and McFadden 417	

2006; Randall and Goodbourn 2008; Pichlmair et al. 2012; Quintana-Murci and 418	

Clark 2013; Sironi et al. 2015). The strong signatures of positive selection we 419	

observe in these alternative pathways and locations suggest that pathogens not 420	

only consistently target the same sites in receptor genes, but also the same sites 421	

within genes with other functions. The gene with the highest proportion of 422	

significant lineages in birds as estimated by aBS-REL in the Influenza A pathway 423	

is not for a receptor gene, but a signaling gene – the gene TRIF, also known as 424	

TICAM1. TRIF is recruited by TLR3, a viral sensing TLR in birds, and activates a 425	
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set of molecules that culminates in the activate of IRF7 or NF-kB (Santhakumar 426	

et al. 2017). This gene is under selection in 61% of avian lineages, one of the 427	

highest proportions in our dataset, and highlights that genes beyond the 428	

classically studied MHC loci and TLRs may be interesting candidates for future 429	

studies on the ecology and evolution of host-pathogen co-evolution. 430	

 431	

 432	

Non-immune functional pathways under positive selection in birds 433	

In addition to pathways related to immune function, pathways related to DNA 434	

replication and repair were also significantly enriched for positively selected 435	

genes (Figure 1). These pathways promote chromosomal stability and remove 436	

damaged DNA bases. Birds are known for their compact genomes that show 437	

greater than average chromosomal stability (Zhang, C. Li, et al. 2014), and a 438	

surprising paucity of transposable elements (TEs) (Cui et al. 2014; Zhang, C. Li, 439	

et al. 2014; Kapusta and Suh 2017). One effect on genome structure during the 440	

insertion of transposable elements is genome rearrangement due to homologous 441	

recombination (Kazazian 2004). Cui et al. (2014) hypothesized that homologous 442	

recombination may be responsible for purging transposable elements from the 443	

genome, and even observed a galliform hepadnavirus in the process of being 444	

removed via homologous recombination. Current host-pathogen evolutionary 445	

arms races between birds and TEs are also observed in woodpeckers and allies 446	

(Piciformes). There is evidence of different CR1 families expanding at least three 447	

different times within the order, and purifying selection for polymorphic TEs in 448	
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three closely related woodpecker species (Manthey et al. 2018). Finally, Kapusta 449	

and Suh’s (2016) observation that the non-recombining W chromosome and 450	

regions near centromeres had the highest TE richness also suggest that 451	

homologous recombination may prevent the insertion of TEs. Our pathway 452	

enrichment results support this hypothesis, and the similar dynamics of positive 453	

selection at specific sites as those observed with immune gene pathways 454	

suggest that birds may experience a form of host-pathogen co-evolution with 455	

TEs.  456	

The process of double-strand break repair, potentially associated with the 457	

excision of TEs, can lead to genome-size reductions if biased toward deletions 458	

(Schubert and Vu 2016). This model, combined with the evidence for deletions in 459	

the ancestral bird lineage (Zhang, C. Li, et al. 2014; Kapusta et al. 2017), the lack 460	

of TEs throughout the bird genome (Cui et al. 2014; Kapusta and Suh 2017), and 461	

our observation of strong positive selection for homologous recombination, 462	

provide support that one of the drivers for the evolution of small genomes in birds 463	

is host-pathogen co-evolution against TEs (Kapusta et al. 2017). Powered flight 464	

and metabolic stress have also long been hypothesized as the selective pressure 465	

driving this decrease in genome size (Zhang and Edwards 2012; Wright et al. 466	

2014; Kapusta et al. 2017). The strong positive selection for base excision repair 467	

suggests that there may be continued selection in functional pathways that may 468	

help correct breakage or DNA damage that could be a result of metabolic 469	

damage (Kapusta and Suh 2017).  470	
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 Two other groups of pathways were enriched for positively selected 471	

genes. The first category, lipid metabolism, includes the steroid hormone 472	

biosynthesis pathway and linoleic acid metabolism pathway. Steroid hormone 473	

biosynthesis is known to be related to diverse life history strategies in birds (Hau 474	

et al. 2010), and linoleic acid, more common in seed-rich diets, is related to 475	

thermoregulation and can vary across habitats (Ben-Hamo et al. 2013; 476	

Andersson et al. 2015). These pathways could be under selection in the diverse 477	

