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Abstract 

 

Understanding molecular 

mechanisms and evolution of vocal 

learning species based on 

comparative genomics 

 

Chul Lee 

Interdisciplinary Program in Bioinformatics 

The Graduate School 

Seoul National University 

 

This thesis is an intensive study to find a vocal learner-specific genotype, 

comparing reference genomes between species based on comparative 

genomics. Researches for vocal learning put purposes to understand genetic 

origins of language and vocal learning in human lineage, to discover systems 

occurring human language disorder, and then to treat the diseases. 
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In chapter 1and 2, I introduced the general background information. Vocal 

learning is an ability to imitate vocalizations through experiences. In order to 

find vocal learning related genes, I considered 4 types of molecular 

mechanisms – heterotypy, heterometry, heterotopy, and heterochrony. For 

excavation of heterotypic genes, TAAS and dN/dS analysis are conducted. 

TAAS analysis is developed to distinguish if a gene has sites with mutually 

exclusive vocal leaner-specific amino acid substitutions from non-learners in 

a protein coding region, and dN/dS analysis can be applied to estimate the 

evolutionary selection pressure on these heterotypic sites. With gene 

expression profiles considering the other three molecular mechanisms, it is 

supported that the genes with heterotypies are more related to vocal learning 

trait than other phenotypes. 

In chapter 3, I minutely described the research for avian vocal learner-

specific proteome-wide convergence. Of about 8000 orthologous in avian 

lineages, 139 genes have 149 TAAS sites of vocal learning birds. Of these, 

FBXO48, with only FOX domain of FOXP2 directly related to human 

language, shows a convergent amino acidic alteration within avian vocal 

learners and human. Of the 139 TAAS genes, B3GNT2 and PIK3R4 are 

suggested as strong candidates related to vocal learning, because of supports 

of positive selection, expression profile, association with human language 

disorder. 

 

Key words: Vocal learning, comparative genomics, amino acid, 

substitutions, TAAS, positive selection 
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marked in red and the vocal non-learners is marked in black, and 

rifleman is marked grey as an unknown. 

 

 

  



 

 11

 

 

 

 

 

 

 

 

 

 

Chapter 1. General Introduction 

  



 

 12

Language is an important key trait which makes us human during hominid 

evolution. We have transmitted information to others, interacted with each 

other, constituted a society, made a culture, and built a civilization through 

language. Although these importance, it has been unidentified how to get 

language and what make the ability. It had been just uncovered that the origin 

of language is vocal learning, which is an ability to experience and to imitate 

sound of same or other species [4]. So I focused vocal learning trait to 

understand human language.  

A few mammalians have this specific vocalization, such as human, bat, 

dolphin, whale elephant, and seal [5]. Some avian species also show vocal 

learning trait, such as zebrafinch, medium ground finch, american crow, 

budgerigar, kea, and anna’s humming bird [5]. So how, when and why were 

these traits given to vocal learners? In order to answer this questions, many 

scientists have been conducted various phenotype approaches. For example, 

size changes of brain regions, neural alterations of connection strengths, and 

morphological comparison between human and non-human vocal learners. 

And genetic approaches are also researched on the molecular mechanisms 

(Table 1.1) [6]. All of phenotypes are affected form genotypes, so I focused 

genotypic variations related to language and vocal learning. 

 

Table 1.1. Molecular mechanisms related to phenotype. 

Molecular variation Description 

Heterotypy alteration of gene products 

Heterometry alteration of amounts of expression 

Heterotopy alteration of spatial gene expression 

Heterochrony alteration of timing of gene expression 



 

 13

With a bird eyes view, I am summarizing the genetic approaches for 

language and vocal learning. The initial research to understanding human 

language is based on heterotypic studies of an English family suffering 

language disorder, the “KE” family. Around half the family – fifteen of the 

members across three generation – suffered unexplained speech and language 

disorders without any obvious neurological, anatomical, or physiological 

cause, while the other members of the family were not [7]. The KE family 

disorder had been inherited in next generations, so it was considered as a 

hereditary disorder and researched to find genotypes affecting the language 

development. Lai and coworkers found a KE family disorder-specific 

mutation in a regulatory protein coding gene, FOXP2 [8]. The KE mutation 

involved replacement of a G with an A in a forkhead-box (FOX) domain of 

the FOXP2 gene, leading to a non-synonymous alteration of single amino acid 

(R553H). This missense mutation found in the affected KE family, while 

absent from unaffected KE family and a large number of control individuals. 

Likewise, this trial was conducted between species, present and absent of 

abilities of speech and language. In heterotypic comparisons, FOXP2 shows 

two human-specific amino acid substitutions relative to chimpanzee, which is 

vocal non-learner and the closest primate from human [9]. And seven amino 

acidic changes were found relative to zebrafinch, which is avian vocal learner 

[10, 11]. However, former researches are analyzed not for whole genome but 

for specific target genes well-known to be associated with language.  

This thesis is a proteome-wide study to find a vocal learner-specific 

genotype, comparing reference genomes between species based on 

comparative genomics. Researches for vocal learning put purposes to 
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understand language and vocal learning in human lineage, to discover systems 

occurring human language disorder, and then to treat the diseases.  
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2.1 Target-specific amino acid substitution (TAAS) 

2.1.1 Amino acid substitutions of vocal learners 

When genetic anthropologists try to solve a question if and how the gene 

evolved changes in human lineage, they found heterotypic alterations in 

FOXP2 protein sequence making current human being [9]. The two amino 

acid substitutions occurred during the hominid evolution after speciation 

between human and chimpanzee [9] and this mutually exclusive heterotypies 

are conserved in the other primate lineages (Figure 2.1). Although just two 

amino acid substitutions in a protein of over 700 residues might be considered 

only a small degree of change, the findings stand out against the general 

background of high conservation of FOXP2 in most vertebrates. 

 

 

Figure 2.1. Human-specific amino acid substitutions on FOXP2 

comparing primates. Multiple sequence alignment by using PRANK 

program. 
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2.1.2 Concept of TAAS 

Like studies for the primate vocal learning lineage, I focused mutually 

exclusive molecular heterotypy in avian vocal learners and participated in the 

development of a concept to uncover genes with the genotypes. These 

heterotypies were termed ‘Target-specific amino acid substitution’ (TAAS) 

and the concept is shown minutely in Fig. 2.2.  

The Amino acid substitutions in vocal learning species, which are mutually 

exclusive changes relative to vocal non-learning species, were examined to 

investigate convergent evolution in polyphyletic vocal learning lineages at the 

molecular level. However, this concept is also free for phylogenetic 

information and expected to apply researches within species. 
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Figure 2.2. Concept of target species specific amino acid 

substitution (TAAS). Figure from Zhang et al. [12]. The diagram 

shows the sites with mutually exclusive amino acid alterations with 

empty set (ø) of amino acids between species with the target trait and 

species without the target trait. Four types of target-species specific 

mutually exclusive amino acid substitutions in blue boxes. Same amino 

acid type in each group; mixed amino acid types in only other group or 

only target group; and mixed amino acid types in each group. 
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2.2 Positive selection 

2.2.1 dN/dS ratio 

dN/dS ratio (=ω value) is the ratio of non-synonymous substitution rates 

(dN) per synonymous substitution rates (dS). The rates of non-synonymous 

and synonymous substitution are calculated by the ratio of number of 

substitutions per number of substitution sites (Figure 2.3). dN/dS ratio detects 

the selective force, with dN/dS=1 meaning neutral selection, dN/dS<1 

meaning negative (purifying) selection, and dN/dS>1 meaning positive 

selection. 

 

 
 

Figure 2.3 Example of dN/dS calculation.   
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2.2.1 Branch-based model 

Branch-based model [12] allows various dN/dS ratios on branches in the 

phylogenetic topology (Figure 2.4). There are possible three types. ‘One-ratio 

model’ supposes a same dN/dS ratio for all branches. A model supposes 

several dN/dS ratios for parts of branches allowed by user. And ‘free-ratios 

model’ supposes independent dN/dS ratios for all branches. Likelihood-ratio 

test (LRT) is applied to test hypotheses. For example, a model which supposes 

a ω1 value of a certain branch is different from ω0 value the other branches 

can be assumed as alternative hypothesis (H1) and one ratio model can be 

assumed as null hypothesis (H0). 