set of species included in our dataset. However, these are also known to be 478	

factors modulating the immune system (Koutsos and Klasing 2014), and 479	

pathogens are known to target cellular processes beyond the immune system 480	

(Pichlmair et al. 2012). Further study including additional life history 481	

characteristics may help distinguish between these two selective forces.  482	

The second category, phototransduction, likely relates to different avian 483	

life histories and the visual needs associated with those life histories. The 484	

genetics of the avian visual system has traditionally focused on the evolution of 485	

the cone receptor genes, and specifically variation in the short wave sensitivity 486	

type 1 pigment, which has shifted multiple times between ultraviolet and short 487	

wavelengths throughout birds with a single amino acid change (Ödeen and 488	

Håstad 2003; Ödeen and Håstad 2013). However, a comparison of retinal 489	

transcriptomes from owls, falcons, and hawks, groups that have visual systems 490	

adapted to low-light environments (e.g. nocturnal or crepuscular species) or with 491	

visual systems tuned for high visual acuity, found evidence for positive selection 492	

on phototransduction genes (Wu et al. 2016). The strong signal of positive 493	
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selection across the broad array of species chosen for our dataset suggests that 494	

these genes may be broadly important across many species, and an in-depth 495	

analysis of species associated with specific visual needs may uncover additional 496	

information on the evolution of this important avian sensory system. 497	

 Finally, our PCA to identify groups of species that have the same genes 498	

under selection identified one principle component that separates species across 499	

the avian phylogeny (Figure 2), which is significantly correlated with body mass 500	

(Figure 3). By correlating the log-transformed p-values for each gene with body 501	

mass to identify the genes driving this correlation, we find that the cellular 502	

senescence pathway was the only associated pathway using gene set 503	

enrichment (Supplemental Table 6). Lifespan is one trait that is highly correlated 504	

with body mass (Furness and Speakman 2008), and cellular senescence may be 505	

linked to lifespan through telomere dynamics (Monaghan and Haussmann 2006; 506	

de Magalhães and Passos 2018). Within a species, telomeres typically degrade 507	

as an organism ages, but few interspecific studies have found a correlation 508	

between telomere length and lifespan (Monaghan and Haussmann 2006). 509	

However, a recent comparative study in birds showed that telomeres shortened 510	

more slowly in species with longer lifespans, and that these results are 511	

conserved within families (Tricola et al. 2018). A study of genes associated with 512	

telomeres in mammals did not find any correlation between the strength of 513	

positive selection at these loci and body mass (Morgan et al. 2013). Our results, 514	

and the unique pattern of telomere lengthening observed in birds may be an ideal 515	

system to study the evolution of telomere dynamics, and the molecular 516	
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underpinnings of these processes. Finally, telomere length mediates lifespan and 517	

lifetime fitness, both of which are reduced due to chronic malaria infection 518	

(Asghar et al. 2015), and suggests that this lineage-specific signature of selection 519	

may also be related to pathogen-mediated selection. 520	

 521	

 522	

Conclusions and implications 523	

 Across birds, and more generally across tetrapods, there is a clear signal 524	

of positive selection acting on immune genes, whether against pathogens or 525	

transposable elements. Our results demonstrate that the same genes and 526	

potentially even the same codons may be common targets of pathogens to 527	

subvert the immune response. Genes with particularly strong evidence of 528	

selection may be good candidates for further study from a functional and 529	

ecological perspective, and could broaden perspectives on the ecology and 530	

evolution of immunity beyond MHC loci and TLRs typically examined. From an 531	

applied perspective, there is a great need to understand which proteins or genes 532	

in immune gene networks are important in pathogen resistance to improve 533	

breeding strategies in economically important species (e.g. poultry; (Kaiser 534	

2010). Our work is a first step in this direction, and we provide a rich resource for 535	

the examination of specific genes and pathways.  536	

 Here we have only considered positive selection at a broad scale. 537	

Combining these results with those from populations or specific clades within 538	

birds and mammals may provide new insights on similarities or differences in 539	
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long and short-term selection. Pathogen load is the strongest driver of local 540	

adaptation in humans (Fumagalli et al. 2011) and viruses are important drivers of 541	

population adaptation in flies (Early et al. 2017). From a network perspective, 542	

functional gene pathways under strong selection in humans are directly or 543	

indirectly involved in immunity (Daub et al. 2013). Given the signatures of host-544	

pathogen co-evolution we observe across birds, we expect that pathogens are an 545	

important driver of recent adaptation in bird populations as well. 546	

 547	

 548	

METHODS 549	

 550	

Identification, alignment and filtering of avian orthologs 551	

Avian orthologs were identified, aligned, and filtered by Sackton et al. (2018). We 552	

provide a brief outline of the methodology here, but full details and computer 553	

code can be found in Sackton et al. (2018). The program OMA v.1.0.0 (Roth et 554	

al. 2008; Altenhoff et al. 2013) was used to infer patterns of homology among 555	

protein-coding genes across 39 sequenced bird (Figure 2) and three non-avian 556	

reptile (Alligator mississippiensis, Anolis carolinensis, and Chrysemys picta) 557	

genomes. For each gene set, the longest transcript was selected to represent 558	

that protein in the homology search. 559	

Once OMA had completed, alignments were built for each OMA-defined 560	

homologous group using MAFFT v.7.221 (Katoh and Standley 2013), and a 561	

HMM was built each protein alignment using HMMER v. 3.1b hmmbuild (Johnson 562	
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et al. 2010). Each HMM was then used to search the full set of OMA input both to 563	

verify that the same proteins are recovered as belonging to a homologous group, 564	

and to assign unassigned proteins if possible. Finally, a graph-based algorithm 565	

was used to add gene models not assigned to any OMA group to the best match 566	

if possible. This produced a new set of homologous groups, which we use in the 567	

following analyses. 568	

These 45,367 hierarchical orthologous groups, or HOGs, were filtered to 569	

retain 16,151 HOGs with sequences for at least four species. Protein sequences 570	

were aligned with MAFFT v. 7.245 (Katoh and Standley 2013), and filtered in 571	

three steps. First, entire columns were excluded if missing in more than 30% of 572	

species, had sequence in fewer than 10 taxa, or was missing in two of the three 573	

of the main taxonomic groups (paleognaths, neognaths, or non-avian outgroups). 574	

Second, poorly aligned regions were masked according to Jarvis et al. (2014) 575	

using a sliding-window similarity approach. Third, columns were removed using 576	

the same criteria as the first round. Next, entire sequences were removed from 577	

each alignment if they were over 50% shorter than their pre-filtered length or 578	

contained excess gaps. Finally, entire HOGs were removed if they contained 579	

more than three sequences for any species, did not have more than 1.5x 580	

sequences for the given number of species present in the alignment, or were less 581	

than 100 base pairs long. Nucleotide sequences for all remaining HOGs were 582	

aligned with the codon model in Prank v. 150803 (Loytynoja and Goldman 2008). 583	

In total, 11,248 HOGs remained after all alignment and filtering steps. 584	
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Guide trees for use in the tests of selection were constructed for each 585	

alignment with RAxML v. 8.1.4 (Stamatakis 2014) under a GTR+GAMMA 586	

substitution model, partitioned into codon positions 1+2 and 3, with 200 rapid 587	

bootstrap replicates and a maximum likelihood tree search. In cases where 588	

species had more than one sequence in the alignment, we included all copies to 589	

produce a gene tree for that HOG. 590	

 591	

Tests of selection 592	

Once HOGs had been identified and filtered, we considered them as 593	

representatives for genes, and so will refer to them as genes. To identify 594	

positively selected genes, we compared models of nearly neutral evolution to 595	

those that included signatures of positive selection at a proportion of sites across 596	

lineages in the avian phylogeny. Sites under positive selection are defined as 597	

those with elevated nonsynonymous/synonymous substitution ratios (ω = dN/dS) 598	

compared to the expectation under neutral evolution, ω = 1. We used two 599	

different programs to identify genes with evidence for elevated ω values at 600	

specific sites across avian lineages. First, we used the site models (Nielsen and 601	

Yang 1998; Yang et al. 2000) implemented in the program Phylogenetic Analysis 602	

by Maximum Likelihood v4.8 (PAML; (Yang 2007) to calculate likelihood scores 603	

and parameter estimates for seven models of evolution (Table 1). Because some 604	

genes contained gene duplicates, we ran all analyses of selection on gene trees 605	

from all 11,248 genes, and separately on the species tree for 8,699 genes with 606	

no duplicate sequences. We used the species tree generated by OMA from 607	
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Sackton et al. (2018) as the phylogenetic hypothesis. First, we fit the M0 model, 608	

which estimates a single ω for all sites in the alignment. We used the branch 609	

lengths estimated with the M0 model as fixed branch lengths for subsequent 610	

models to decrease computational time. To identify genes with evidence of 611	

positive selection, we conducted likelihood ratio tests between neutral models 612	