 

2.2.2 Branch-site model 

The branch-site models allow ω to vary both among sites and foreground 

branches [13]. The positive selection (ω2 > 1) exists on only site class 2a and 

2b (Figure 2.5 and Table 2.1). This test based on mixed model, so calculated 

p-value must be divided by 2 after conducting the chi-square test. 

 

Table 2.1 Parameters in Branch-Site Model A. Table from Yang [1]. 

Site class Proportion Background Foreground 

0 p0 0 < ω0 < 1 0 < ω0 < 1 

1 p1 ω1 = 1 ω1 = 1 

2a (1–p0 – p1) p0 (p0+p1) 0 < ω0 < 1 ω2 ≥ 1 

2b (1–p0 – p1) p1 (p0+p1) ω1 = 1 ω2 ≥ 1 
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Figure 2.4 Concept of branch-based model. This model analyzes 

if a gene is more accelerated on foreground branches than 

background branches (ω1 > ω0; dark grey). Then, the gene underwent 

positive selection on the foreground branches, even if the ω1 ≤ 1. Null 

hypothesis (H0) is one-ratio model, which means same ω values on 

every branch. Alternative hypothesis (H1) expects different ω values 

between foreground and background branches. A, B, and C indicate 

example species having the orthologous genes. This test is based on 

likelihood ratio test. (ω value = dN/dS ratio) 
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Figure 2.5. Concept of branch-site model A. This model 

analyzes if a gene has sites under positive selection on 

foreground branches (ω2 > 1). Null hypothesis (H0) expects a gene 

has sites only under neutral (ω1 = 1; grey) or purifying selection (ω0 < 

1; light grey) on both of foreground and background branches. 

Alternative hypothesis (H1) expects a gene has some sites (site class 

2) under positive selection on foreground branches (ω2 > 1; dark grey). 

A, B, and C indicate example species having the orthologous genes. 

This test is based on likelihood ratio test. ω value indicates dN/dS ratio. 
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2.3 Expression profile 

2.3.1 Heterotopy based on heterometry 

In order to uncover the relationship between the vocal learning trait and 

genes with vocal learner-specific genotypes, gene expression patterns have 

been consistently researched. Especially, it is a key research for differentially 

expressed genes (heterometry) in vocal learner-specific brain regions. 

Avian vocal learners and humans show similar vocal learning brain 

pathways to make singing and speaking abilities, while are not found in most 

other vocal non-learners [14]. In these vocal learner-specific brain pathways, 

several nuclei show spatial-specific gene expression (heterotopy) with a 

differential amount of gene expression in vocal learners. These genes are 

expected to have associations with vocal learning behavior and are listed up in 

avian comparative genomics consortium [14]. 

 

2.3.2 Heterochrony based on heterometry 

Singing-regulation is an important system to understand vocal learning and 

human speaking. Singing behavior mediates heterochronic expressions on 

vocal learning brain pathways that are found as a parallel neuro-anatomic 

system in human [5]. In avian comparative genomics consortium, singing-

regulated genes are listed up with temporal singing-regulated patterns across 

time in song nuclei of an avian vocal learner [3].  
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Figure 2.6. Comparison brain pathways among vocal learners 

and non-learners. Figure from Pfenning et al. [14]. (A) Illustration of a 

zebra finch male brain and (B) Illustration of a human brain with vocal 

learning brain pathways. Black arrows indicate the posterior vocal 

pathway. White arrows indicate the anterior vocal pathway. Dashed 

arrows indicate connections between the two pathways. Red arrows 

indicate vocal learner-specific direct projections from vocal motor 

cortex regions to brainstem vocal motor neurons. (C, D) Illustration of 

brains of a vocal non-learning bird and a vocal non-learning primate. 
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Figure 2.7. In situ hybridization of SLIT1, a differentially 

expressed gene with heterotopy in song nuclei of vocal learning. 

pathways. Figure from Pfenning et al. [14]. In situ hybridization of 

SLIT1 with down-regulated expression in the RA analog of avian vocal 

learners relative to the arcopallium of non-learners. 
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Figure 2.8. Temporal singing-regulated patterns across time. 

Figure from Whitney et al. [3]. Graphs show averages of gene 

expression levels in four temporal clusters of transient early response 

increases (A), averages of six late-response gene cluster increases (B), 

averages of four transient early-response cluster decreases (C), and  

averages of six late-response gene cluster decreases (D). 
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Chapter 3. Proteome-wide convergence of single 
amino acid substitutions in avian vocal learners 
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3.1 Abstract 

 

Vocal learning, the ability to imitate vocalizations based on auditory 

experience, is a homoplastic character state observed in different independent 

lineages of animals such as songbirds, parrots, hummingbirds and human. 

Previous research on behavioral and brain features found similarities among 

the vocal learners different from vocal non-learners. With the recent 

expansion of avian genome data, we analyzed the whole genomes of human 

and 48 avian species including those belonging to the three vocal learning 

lineages. We aimed to determine if behavior and neural convergence is 

associated with molecular convergence in divergent species of vocal learners. 

An analysis of 7909 orthologous genes across bird species revealed 149 

amino acid sites in 136 genes with vocal learner species-specific substitutions 

and a subset of these sites were also under positive selection. Gene expression 

profiles from the zebra finch brain and literature review of human disease 

genes that cause language dysfunctions showed that they were expressed in 

song learning nuclei and enriched for regulation of developmental neural 

process and binding. Candidate genes with multiple independent lines of 

evidence among vocal learners included B3GNT2, PIK3R4 and DNAH10. 

Overall, our findings suggest convergence in multiple protein coding genes in 

vocal learning species, indicating a genome wide change associated with a 

complex behavioral trait.  
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3.2 Introduction 

 

Vocal learning, the ability to imitate vocalizations based on auditory 

experience, is a rare trait. Within the birds, it is found among only three 

lineages: songbirds, parrots, and hummingbirds. Most vertebrate species are 

capable of auditory learning and producing innately specified vocalizations. 

However, only vocal-learners are capable of memorizing a sound and 

matching its vocalization to it [15]. Likewise, both vocal learners and non-

learners share an auditory pathway that controls auditory learning, while only 

the vocal learning birds share a specialized forebrain pathway called the song 

control system that controls vocal learning, which consists of seven nuclei in 

each lineage [15]. 

The recent genome-scale phylogenetic tree reported by the Avian 

phylogenomics consortium in a companion study [16] confirmed that the three 

avian vocal-learner lineages are not monophyletic (Figure S1). Even though 

songbirds and parrots are relatively closely related, the closest lineage to 

songbirds, the suboscines, is a vocal non-learner [17]. Hummingbirds were, as 

expected, distantly related to the other two groups. In light of these findings 

and the previous studies on homoplastic architecture of avian vocal-learner 

and human brains [15], the vocal learning trait seems to be a case of 

homoplasy, in which the trait evolved independently in the different lineages 

by convergent or reversal evolution [15, 18, 19]. 

It has previously been shown that convergent morphological features can be 

associated with convergent molecular changes [20-23], including among 

human and avian vocal learners [24]. Until recently, molecular studies of 

vocal learning have been approached by either examining the convergent 

expression of genes within song nuclei or targeting candidate genes identified 

through human language disorders [25-27]. While these studies have 

elucidated key genes and greatly increased the knowledge of vocal learning, 
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there has yet to be a published study examining genome-wide signatures of 

homoplastic character states within vocal learners (but see Wang 2011 PhD 

Thesis on mammalian vocal learners) [28]. The recent available sequences of 

the genomes of 48 avian species that span the phylogeny of modern birds 

brings about an unprecedented opportunity to investigate sites showing vocal 

learner-specific features at the sequence level [2].  