and selection models (models with ω > 1). We compared likelihood scores from 613	

the M1a vs. M2a, M2a vs. M2a_fixed, M7 vs. M8, and M8 vs. M8a models 614	

(Supplemental Table 8.1) (Nielsen and Yang 1998; Yang et al. 2000; W.S.W. 615	

Wong et al. 2004). We computed p-values according to a χ2 distribution with two, 616	

one, two, and one degree of freedom respectively. 617	

 In addition to the site tests implemented in PAML, we used BUSTED 618	

(Murrell et al. 2015), a modeling framework implemented in the program HyPhy 619	

(Pond et al. 2005), to identify genes with evidence of positive selection at a 620	

fraction of sites. BUSTED uses a model that allows branch-to-branch variation 621	

across the entire tree (Murrell et al. 2015). Similar to the PAML models, BUSTED 622	

uses a likelihood ratio test to compare a model including selection (ω > 1 at a 623	

proportion of sites) with one that does not. We parsed all PAML and HyPhy 624	

results with custom code (available https://github.com/ajshultz/avian-immunity/) 625	

and ran all downstream analyses in R. For both sets of tests, we used the 626	

Benjamini-Hochberg approach to correct for multiple testing (Benjamini and 627	

Hochberg 1995) with the p.adjust function in the stats packages in R v.3.5 (R 628	

Core Development Team 2008). We considered an FDR-corrected p-value less 629	

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted September 6, 2018. ; https://doi.org/10.1101/398362doi: bioRxiv preprint 

https://doi.org/10.1101/398362
http://creativecommons.org/licenses/by-nc-nd/4.0/


	 37	

than 0.05 as evidence for positive selection in that gene for a given model 630	

comparison. 631	

 Finally, in addition to testing for selection at particular sites across bird 632	

lineages, we used the aBS-REL method in HyPhy with default parameters 633	

(Kosakovsky Pond et al. 2011) to detect which specific lineages showed 634	

evidence of selection for each gene. For each lineage, including both tip species 635	

and internal branches, aBS-REL estimates a p-value for the presence of positive 636	

selection. We considered both the raw p-value as well as a p-value corrected for 637	

multiple testing within each gene. Fewer lineages showed evidence of selection 638	

with an FDR-corrected p-value, but all subsequent results were qualitatively 639	

consistent with both sets of tests. For simplicity and because the stringent 640	

correction may remove biologically-interesting lineages with weak to moderate 641	

selection, we present the results using the number of lineages considered 642	

nominally significant without multiple-test correction. We also used a custom 643	

script to parse all aBS-REL results and run all downstream analyses in R 644	

(https://github.com/ajshultz/avian-immunity/). 645	

 Previous work has found that alignment errors can result in substantial 646	

false positives (Markova-Raina and Petrov 2011). However, our strict alignment 647	

filtering strategy and use of the evolution-aware PRANK aligner minimizes the 648	

possibility that our results are solely false positives (Markova-Raina and Petrov 649	

2011). Recombination also can elevate ω estimates, but the M7 vs M8 model 650	

has been shown to be robust to recombination (Anisimova et al. 2003), and these 651	

results give us the highest proportions of positively selected genes we observe in 652	
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our dataset (Table 2). Finally, despite observing high proportions of selected 653	

genes, the overall trend of gene-wide estimates of ω << 1 are consistent with 654	

patterns of purifying selection on coding regions of the genome (Supplemental 655	

Figure 2). Furthermore the similarity in estimated ω values between this study 656	

and previous studies in birds with different sets of genome sequences or the use 657	

of pairwise estimates between chicken and zebra finch (Nam et al. 2010; Zhang, 658	

B. Li, et al. 2014) give us confidence that our results are robust. 659	

 660	

 661	

Gene annotation 662	

We annotated genes for downstream enrichment analyses using chicken (Gallus 663	

gallus assembly version 4.0; G.K.-S. Wong et al. 2004) and zebra finch 664	

(Taeniopygia guttata assembly version 3.2.4; Warren et al. 2010) NCBI gene IDs 665	

from sequences of those species included in the alignment of each gene. Of the 666	