In this study, we conducted a comparative genomic analyses of the 48 avian 

species using several approaches (Figure S2) to examine genetic specificity 

within avian vocal learners. While it is highly unlikely that a set of genes will 

be exclusively associated with vocal learning, mutations in a combination of 

genes could be expected show relationships specific to vocal learning. To 

increase the chances of finding vocal learner specific molecular features, we 

took a three-step approach in our genome wide comparison. First, we 

identified amino acid residues that show mutually exclusive substitutions 

among avian vocal learners and vocal non-learners, and then searched for 

those sites in humans (Figure 3.1). Next, we examined the episodic adaptive 

evolution under positive selection of those sites in vocal learners by focusing 

on the ratio of non-synonymous to synonymous codon substitutions (dN/dS). 

Finally, we assessed whether the identified genes were expressed in vocal 

learning brain regions of birds, whether they had differential convergent 

expression among vocal learning birds and humans, and had relationships to 

human language disorders. 
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Figure 3.1. Homoplastic TAAS sites and their evolutionary 

histories. Homoplastic TAAS sites (A), which are TAAS sites where 

species with the target trait share the same amino acid, as a result of 

either convergent evolution gain (B) or a convergent loss through 

reversal evolution (C), deletion (D), or divergent evolution (E). 
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3.3 Result 

 

To find sites that were specific to vocal-learners, we scanned protein coding 

sequence alignments among the 48 bird species for target specific amino acid 

substitution (TAAS) sites among vocal learners (Figure S3). Our approach 

finds homoplastic sites (Figure 3.1A) that can occur by different evolutionary 

mechanisms, including convergence in vocal learners (Figure 3.1B-E), or 

reversal (Figure 3.1C), divergence (Figure 3.1E), and deletion (Figure 3.1D) 

in vocal non-learners. The approach is similar to that used to identify 

enrichment of convergent amino acid sites in vocal learning mammals (Rui 

Wang 2011 PhD thesis) and echolocating mammals [29], but our approach 

takes a more simpler angle and makes no assumptions about neutral evolution 

and therefore identifies all types of convergent sites, including all amino acid 

substitutions that are mutually exclusive between vocal learners and vocal 

non-learners. The gene set we scanned was 8295 orthologs (nearly half of the 

proteome) determined by identity and genomic synteny, filtered by number of 

species (≥ 42) [2], and further filtered here for those present in at least one 

species of the three vocal learning lineages bringing the total to 7909 genes 

(see methods). The vocal learning species included three songbirds (zebra 

finch, medium ground finch, and crow), two parrots (kea and budgerigar), and 

one hummingbird (Anna’s hummingbird) (Figure S2). Among the 48 species 

were also their closest vocal non-learning lineages, namely a suboscine 

(golden collard manakin) for songbirds, a falcon (peregrin falcon) for parrots, 

and swift (common swift) for hummingbirds.  

Among the 7909 genes, we found 136 contained 149 TAAS sites, much 

higher than the expected random 1.548 to 1.893 sites, depending on the 

hypothesis (Figure S4), that divided avian vocal learners from vocal non-

learners (Table S1). Most sites (83%) showed multiple amino acid types 

among avian vocal learners and a different set of amino acid types among 

avian vocal non-learners (Table S1), which suggest some relaxation on those 
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sites. However, 25 of the 149 (17%; much higher than the expected 0.166 to 

0.528 sites; Figure S4) had an exclusive homoplastic TAAS single amino acid 

shared among all avian vocal learners (Table S1, bold lettering); 41 sites (28%; 

much higher than the expected 0.351 to 0.445 sites; Figure S4) also had 

substitutions in humans, and 15 sites (10%; much higher than the expected 

0.162 to 0.179 sites; Figure S4) had the same homoplastic amino acid 

substitution shared between human and at least one avian vocal learner 

(highlighted in Table S1). The latter included a TAAS in FBXO48, which has 

a serine in all avian vocal learners and human but either an alanine or a 

deletion in all avian vocal non-learners, and the neuron axon motor protein 

DNAH10 which had the highest number of TAAS sites in any one gene (4 of 

them) of which 3 were also present in humans (Figure 3.2 and Table S1). 

There is no known function of FBXO48, except for a suspected role in 

Parkinson’s disease [30]. To infer biological meaning for the genes with 

TAAS sites, we examined their expression profiles from microarray and other 

data in the zebra finch brain (a songbird), in particular within song control 

nuclei (Figure 3.2 and Table S2). Out of the 136 genes with TAAS sites, 79 

genes were tested for expression within the songbird brain [24, 31-35]. Of 

these 79 genes, 77 (~97.5%) were expressed in the songbird brain and the 

majority of these (88%; 68 of the 77) were expressed in song nuclei, which 

was much higher than expected based on the proportion of genes (60%) 

expressed in song nuclei on our microarray. These included the 

aforementioned genes FBX048 and DNAH10. Of the 68 genes expressed in 

the song nuclei, 32% (22 of them) where differentially expressed in one or 

more song nuclei relative to each other, which was higher than the 20% 

expected; 3-15% were differentially expressed within different song nuclei in 

comparison to their respective surrounding brain region (Area X, HVC, and 

RA; numbers shown on the left of each song nucleus in Figure 3.3A), higher 

than the expected ~1-4% depending on song nucleus; and 13.5% (9 genes) 

were regulated in song nuclei by singing behavior, slightly higher than the 

expected 10% of the protein coding genes (expected values calculated in [3, 
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14]). Of the singing related genes that had TAAS sites, 66.7% (6 of 9) had 

mutually exclusive amino acid differences between vocal learners, including 

human, and vocal non-learners (Tables S1, S2). These findings indicate that 

genes with TAAS sites specific to vocal learners are enriched for genes with 

specialized regulated expression in song learning nuclei. 

Top candidate genes with TAAS sites and multiple regulated properties 

included the ankyrin repeat protein ANKFN1 with both specialized and 

singing regulated expression in the Area X song learning and HVC song 

production nuclei, specialized expression of the B3GNTS synthase enzyme in 

HVC, the dopamine receptor DRD5 (a.k.a. D1B) in Area X [36], the 

transcription activator ASH1L with both specialized and singing regulated 

expression in the RA song production nucleus, and the anti-inflammatory 

neural receptor TNFRSF1A with differential expression among HVC 

production and LMAN song learning nuclei, and specialized expression in 

HVC (Table S2). The largest number of genes (18 of them) with TAAS sites 

and differential expression among song nuclei was in Area X relative to the 

other song nuclei (14 with increased and 4 with decreased expression) 

We also examined genes with TAAS sites identified through human 

cognitive disorders, including for language (Table 3.1). Out of 136 genes, 15 

(11%) are associated with diseases related to human language disorders. 

These include five genes associated with schizophrenia, auditory 

hullicinations - B3GNT2, BRCA2, DRD5, KCNS3, and PIK3R4 [37-41], and 

one associated with autism – PTPRB [42]. For other disorders, TNFRSF1A is 

implicated in Alzheimer’s disease [43], INPP5E, SMCR8, and SPG11 are 

involved in Joubert syndrome [44], Smith-Magenis syndrome [45], and 

Kjellin syndrome [46], respectively, and mutations in SACS results in an 

autosomal recessive spastic ataxia of Charlevoix-Saguenay (ARSACS) [47], 

LRRN4 shows association with hippocampus-dependent long-lasting memory 

[48] and SYNJ2 shows a relationship to longevity and cognitive functions [49]. 
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A gene ontology analysis showed that the 136 genes with TAAS sites were 

enriched for five major types of biological processes: microtuble processes, 

development, response to light, cell cycle, and cellular responses to stimuli, 

stress and DNA repair (Figure S5; Tables S3 and S4). These functions include 

their roles in the brain, such as axon guidance for microtuble processes during 

development. The regulation of developmental processes included TNFRSF1A 

(Figure S6). For molecular function, a total of 78 genes and 38 genes were 

enriched for ‘binding’ and ‘catalytic activity’, respectively. These findings 

indicate that although we scanned an unbiased proteome set, the identified 

genes are enriched in molecular roles involved in brain development, cellular 

stress, and regulation. However, in terms of diseases, an IPA analysis showed 

that the top significant disease was cancer, which included 102 of the 136 

genes (Table S5). To search for protein interactions among the 136 genes, we 

conducted a STRING analysis and found five networks, most of which 

included genes related to neurological diseases (Figure S7 and Table S5). 