11,248 HOGs, 10,890 could be assigned to a chicken NCBI gene id, 10,365 667	

could be assigned to a zebra finch NCBI gene id, 10,143 could be assigned to 668	

both, and 136 could not be assigned to a chicken or zebra finch NCBI gene ID. In 669	

order to test additional pathways available for mammalian species (see below), 670	

we converted chicken and zebra finch NCBI gene IDs to human (Homo sapien; 671	

GRCh38.p10) NCBI gene IDs using the R biomaRt package version 2.36.1 672	

(Durinck et al. 2005; Durinck et al. 2009). For both avian species, we 673	

downloaded the ENSEMBL gene IDs, NCBI gene IDs, and human homolog 674	

ENSEMBL gene IDs for each gene using the ggallus_gene_ensembl (chicken 675	
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genes, Gallus-gallus-5.0) and tguttata_gene_ensembl (zebra finch genes, 676	

TaeGut3.2.4) datasets. For humans, we downloaded the ENSEMBL gene IDs 677	

and NCBI gene IDs from the human hsapien_gene_ensembl (human genes, 678	

GRCh38.p10) dataset. We assigned each gene by first identifying all human 679	

ENSEMBL gene IDs and NCBI gene IDs that were chicken orthologs, and filled 680	

in missing IDs with zebra finch annotations. In total, 9,461 out of 11,248 genes 681	

could be annotated with human NCBI gene IDs. 682	

 683	

Functional gene pathway enrichment for lineages under positive selection 684	

in birds 685	

We looked for patterns of positive selection among groups of genes with similar 686	

functions using KEGG pathway enrichment tests (Kanehisa and Goto 2000; 687	

Kanehisa et al. 2011). We used our most conservative set of genes as our test 688	

set – those with FDR-corrected p-values less than 0.05 for all site tests 689	

(N=1,521), including the m1a vs. m2a PAML model comparison, m2a vs. 690	

m2a_fixed PAML model comparison, m7 vs. m8a PAML model comparison, m8 691	

vs. m8a PAML model comparison, and BUSTED analysis (see Table 1 for PAML 692	

model descriptions). Because of the similarity between the model results using 693	

gene trees and species trees (see Results), we use the gene tree results as input 694	

to maximize the number of genes that could be included in a functional analysis. 695	

Preliminary analyses using the species tree results are qualitatively similar to 696	

those presented here. 697	
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To conduct KEGG pathway enrichment analyses, we used the 698	

‘enrichKEGG’ command from clusterProfiler v. 3.8.1 (Yu et al. 2012) from 699	

Bioconductor v. 3.7 (Gentleman et al. 2004) with chicken as the reference 700	

organism. We used the genes included in both PAML and HyPhy analyses with 701	

NCBI gene IDs (N = 10,874) as the gene universe for enrichment tests. To 702	

ensure genes not present in the chicken genome, but present in other bird 703	

species were not biasing our results, we also performed the functional 704	

enrichment test using zebra finch as the reference organism. Finally, we 705	

performed a final enrichment test using human as the reference organism to test 706	

whether the expanded KEGG pathways of humans could provide insights beyond 707	

those available for chicken and zebra finch. We visualized the results using 708	

modified versions of the ‘dotplot’ and ‘cnetplot’ commands in clusterProfiler. 709	

 710	

 711	

Clustering genes under selection among bird lineages 712	

We used aBS-REL results to understand how groups of species that experience 713	

similar selective pressures might show evidence for positive selection for the 714	

same genes.  To do this, we created a matrix of the p-values for the probability of 715	

positive selection at each gene for each species. We used this matrix to conduct 716	

a principle components analysis (PCA) to cluster species by the log-transformed 717	

p-value of each species for each gene. We replaced any missing values with the 718	

mean p-value for that gene, log-transformed all p-values, and performed the PCA 719	

with the prcomp function in R.  720	
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 Only the first principle component grouped unrelated species (see 721	

Results), so we tested whether PC1 might be related to body mass, a 722	

measurement correlated with many life history characteristics (Pienaar et al. 723	

2013). We extracted body mass measurements from each species using the 724	

CRC Handbook of Avian Body Masses (Dunning 2009) and used phylogenetic 725	

generalized least squares (PGLS) (Martins and Hansen 1997) to test for a 726	

correlation between the PC1 scores and log-transformed body mass. To obtain 727	

branch lengths for our species tree topology, we randomly selected one gene 728	

with one sequence for all species and used the branch lengths as calculated by 729	

the M0 model in PAML. Our results were robust to tests with alternative genes. 730	

We ran the PGLS analysis in R with the gls function from the nlme package 3.1-731	