To determine if the avian vocal learner specific amino acid substitution 

were under positive selection, we performed a dN/dS analysis using the 

branch-site test that can detect positive selection per codon and determine 

convergent evolutionary history, under both a two independent gain and a 

three independent gain hypotheses of vocal learning (Figure S8). To preven 

artifacts with dN/dS analyses due to missing data, we removed 

insertions/deletions (indels) using Gblocks [50], resulting in 41 of the 149 

TAAS sites surviving the filtering. Of these sites present in all species, a total 

of 4073 sites were identified under positive selection in vocal learners 

(Supplementary file 1) in 310 genes. However, as noted previously for this 

PAML program [51], we noted that 3% (126) of the sites were false positives 

for having no amino acid difference across all bird species, 58% (2,354) had a 

substitution only in one lineage of 47 birds, and 37% (1,593) were present in 0 

to 5 vocal learners, but not all six (Figure S9). The remaining 2% (79 sites) 

were present in 62 genes, showing convergent positively selected amino acid 
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changes in all three vocal learning lineages different from most vocal non-

learners (Figure 3.4 and Table S6). These 62 genes were enriched for 

regulation of cell death, cellular catabolism and other related processes 

(Figure S10 and Table S7). Similar to TNFRSF1A with TAAS sites, of three 

(CYCS, FAS, and NDUFB10) are associated with Alzheimer’s disease (Figure 

S11). Of the 62, the 7 of them (~11%) were identical to the TAAS sites in 

sevens genes, namely in B3GNT2, DNAH10, GDPD4, LOC418554, 

LOC101747588, PIK3R4, and SMCR8 (Figures 3.5, S12, and Table 3.2). Five 

of the sites showed accelerated evolution under the two independent gain 

hypothesis and two under the three independent gain hypothesis (Figure 3.5). 

Four (B3GNT2, DNAH10, GDPD4, and PIK3R4) were expressed in the 

songbird brain (Table S2) and the expression profile for the remaining three 

genes have not yet been tested in songbirds. 

Of interest among these genes are B3GNT2 and PIK3R4 because they both 

show mutually exclusive homoplasy within all avian vocal learners (Figures 

3.5, S12). For B3GNT2, all six avian vocal learners have an asparagine (N) at 

the TAAS site under positive selection while all other species have a histidine 

(H) (Figure 3.5A). Similarly, for PIK3R4, all vocal learners have a cysteine (C) 

while all others have an arginine (R) at the accelerated TAAS site (Figure 

3.5B). The accelerated TAAS sites in B3GNT2 and PIK3R4 were revealed 

under the two independent gain hypothesis of vocal learning (Figure 3.5C, D). 

This means that it can be assumed by ω values of the foreground branches that 

there are non-synonymous substitutions that rose independently in the recent 

common ancestor of songbirds and parrots and the ancestor of hummingbirds. 

After the substitutions in avian vocal learning lineages, the residue in gold-

collared Manakin could have reversed back to a histidine and an arginine at 

the sites of the two genes, B3GNT2 and PIK3R4. For DNAH10, 1 of the 4 

TAAS under positive selection in avian vocal learners shows same amino acid 

in human (Table 3.2). Thus, although vocal non-learners had an assortment of 

aspartate (D), histidine (H) and glutamine (Q) for the TAAS sites in DNAH10, 
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multiple TAAS sites in vocal learners under selection in the same gene further 

highlight this gene as one of the more interesting candidates. 

The positively selected site in GDPD4 has either serine (S) in the parrots 

and songbirds, a glycine (G) in hummingbirds, while it has an aspartic acid (D) 

in vocal non-learners distantly related to the vocal learners, or an asparagine 

(N) in the vocal non-learners closely related to the vocal learners (Figure 

S13A). Based on the phylogeny, we infer that aspartic acid was present in the 

common ancestor of modern birds and was substituted with a serine in the 

ancestral songbird and parrot lineages and a glycine in the ancestral 

hummingbird lineage (Figure S13C). Thereafter, the residues changed to an 

asparagine in the closely related vocal non-learner, suggesting convergent 

losses. One gene with a positively selected TAAS site under the three 

independent gain hypothesis, LOC101747588 (also an ankryin-3-like protein) 

has three different substitutions (arginine [R], histidine [H] and leucine [L]) in 

the vocal learners (parrots, songbirds, and hummingbirds, respectively), and a 

glutamine [Q] in nearly all vocal non-learners (Figure S13B). It is possible 

that the substitution occurred at three different points with the evolution of the 

vocal learning trait (Figure S13D). 

In the above analyses, we excluded rifleman in our search, to keep open the 

possibility of it either being a vocal learner, which has not be been tested. It 

would be hypothesized to be a non-learner, as its song is considered to be 

simple and it does not have intrinsic syrinx muscles, similar to vocal non-

learning suboscines [52]. Thus, we performed a post hoc analysis and found 

that 74% (111) of the identified TAAS sites in rifleman are the same as vocal 

non-learners, 17% (25) are shared between rifleman and at least one of avian 

vocal learner, and 9% (13) are rifleman-specific (Table S1). The rifleman-

specific sites could indicate a loss, since the sites are not shared with any 

group. Of the 25 genes with TAAS sites shared with at least one vocal learner, 

none of these genes showed singing related expression nor showed positive 

selection (Table S2). With the evolutionary hypothesis regarding rifleman as a 
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vocal non-learner (Figure S14A and B), all candidate sites were estimated 

under positive selection (Table S8A). However, under the hypothesis that 

rifleman is a vocal learner, of the three genes with TAAS sites under 

convergent positive selection, rifleman has a different variant from vocal 

learners (Table S8B). These findings support the hypothesis that rifleman 

could be a vocal non-learner.  
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Table 3.1. Genes with TAAS sites in avian vocal learners that are associated with diseases and biological process 

related to human language and cognitive disorders 

Symbol Description # of TAAS sites Relationship to language Reference 

B3GNT2 
UDP-GlcNAc:betaGal beta-1,3-N-acetylglucosaminyltransferase 
2 

1 Schizophrenia [53] 

BRCA2 Breast Cancer 2, Early Onset 1 Schizophrenia [39] 

DRD5 Dopamine receptor D5  1 Schizophrenia [38] 

FBXO48 F-Box Only Protein 48 1 Parkinson disease [30] 

INPP5E Inositol Polyphosphate-5-Phosphatase, 72 Kda 1 Joubert syndrome [44] 

KCNS3 
Potassium voltage-gated channel, delayed-rectifier, subfamily S, 
member 3  

1 Schizophrenia [41] 

LRRN4 Leucine-rich repeat protein 4 1 
Hippocampus-dependent 
long-lasting memory [48] 

PIK3R4 Phosphoinositide-3-kinase, regulatory subunit 4  1 Schizophrenia [40] 

PTPRB Protein tyrosine phosphatase, receptor type, B  1 Autism [42] 

SACS Spastic ataxia of Charlevoix-Saguenay (sacsin)  1 

Autosomal recessive 
spastic ataxia of 
Charlevoix-Saguenay 
(ARSACS) 

[47] 

SMCR8 Smith-Magenis syndrome chromosome region, candidate 8  1 Smith-Magenis syndrome [45] 

SPG11 Spastic paraplegia 11 (autosomal recessive)  1 Kjellin syndrome [46] 

SYNJ2 Synaptojanin 2 1 
Longevity and cognitive 

functions [49] 

TNFRSF1A Tumor necrosis factor receptor superfamily, member 1A  1 Alzheimer's disease [43] 
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Table 3.2. Candidate sites under positive selection with avian vocal learners specific molecular changes. 
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B3GNT2 249 253 253 N N N N N N H H H 