137 (Pinheiro et al. 2013), with a both a Brownian motion (Felsenstein 1985) and 732	

an Ornstein-Uhlenbeck (Hansen and Martins 1996) model of evolution. A 733	

Brownian motion fit better than the Ornstein-Uhlenbeck model (AIC >2), so we 734	

report those results. However, the results are qualitatively similar. We visualized 735	

the two traits and the phylogeny using the ‘phylomorphospace’ function and the 736	

evolution of PC1 on the phylogeny using the a modified version of the 737	

‘plotBranchbyTrait’ function from phytools v. 0.6-44 (Revell 2012). 738	

 To better understand which genes and molecular functions were 739	

contributing to the correlation between PC1 and body mass (see Results), we 740	

calculated a p-value for the association between log-transformed p-values and 741	

log-transformed body mass for each gene separately. Due to the non-normal 742	

distribution of log-transformed p-values, we used Spearman’s rank correlation 743	
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with the cor.test function from the stats package in R (R Core Development 744	

Team 2008).  Although Spearman’s rank correlation does not include 745	

phylogenetic correction, the aBS-REL p-values are estimated independently for 746	

each branch, and so should not be biased by phylogeny. We used the Benjamini-747	

Hochberg approach to correct for multiple testing (Benjamini and Hochberg 748	

1995).  749	

We tested whether there might be any functional signal in these genes 750	

using gene set enrichment with the Spearman’s rank correlation values (r) as the 751	

input for each gene. To avoid biases in genes with only one or a few lineages 752	

under selection, we only tested genes with at least five lineages under selection 753	

(preliminary results with alternative cutoff suggest that results are robust to the 754	

specific cutoff used). We tested for gene set enrichment with the chicken KEGG 755	

pathways using the ‘gseKEGG’ command from clusterProfiler (Yu et al. 2012).  756	

 757	

Comparisons of avian and mammalian selection datasets 758	

In order to identify shared signatures of selection in both birds and mammals, we 759	

compared our results to those of Enard et al (2016). We used our BUSTED 760	

results as calculated using the species tree to ensure our results were 761	

comparable to their BUSTED tests of positive selection. We combined our 762	

datasets using the human ENSEMBL gene ID annotations (conversion methods 763	

described above). In total, we could identify 4,931 orthologous genes with results 764	

from both datasets. With the set of genes included in both studies, we re-765	

calculated FDR-corrected p-values, and compared the proportion of genes 766	
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significant in both birds and mammals with a p-value cutoff of 0.1, 0.01, 0.001 767	

and 0.0001 to understand whether genes under weak or strong selection might 768	

produce different signals. We calculated significance of an increased overlap in 769	

genes under selection in both birds and mammals with a Fisher’s exact test. 770	

 We tested whether pathogen-mediated selection might be an important 771	

factor in driving the overlap of these genes using KEGG pathway enrichment. We 772	

ran these tests as described above, with the genes under positive selection in 773	

both birds and mammals as the test set of genes, and the set of genes under 774	

selection in birds as the background set of genes. We used the four different 775	

FDR-corrected p-value cutoffs (p < 0.1, 0.01, 0.001, or 0.0001) to identify genes 776	

under selection in each clade. Finally, we used permutation tests to ensure that 777	

our pathway enrichment results were not biased toward genes commonly under 778	

selection in birds. We randomly created test sets the same size as those 779	

empirically defined from the set of genes significant in birds and performed 780	

KEGG pathway enrichment. We calculated the enrichment score (proportion of 781	

selected genes in the pathway compared to the proportion of selected genes in 782	

the dataset) for each pathway significant in our bird-only results (described in 783	

above section) and included in our test of empirical data. That is, the pathway 784	

had to be significant in birds, and contain at least one gene under selection in 785	

both birds and mammals. We performed each permutation for each p-value 786	

cutoff 1,000 times to generate a null distribution of enrichment values to compare 787	

to our empirical results.  788	

 789	
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Association of genes under positive selection to pathogen-mediated 790	

transcriptional responses in birds 791	

We independently tested whether genes under positive selection throughout 792	

birds were associated with pathogen-mediated immune responses using publicly-793	

available transcriptome data. We tested whether genes that were differentially 794	

expressed in response to a pathogen challenge were more likely to be under 795	

positive selection. We identified 12 studies of birds that compared the 796	

transcriptomes of control individuals and individuals experimentally infected with 797	

a virus, bacterium or protist (Supplemental Table 8; (Smith, Burt, et al. 2015; 798	