Two 

999 0.03 0.922 3.26.E-02 + +   + 

DNAH10 1217   1255 N   N N N A DHQ N T 5.6 0.1 0.819 1.93.E-05 + +     

GDPD4   397 403 S S S S S G DN   N 4.78 0.09 0.999 2.95.E-02 +       

PIK3R4 672 671 671 C C C C C C R R R 9.05 0.01 1 4.91.E-02 + + +   

SMCR8 215 215 215 Q Q Q L V V AI I I 24.43 0.03 0.997 6.44.E-04         

LOC418554     154 V     T T T AGP     

Three 

6.79 0.16 0.991 4.02.E-03         

LOC101747588   215 218 H H H R R L KQ   Q 13.46 0.16 0.989 4.02.E-03         
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Figure 3.2. Homoplastic amino acid substitutions shared 

between human and avian vocal learners in FBXO48. Shown is the 

peptide region of the human sequence, and below that frequency plot 

of amino acid composition in avian vocal learners (top) and vocal non-

learners (bottom). *, TAAS site with homoplastic substitution in avian 

vocal learners and human. Height of amino acid letters indicates 

proportion of species that have the sequence. The amino acid with 

positively and negatively charged residue is marked in blue and red, 

respectively, and the others are marked in black. 
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Figure 3.3. Genes with vocal learner specific amino acid 

substitutions and genes with accelerated sites with differential 

expression among song nuclei. (A) Diagram of vocal learning 

pathway in the songbird brain showing number of genes with TAAS 

sites and genes with positively selected sites that show differential 

expression among song nuclei (yellow). The numbers adjacent to 

arrows of each song nucleus represents the number of genes with 

TAAS sites (left) and positively selected sites (right), respectively. Red 

arrows indicate the number of genes with upregulated-expression 

compared to the other song nuclei and blue arrows indicate the 

number of genes with down-regulated expression compared among 

song nuclei. (B ~ D) Decreased expression of B3GNT2 mRNA (brown 

dioxygenin probe signal) in the RA and HVC song nuclei of the zebra 
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finch (images derived from the ZEBRa database and also shown in 

Zhang et al [2].  
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Figure 3.4. ω2 Foreground of sites under positive selection. 62 genes 

with accelerated sites in vocal learners (ω2 of foreground branch > 1). 

The seven genes with the overlapping TAAS sites in vocal learners are 

labelled. Note the large fold-increase in acceleration in B3GNT2. The 

genes are alphabetically ordered on the x-axis (the full list is 

highlighted in Table S6). Red diamond indicates candidate sites 

harboring genes under positive selection with vocal learner specific 

amino acid substitutions. 
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Figure 3.5. Vocal learner specific amino acid substitutions 

under the positive selection. (A, B) Example of genes with a TAAS 

site that is also under positive selection. The amino acid residue above 

the line represents vocal learners and the residue below represents 

vocal non-learners. The amino acid with positively and negatively 

charged residue is marked in blue and red, respectively, and the others 

are marked in black. (C, D) A prediction of the molecular convergent 

evolutionary history of the site in A (two-independent gain hypothesis) 

and B (three independent gain hypothesis). The vocal learners are 

marked in red and the vocal non-learners is marked in black, and 

rifleman is marked grey as an unknown. 
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3.4 Discussion 

 

This study is the first that we are aware of to identify proteome wide 

convergence of amino acids in vocal learning avian species. This discovery is 

made possible by the recently available genome sequences across the avian 

phylogeny from our companion studies [16], including representatives of all 

vocal learners and their close relatives. Our findings are consistent with two 

recent studies on genome wide amino acid convergence in multiple genes in 

species that share a complex convergent trait, including involving 

communication [28, 29]. Taken together, we suggest such multiple gene 

convergence maybe more common. We believe that most of the TAAS sites 

are not due to neutral convergence, as they occurred at a higher rate than 

expected by chance, some showed signs of convergent positive selection 

among vocal learners, and were enriched for differential or singing regulated 

expression in song control nuclei. Although our study does not demonstrate 

that a particular TAAS is causal to the evolution and function of vocal 

learning, we believe that they serve as the best viable candidates to date along 

with the differentially expressed genes in vocal learning brain regions. 

Of the candidates, the TAAS sites that are mutually exclusive between 

avian vocal learners and vocal non-learners are more likely the sites that could 

lead to different phenotypes. Such invariant sites in all avian vocal non-

learners (the majority of lineages) indicates a strong selection to maintain the 

site and therefore a good reason why the rare variant found only in vocal 

learners could be related to a shared trait only the vocal learners have. Some 

of the avian vocal learner specific sites are shared with human, while others 

are not, indicating the possibility that some of the sites could specifically 

related to only evolution of vocal learning in birds. Among the mutually 

exclusive TAAS sites, those with homoplastic positive selection in the vocal 

learning branches we believe are even more likely to be related to the vocal 
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learning trait. One of these, B3GNT, showed the top ω2 value, an indicator of 

positively selected pressure. The expression of these genes may also help infer 

their functional relevance. B3GNT2 showed specialized expression in the song 

production nucleus HVC while PIK3R4 had differential expression in the 

song learning nucleus Area X. 

Whether homoplasitic identical amino acids or not, genes with a higher 

number of TAAS sites, we believe, are also more likely to be associated with 

a shared convergent trait in vocal learners. This includes DNAH10 that had 

four TAAS sites and GDPD4 with three TAAS sites. In addition, DNAH10 

showed molecular homoplasy in all avian vocal learners and humans, 

indicating that it could be a candidate gene associated with vocal learning and 

spoken language acquisition.  

Among the seven candidate genes with positively selected TAAS sites, four 

have been implicated in human cognitive disorders: B3GNT2 and PIK3R4 in 

schizophrenia [37, 40, 53], and SMCR8 with Smith-Magenis Syndrome 

Chromosome region Candidate 8 [45]. In addition, the FBXO48 is located in a 

genomic region associated with Parkinson disease [30]. F-BOX domains are 

related to signal transduction [54] and involved in DNA binding [55]. 

Considering that 78 of 136 TAAS sites genes are enriched for ‘binding’ 

molecular function (Table S3), including the above mentioned B3GNT2, 

DNAH10, DRD5, and PIK3R4, it is possible that the amino acid changes of 

TAAS sites could be related to the ability of binding. 

Although this study is based on reference sequences of each species, only 

one individual per species was sequenced limiting the ability to understand 

the trait at the population level. However, given that distantly related species 

share the same convergent amino acid changes, some with evidence of 

positive selection among vocal learners and expressed in song nuclei, it is 

unlikely that these are due to individual random differences among a 

population of each species. Detecting sites under positive selection in multiple 

foreground branches resulted in many false positive sites without non-
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synonymous substitutions in any vocal learners or with amino acid changes 

only for a single vocal learner or close relative’s lineage (about 58%). 

However, the TAAS analysis found homoplastic amino acid substitutions in 

multi-phyletic lineages and overcame this phenomenon in the branch-site test 

with multiple foreground branches. In summary, our findings are a 

preliminary identification of candidate genes and their sites for a convergent 

complex trait. They provide what we believe to be the best viable set of 

candidates to date of genes with specific convergent amino acids sites for a 

potential role in vocal learning. 
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3.5 Materials and Methods 

 

The research workflow is shown in Figure S2. To explore amino acids 

specific to vocal learning species, we downloaded the coding sequences of the 

8,295 orthologous genes of 48 avian species and the total genomic evidence 

phylogenetic tree (Figure S1) from the Avian phylogenomics consortium [16]. 

From this set, rifleman (Acanthisitta chloris) was excluded from the initial 

analysis due to uncertainty on whether rifleman is a vocal-learner or vocal 

non-learner, which gave us the benefit of conducting a post hoc analyses with 

this species. 206 orthologs not found in at least one species of songbird and 

one species of parrot were filtered out (songbirds: medium ground finch, 

zebra finch, American crow; parrots: budgerigar, kea; and, hummingbird: 

Anna's hummingbird), and 180 orthologs were found to have at least one 

species with a poor alignment according to Gblocks [50] and also filtered out, 

resulting in a final set of 7909 orthologs across species. DNAH10 was missing 

from the orthologous gene set in zebra finch, however, in Ensembl [56] the 

gene was annotated in zebra finch. Also, GDPD4 and TNFRSF1A are 

annotated in humans but were missing from the orthologous human gene set. 