Smith, Smith, et al. 2015; Sun, Liu, Nolan, and Lamont 2015a; Sun, Liu, Nolan, 799	

and Lamont 2015b; Videvall et al. 2015; Sun et al. 2016; Beaudet et al. 2017; 800	

Deist, Gallardo, Bunn, Dekkers, et al. 2017; Deist, Gallardo, Bunn, Kelly, et al. 801	

2017; Newhouse et al. 2017; Zhang et al. 2018). We downloaded all available 802	

SRA files for each bioproject and extracted the fastq files with fastq-dump from 803	

SRA-Tools v. 2.8.2.1 (Leinonen et al. 2010). We used kallisto v. 0.43.1 (Bray et 804	

al. 2016) to quantify transcript abundance with 100 bootstrap replicates. We used 805	

paired-end or single-end mode (assuming average fragment lengths of 250 base 806	

pairs with a standard deviation of 50 base pairs) as appropriate for each 807	

bioproject, using the ENSEMBL transcriptome reference for each species 808	

(Supplemental Table 8). One species did not have an ENSEMBL reference 809	

available (Spinus spinus), so we mapped to the transcriptome reference of the 810	

closest available reference, Serinus canaria, downloaded from NCBI.   811	
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We tested for differential expression between experimentally infected 812	

individuals and control individuals with sleuth v0.30 (Pimentel et al. 2017). In 813	

cases where individuals were available at different timepoints, had different 814	

phenotypes (e.g. resistant or susceptible), used different pathogen strains, or 815	

sequenced transcriptomes from different organs, we tested each condition 816	

separately. We considered a gene to be significantly differentially expressed if it 817	

had a q-value less than 0.05 and an effect size, quantified as the absolute value 818	

of b, greater than 1. We then combined results for each condition of each 819	

bioproject. We considered a gene to be differentially expressed for that study if it 820	

was significant in half of conditions defined as different time points and 821	

phenotypes for each organ (Supplemental Table 8). For three studies, only a 822	

single condition had any appreciable signal, we use used a relaxed our cutoff to 823	

count a gene as significant if it was significantly differentially expressed in any 824	

condition (Supplemental Table 8).  825	

To compare genes across species, we translated all ENSEMBL gene IDs 826	

to homologous chicken ENSEMBL gene IDs from the R biomaRt package 827	

version 2.36.1 (Durinck et al. 2005; Durinck et al. 2009), except for S. canaria, 828	

which we translated to chicken gene IDs by mapping genes IDs to sequences in 829	

the same gene alignments in our dataset. Some pathogens were represented by 830	

more than one study in our dataset. To combine the results for each pathogen, 831	

we considered each gene to be significant for that pathogen if it was significant in 832	

at least one study. We used logistic regression to test whether genes that were 833	

up-regulated (compared to no difference in transcription) were more likely to be 834	

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted September 6, 2018. ; https://doi.org/10.1101/398362doi: bioRxiv preprint 

https://doi.org/10.1101/398362
http://creativecommons.org/licenses/by-nc-nd/4.0/


	 46	

under selection in birds (defined in above section), and to test whether genes 835	

that were down-regulated were more likely to be under selection in birds. 836	

 837	

Comparisons of gene expression patterns and positively selected genes in 838	

birds and mammals 839	

Finally, we compared the pathogen-mediated transcriptional responses in birds 840	

to those in mammals. We used 14 previously published studies that generated 841	

transcriptomes for control individuals and pathogen-challenged individuals to 842	

identify differentially expressed genes in response to pathogen infection for a 843	

species of mammal (Supplemental Table 8; (Qian et al. 2013; Langley et al. 844	

2014; Ogorevc et al. 2015; Rojas-Peña et al. 2015; DeBerg et al. 2016; Lee et al. 845	