Amino acid substitution sites that were mutually exclusive between avian 

vocal-learners and vocal non-learners were identified. These sites were termed 

‘target specific amino acid substitution’ (TAAS) and the concept is shown in 

detail in Figure S3. Two different sets of CDS were used: 7909 CDS 

sequences that includes insertions/deletions (indels) used for TAAS analyses 

and CDS sequences with indels filtered out with Gblocks [50] used for dN/dS 

analyses. Of the 149 TAAS sites, 108 were filtered out with Gblocks and thus 

not analyzed for dN/dS analyses. Both sets of 7909 orthologs were converted 

into amino acid sequences and analyses performed with the six avian vocal 

learners designated as the target species. In order to find homoplastic amino 

acid substitutions in vocal learners, TAAS sites were classified by the same 

amino acids in avian vocal learners (Fig 1). Genes with TAAS sites and 
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accelerated sites were visualized with Two Sample Logo [57], WebLogo [58], 

or BioEdit v7.2.5 [59]. 

To calculate expected numbers of TAAS sites, we designed and conducted 

random target specific amino acid substitutions (rTAAS) analyses (Figure 

S14). We permuted the amino acid sites of 6 species among 47 species, and 

then determined how often by chance did the 6 species come together. Within 

a given multiple sequence alignment, unaffected by traits, expected numbers 

were calculated according to the decided number of targets. There are 4 steps 

with 1000 repeated experiments; 1) Randomly select targets at each site; 2) 

Conduct TAAS analysis with selected random targets at each site; 3) Record 

the rTAAS results; and 4) Conduct 1000 repeated experiments (1-3 steps). 

From these runs, we calculate the average of numbers of rTAAS sites. To 

match the filtering condition about 3 vocal learning lineages of TAAS analysis 

for vocal learners, the number of aligned random targets was limited. If at 

least three random targets were not aligned at a site, the rTAAS site isn’t 

counted at the site. 

To find genes under episodic adaptive evolution between the three avian 

vocal learner lineages and non-vocal learner avian species, dN (the rate of 

non-synonymous substitution), dS (the rate of synonymous substitution) and 

ω = dN/dS were estimated along each branch of the phylogenetic tree and 

across sites by using the branch-site model A. We obtained maximum 

likelihood estimates of ω under the branch-site model A implemented in 

codeml within PAML ver. 4.6 with F3X4 codon frequencies [1] on a platform 

with 100 servers equipped with quad CPUs (2.6GHz Intel Xeon) and 16 GB 

RAM provided by KT GenomeCloud (www.genome-cloud.com).  

For the branch-site model A, log likelihood ratio test (LRT) was performed 

to compare the null hypothesis with a fixed ω (model 2) and an alternative 

hypothesis with a estimated ω (model 2). Orthologs with ω2 Foreground > 1 and 

number of accelerated sites > 0 were retained (branches tested for positive 

selection are referred to as “foreground” branches and all other are referred to 
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as “background” branches). For the evolutionary hypothesis, two different 

parsimony hypotheses (two independent gains and three independent gains) 

were tested to determine the ancestral branches that have undergone episodic 

adaptive evolution leading to homoplastic character state for vocal-learners. 

Given the results of the phylogenetic analysis, we hypothesized that the vocal 

learning trait evolved independently either twice in the hummingbirds and the 

common ancestor of songbirds and parrots, or independently three times in the 

three vocal learning lineages. The two independent gain hypothesis assumes 

that after the vocal learning trait evolved, then it was subsequently lost in the 

suboscine branch represented by the golden-collared manakin. In the three 

independent gain hypothesis, it is assumed that vocal learning evolved 

separately in parrots, songbirds, and hummingbirds (Figure S8). It was 

similarly applied to evolutionary hypotheses whether rifleman is a vocal 

learner or not (Figure S13). 

To examine the expression of the identified genes with TAAS site and/or 

positive selection, we analyzed list of genes that were expressed in the 

songbird brain and song nuclei, differentially expressed among song nuclei, 

differentially expressed in the song nuclei compared to surrounding brain 

subdivision and regulated by singing. The expression data are from the 

following sources: over 130 genes with convergent specialized differential 

expression in the RA analog of vocal all three vocal learning lineages [14], 

498 genes with specialized expression in Area X of zebra finches [14], 866 

genes with specialized expression in HVC of zebra finches [32], 5167 

transcripts with differential expression between song nuclei [14], over 2700 

transcript regulated by singing in song nuclei [3], genes with expression in the 

songbird brain from multiple studies [3, 14] and 241 genes from ZEBrA 

database (http://www.zebrafinchatlas.org; Mello and Lovell), 6 genes with the 

expression in Area X during rapid vocal learning of song birds [33], and 

convergent expression in songbird, parrot, hummingbird RA and human 

laryngeal motor cortex [14]. To identify the relationships between genes and 
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human language/cognitive disorders, we checked previous research on 

diseases and biological process that are related to speech-language disorders, 

and examined the database of disease genes and drug targets in KEGG 

pathways 70.0 (http://www.kegg.jp/; Kanehisa). 

To test if the genes with TAAS sites and genes with sites under convergent 

accelerated evolution were over-represented in a particular functional 

category or metabolic pathway, we used the functional annotation using 

DAVID 6.7 [60]. We analyzed two lists of genes using Gene Ontology 

analysis in DAVID: (1) 136 genes with convergent TAAS sites in vocal 

learners; and (2) 265 genes with sites under positive selection in vocal 

learners after filtering false positive and single lineage specific sites. A p-

value of 0.05 was used as a cut-off for significance. Diseases related to the 

136 genes with TAAS sites were analyzed using Ingenuity Pathway Analysis 

(IPA; Ingenuity® Systems, www.ingenuity.com) and protein interactions were 

analyzed using STRING 9.1 [61]. 
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3.6 Supplementary tables and figures 

 

Table S1. 149 avian vocal learner-specific amino acid substitutions in 136 orthologous genes. In the amino acid columns, 

‘-’ represents the deletion and ‘*’ represents a stop codon. In the column ‘Homoplasy in all avian vocal learners’ ‘H’ indicates 

homoplastic TAAS among all avian vocal learners. In the column ‘Vocal learner-specific AA substitutions (with human)’, ‘H’ 

indicates homoplastic TAAS shared between human and at least one avian vocal learner and ‘+’ indicates non-homoplastic TAAS 

sites shared beween human and avian vocal learners. M = medium ground-finch, Z = zebra finch, C = American crow, B = 

budgerigar, K = kea, and H = Anna’s humming bird; in the column ‘Rifleman = vocal learners’, ‘+’ indicates that amino acid of 

rifleman is the same amino acid in at least one of the vocal learners, ‘-’ indicates that amino acid of rifleman is different from vocal 

learners. ‘0’ indicates that amino acid of rifleman is different from vocal learners and non-learners; MSA = Multiple sequence 

alignment. 