2016; Tran et al. 2016; Chopra-Dewasthaly et al. 2017; Jong et al. 2018). We 846	

chose studies that used similar pathogens as those used in the avian 847	

experiments to compare the expression profiles of the two clades as closely as 848	

possible, while acknowledging that such matching will necessarily be somewhat 849	

imprecise. We used the same preprocessing steps as described in the above 850	

avian transcriptomic section. In two studies, seven and nine different timepoints 851	

were used, with a large number of individuals giving increased power to detect 852	

differentially expressed genes. For these two studies, we required genes to be 853	

significant in half of all timepoints as well as overall (all infected individuals 854	

compared to control individuals). We translated all non-human ENSEMBL gene 855	

IDs to human ENSEMBL gene IDs using biomaRt to compare results across all 856	

bird and mammal species. Finally, for birds and for mammals, we summarized 857	
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results for each gene for each infectious agent, considering a gene to be 858	

differentially expressed if it was differentially expressed in any study. Despite the 859	

smaller number of genes identified in the joint bird and mammal datasets, results 860	

comparing the enrichment in bird-only studies as described above were robust 861	

(results not shown), so we have confidence that our combined bird and mammal 862	

dataset captured the signal observed with birds alone. 863	

 With our combined bird and mammal dataset, we first tested whether 864	

genes up-regulated in infected birds were also likely to be up-regulated in 865	

infected mammals, or whether genes down-regulated in infected birds were also 866	

likely to be down-regulated in infected mammals. We used a Fisher’s exact test 867	

to test whether the proportions of up- or down- regulated genes in both clades 868	

deviated from null expectations. Then, we combined the gene expression results 869	

with the significance results across birds and mammals. We sought to test 870	

whether genes that were under positive selection in birds were likely to be under 871	

positive selection in mammals and differentially expressed (either up- or down-872	

regulated in both clades). To do this, for each pathogen, we used logistic 873	

regression with genes under selection in birds as the response variable (under 874	

selection or not), and the mammalian selection status (under selection or not), 875	

the differential expression status in birds (up- or down-regulated), and their 876	

interaction as predictor variables. Finally, due to the variety of experimental 877	

setups and small number of genes up- or down-regulated in both birds and 878	

mammals, we used a more sensitive test to test whether the absolute value of 879	

mammal and bird b values were significantly higher in genes under selection in 880	
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both lineages, or genes under selection in birds, compared to genes not detected 881	

as being under selection with our BUSTED site tests. A larger absolute value of b 882	

implies larger magnitudes of differential expression, regardless of the direction of 883	

selection or q-value significance. To ensure the b values were as comparable as 884	

possible among studies, we first standardized the b values to have a mean of 0 885	

and standard deviation of 1 for each study. Then, for pathogen replicates within 886	

birds and mammals, we used the maximum b value observed as the bird or 887	

mammal b value for that gene (results were robust if the mean b value was used 888	

instead). For each gene, we calculated the harmonic mean of bird and mammal b 889	

values, and used a Mann-Whitney U-test to test whether mean b values were 890	

significantly different between genes under selection (q-value < 0.05) in birds and 891	

mammals and genes under selection in birds only, between genes under 892	

selection in birds and mammals and genes not under selection in either lineage, 893	

and between genes under selection in birds only and genes not under selection 894	

in either lineage. 895	
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SUPPLEMENTAL FIGURES: 1288	

 1289	
Supplemental Figure 1. Comparison of M0 model ω values between genes under 1290	
selection for all site tests, and those not under selection, for both gene trees and species 1291	
trees. The mean ω values were significantly higher for genes under selection for both 1292	
gene trees and species trees (Mann-Whitney U-test: gene trees: W = 1201387, p < 1293	
0.0001; species trees: W = 938934, p < 0.0001). 1294	
 1295	
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 1296	
Supplemental Figure 2. Histogram of ω values from the PAML M0 model using either 1297	
gene trees or species trees as the input phylogeny. 1298	
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 1299	
Supplemental Figure 3. Distribution of the proportion of significant lineages for HOGs 1300	
identified as not significant (FDR-corrected p-value >= 0.05), or significant (FDR-1301	
corrected p-values < 0.05) with BUSTED. The means of the two distributions are 1302	
significantly different (Mann-Whitney U-test: W= 6205530, p<10-16). 1303	
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 1304	
Supplemental Figure 4. Visualization of the variance explained by the first 10 PC axes 1305	
(scree plot). PCA of the log-transformed p-values across genes for each species 1306	
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 1307	
Supplemental Figure 5. A visualization of PC2 scores on the phylogeny, the maximum 1308	
likelihood reconstruction of the PC2 values for internal branches. PC2 explains 5.2% of 1309	
the variance among log-transformed p-values across genes for each species. 1310	
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 1311	
Supplemental Figure 6. A visualization of PC3 scores on the phylogeny, the maximum 1312	
likelihood reconstruction of the PC3 values for internal branches. PC3 explains 3.9% of 1313	
the variance among log-transformed p-values across genes for each species. 1314	
 1315	
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