Gene symbol 
Position 
in MSA 

G Z C B K H Others Human 

Homoplasy 
in all avian 

vocal 
learners 

Vocal learner-
specific AA 

substitutions 
(with human) 

Rifleman 
Rifleman 
= vocal 
learners 

ABCG2 330 L L L A T A EIKRV 
   

V - 

ACP2 148 D D D D D Q AEG E 
  

A - 



 

 54

AKAP1 55 S S S Q Q R -DGHKN 
   

N - 

ALKBH4 195 S S S S S W ACFLPY P 
  

L - 

ALPK1 684 C C C 
 

N V -ADGS Q 
 

+ G - 

ANKFN1 235 A 
 

V V V V -GLM E 
 

+ 
 

- 

ARMC6 53 P - P P P P Q K 
 

+ S 0 

ASH1L 61 S S S D D D -NR A 
 

+ - - 

B3GNT2 253 N N N N N N H H H 
 

H - 

BIRC7 11 P P P P M M -AILSTV 
   

T - 

BMP2K 352 A - A A 
 

A NPT T 
  

A + 

BRCA2 422 G S R - - K AD 
   

G + 

BRIP1 915 G G G T T T -AFIV L 
 

+ S 0 

C12ORF35 170 P P P Y H G EKQ 
   

Q - 

C12ORF35 604 - - - - - R EG 
   

E - 

C12ORF55 315 - - - D 
 

W CFHQSY V 
 

+ S - 

C14ORF79 242 A A A - G - DN 
   

E 0 

C15ORF42 332 A A A A A N LMTV P 
 

+ A + 

C3ORF67 427 H 
 

T D R N -IKLPV V 
  

K - 

C8B 490 L L L L 
 

L -FV F H 
 

F - 

C9ORF152 53 M T V F F F KL 
   

L - 

CCDC13 216 A A A K K P -RT 
   

M 0 



 

 55

CCDC135 631 V V I D D V AKMRST R 
  

S - 

CCDC135 661 G D D H H D EKNRS N 
  

E - 

CCDC69 44 E E E D D S -HKNT 
   

N - 

CD86 91 P V T V V N DEHK 
   

D - 

CDCA7 263 L L L L L S -APTV A 
  

P - 

CFLAR 394 R S S L L S -ITV 
   

I - 

CHGB 269 A G G G G G DEN 
   

D - 

CLUL1 235 V V V I V - ADH E 
 

+ D - 

COL6A3 172 L L L L L T -IM - 
  

M - 

COL6A3 186 R Q Q Q Q N -K - 
  

K - 

COL6A3 1529 L L L L L M V L 
 

H V - 

CXORF21 183 
 

A T T A P -CFS - 
   

- 

DERA 252 Y Y Y Y Y Y -FHIN N H 
 

- - 

DLGAP5 547 K K K S S A -DEG 
   

E - 

DNAH10 356 V 
 

T I T T -LS L 
  

S - 

DNAH10 1328 N 
 

N N N A DHQ N 
 

H T 0 

DNAH10 2302 Q 
 

Q N N Q CHKRTY D 
 

+ H - 

DNAH10 3416 T 
 

T H H T -NS T 
 

H N - 

DNAH3 2954 Q Q Q Q Q Q -EKNR N H 
 

Q + 

DRD5 440 A A A A A A IV V H 
 

V - 
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E2F8 469 A A A G G E -HNSTV K 
 

+ T - 

EFHB 87 T T T P P S -CGHQRY K 
 

+ 
 

- 

EFHB 245 P P P E N K -AG A 
   

- 

EFHB 432 Y Y Y F F S -AEGILV V 
   

- 

EFHC1 77 V V V V V E -APT P 
  

A - 

ENPP1 731 S S S D D P ATV S 
 

H G 0 

FAM208A 700 G G S P P S -AT A 
  

A - 

FANCI 415 N N N A A A -IT T 
  

T - 

FBXO48 59 S S S S S S -A S H H - - 

FGFBP1 166 M M M M M M -AIKNSTV 
 

H 
 

M + 

FNDC1 1175 S S S S S S G - H + S + 

GDPD4 106 V V V L L V -I 
   

I - 

GDPD4 409 S S S S S G DN 
   

N - 

GDPD4 437 H H H S S E DGN 
   

G - 

GPLD1 280 D D S D 
 

- G D 
 

H G - 

GPR35 157 D D D - 
 

Q EKV 
   

D + 

HAUS8 63 N N N N N G DES 
   

R 0 

HEATR6 405 C - M P P P ANST 
   

S - 

HEPH 1102 L L L L L A -HPSY P 
  

L + 

HMGXB3 325 D D D D D D -E E H 
 

D + 
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IBA57 278 P P P P P P -AGLS L H 
 

P + 

IBSP 262 N N N N N N -ADGSV 
 

H 
 

N + 

IFT88 299 E E E L L Y -HQ H 
  

E + 

INPP5E 171 S S S S S G -AT S 
 

H T - 

ITFG3 311 Q - Q Q Q D EGR 
   

G - 

KCNS3 490 V V V A A M IST T 
  

I - 

KIAA0391 307 S S S A L L -PT 
   

S + 

KIAA1841 482 Q E Q E E E -GR Q 
 

H G - 

KIAA1919 246 W W W S S S CHY N 
 

+ Y - 

KIF27 478 V 
 

D M 
 

A -EGK 
   

Q 0 

LARP1B 446 C C C H S S -GR G 
  

G - 

LOC101747588 246 H H H R R L KQ 
   

Q - 

LOC396098 48 S S S S S S EGKR 
 

H 
 

E - 

LOC416036 413 S S S K S K -HNRY 
   

S + 

LOC418554 164 V 
  

T T T AGP 
    

- 

LOC776575 233 Q Q Q S S D HKN 
   

H - 

LOC776897 667 V V A V V A -ILM 
   

- - 

LPO 288 D D D 
 

H Q -N 
   

N - 

LRRC8A 92 S S S I I M AT T 
  

- 0 

LRRN4 482 H H H H H H FRSY 
 

H 
 

Y - 
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LYVE1 97 Q Q Q I T I KVY 
   

- 0 

LZTFL1 155 H H Y S Y S -CR 
   

H + 

MTFR1 104 T T T T T T -AGP 
 

H 
 

A - 

NBN 411 - I I I I L AV 
   

V - 

NOLC1 355 P P P P P L -Q P 
 

H Q - 

NPHP1 294 F 
 

F 
 

G I -CEKLQV 
   

I + 

OTOA 861 G G A A A A -FST A 
 

H T - 

OTUD3 125 A A A S S A -T A 
 

H T - 

PAG1 49 N N N Y Y Y -HQ Q 
   

- 

PALM2 101 E - - S S E DG 
   

D - 

PDZD8 484 A A A T T T PQS S 
  

P - 

PHACTR2 468 G G G G G - AESTV K 
 

+ V - 

PIK3R4 673 C C C C C C R R H 
 

R - 

PLEKHO1 231 T T T T T L AIV I 
  

T + 

PNPLA7 422 A V V A A F -GS H 
 

+ 
 

- 

PRKAR2B 98 V V V V V V -I I H 
 

- - 

PTPRB 1000 K K K M M M ATV A 
  

V - 

REST 624 Y Y Y Y Y F CGHS E 
 

+ C - 

REXO1 552 S S S 
 

S P -AGTV S 
 

H A - 

RIOK1 507 N N N A V F -DEKQ E 
  

E - 
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RPAP1 760 - - - S S Y ACDHLQR - 
 

+ R - 

SACS 2257 N N N N N I AT 
   

T - 

SCAMP2 109 D D D D D D -N 
 

H 
 

N - 

SESN1 126 T T T T T T -AMV Q H + A - 

SETD4 19 K K K R 
 

K -Q G 
 

+ Q - 

SH3BP2 220 P P P P P S AGNT A 
  

A - 

SMCR8 217 Q Q Q L V V AI I 
  

I - 

SMPD3 311 C C C C C C -Y P H + Y - 

SPAG16 125 L L L 
 

T K MRV 
   

M - 

SPG11 1900 L P A P P P -CQS G 
 

+ A + 

SPG20 412 L F K M I L *-CHVY K 
 

H Y - 

SUV420H1 122 A A G D S H -IKLMNQRT - 
   

- 

SYCP2L 516 Q P G P 
 

Y 
-
DFIKLMNRSV    

L - 

SYNJ2 440 Q Q Q R Q R H H 
  

H - 

TANC1 1634 V V V V V V -AIKLMPT G H + 
 

- 

TCOF1 287 V V - A V S LPQ 
   

G 0 

TCTE3 84 N K N N N E DGH 
   

G - 

TDP2 270 E E E E E E KQRT K H 
 

K - 

TDRD9 800 V V V M M M -L L 
  

- - 

TDRD9 998 K K K H H K -DNS - 
  

- - 
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TMEM209 182 S S S - - - ANPTV G 
 

+ S + 

TMEM48 460 K K K K K I NS N 
  

N - 

TNFRSF1A 251 R R H K K Y IN 
   

N - 

TNS3 961 S P S E P S -ADFIKLRV - 
  

- - 

TP53I3 354 A A A D D Q EKLR E 
  

A + 

TPCN2 65 E E E N N - KRT T 
  

K - 

TPCN2 114 K K K A A - E A 
 

H K + 

TRAFD1 453 G 
 

G T T P -ADEV 
   

- - 

TREM2 206 G G G S S D -HN 
   

T 0 

TSEN2 264 M M M M M S AGIRTV P 
 

+ I - 

TTC18 474 G G H G G R -AFIMTV 
   

S 0 

TTC37 754 T 
 

T A A E -DGNS G 
  

D - 

URB2 106 K K K K K K AEGQ E H 
 

E - 

USP4 264 A A A S S R -IMTV L 
 

+ V - 

WDR77 287 G G G N N P RS C 
 

+ S - 

WDR78 226 E E E F F A -PS S 
  

S - 

XPC 457 P P P P P P CHR Q H + P + 

ZBTB49 198 G G G G G G AILMV I H 
 

G + 

ZC3H6 1131 P P P A P S -INT T 
  

P + 

ZDHHC1 458 M M M S S F -DILTV - 
  

I - 
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ENSGALT00000015806 123 F F F F F P L 
   

F + 

ENSGALT00000017732 652 Y H H 
 

* * -LNQSTW 
    

- 

ENSGALT00000027531 903 P P P I I E AKMQRST 
   

S - 

ENSGALT00000032705 82 K 
 

K Q Q N -DGIRS 
   

G - 

ENSGALT00000033009 90 - 
 

- - - - EPQR 
 

H 
 

Q - 

ENSGALT00000037492 133 F 
 

F I I I -LPSV 
   

L - 

ENSGALT00000039593 87 W 
 

W W W N *-EKPQR 
   

K - 
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Table S2. Expression profile of TAAS genes for avian vocal learners. In the column ‘Target specific Amino Acid 

Substitutions’, bold lettering indicates genes with homoplastic TAAS sites among all avian vocal learners, and yellow shading 

indicates genes with homoplastic TAAS sites among human and at least one of avian vocal learners. In the column ‘Expression’, 

‘+’ indicates expression, ‘-’ indicates no-expression in the table. ‘NT’ indicates no-test for expression in the songbird brain or song 

nuclei. 

Gene symbol # of TAAS sites 
Expression in 

songbird brain 
Expression in 

song nuclei 
Differential expression 

among song nuclei 

Specialized in the song 
nuclei compared to 
surrounding areas 

Singing regulated 
expression 

ABCG2 1 NT NT       

ACP2 1 + +       

AKAP1 1 + +       

ALKBH4 1 + +       

ALPK1 1 NT NT       

ANKFN1 1 + +   Area X down, HVC + 

ARMC6 1 + +     + 

ASH1L 1 + +   RA + 

B3GNT2 1 + +   HVC   

BIRC7 1 NT NT       
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BMP2K 1 + + Area X down     

BRCA2 1 NT NT       

BRIP1 1 NT NT       

C12ORF35 2 + + Area X up     

C12ORF55 1 NT NT       

C14ORF79 1 NT NT       

C15ORF42 1 + +       

C3ORF67 1 + -       

C8B 1 NT NT       

C9ORF152 1 NT NT       

CCDC13 1 NT NT       

CCDC135 2 + +     + 

CCDC69 1 NT NT       

CD86 1 NT NT       

CDCA7 1 + +       

CFLAR 1 + +       

CHGB 1 + + Area X down HVC + 

CLUL1 1 NT NT       

COL6A3 3 + + HVC up, RA up   + 



 

 64

CXORF21 1 NT NT       

DERA 1 + -       

DLGAP5 1 NT NT       

DNAH10 4 + +       

DNAH3 1 NT NT       

DRD5 1 + + Area X up Area X up   

E2F8 1 NT NT       

EFHB 3 NT NT       

EFHC1 1 NT NT       

ENPP1 1 NT NT       

FAM208A 1 NT NT       

FANCI 1 NT NT       

FBXO48 1 + +       

FGFBP1 1 NT NT       

FNDC1 1 + -       

GDPD4 3 + -       

GPLD1 1 NT NT       

GPR35 1 NT NT       

HAUS8 1 + -       
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HEATR6 1 + +       

HEPH 1 + +       

HMGXB3 1 + + Area X up     

IBA57 1 NT NT       

IBSP 1 NT NT       

IFT88 1 + +       

INPP5E 1 + + Area X up     

ITFG3 1 + + RA up     

KCNS3 1 + +   HVC   

KIAA0391 1 NT NT       

KIAA1841 1 + +       

KIAA1919 1 + + Area X up     

KIF27 1 + + Area X up HVC   

LARP1B 1 - -       

LOC101747588 1 NT NT       

LOC396098 1 NT NT       

LOC416036 1 NT NT       

LOC418554 1 NT NT       

LOC776575 1 NT NT       
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LOC776897 1 NT NT       

LPO 1 NT NT       

LRRC8A 1 + +       

LRRN4 1 NT NT       

LYVE1 1 NT NT       

LZTFL1 1 + +       

MTFR1 1 + +       

NBN 1 + +       

NOLC1 1 + +       

NPHP1 1 + +       

OTOA 1 NT NT       

OTUD3 1 NT NT       

PAG1 1 + +       

PALM2 1 + + Area X down Area X down, RA   

PDZD8 1 + +       

PHACTR2 1 + + HVC up, LMAN up     

PIK3R4 1 + + Area X up     

PLEKHO1 1 + +       

PNPLA7 1 NT NT       



 

 67

PRKAR2B 1 + + Area X up, RA down HVC   

PTPRB 1 + -       

REST 1 NT NT       

REXO1 1 + -       

RIOK1 1 + +       

RPAP1 1 + +       

SACS 1 + + Area X down HVC   

SCAMP2 1 + +       

SESN1 1 + +       

SETD4 1 + +       

SH3BP2 1 + +       

SMCR8 1 NT NT       

SMPD3 1 + + Area X up     

SPAG16 1 + +       

SPG11 1 + + Area X up     

SPG20 1 + +       

SUV420H1 1 + +       

SYCP2L 1 NT NT       

SYNJ2 1 NT NT       



 

 68

TANC1 1 NT NT       

TCOF1 1 + + Area X up HVC   

TCTE3 1 + +       

TDP2 1 NT NT       

TDRD9 2 + +       

TMEM209 1 + +   Area X down   

TMEM48 1 + +       

TNFRSF1A 1 + + HVC up, LMAN up HVC   

TNS3 1 + + Area X up   + 

TP53I3 1 NT NT       

TPCN2 2 + +       

TRAFD1 1 NT NT       

TREM2 1 + +       

TSEN2 1 + + Area X up   + 

TTC18 1 + -       

TTC37 1 + +   HVC   

URB2 1 NT NT       

USP4 1 + +     + 

WDR77 1 + +       
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WDR78 1 NT NT       

XPC 1 + +       

ZBTB49 1 - -       

ZC3H6 1 + + Area X up     

ZDHHC1 1 + -       

ENSGALT00000015806 1 NT NT       

ENSGALT00000017732 1 NT NT       

ENSGALT00000027531 1 NT NT       

ENSGALT00000032705 1 NT NT       

ENSGALT00000033009 1 NT NT       

ENSGALT00000037492 1 NT NT       

ENSGALT00000039593 1 NT NT       
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Table S3. Functional enrichment analysis of 136 genes with TAAS sites for avian vocal learners.  

(A) Biological process 

ID Name #genes p-value Molecules 

GO:0042770 DNA damage response, signal transduction 4 8.51.E-03 NBN, XPC, BRIP1, BRCA2 

GO:0009987 cellular process 65 1.01.E-02 

NBN, KIF27, LRRC8A, E2F8, TCOF1, GPLD1, REST, SPAG16, 
PRKAR2B, TP53I3, CDCA7, FANCI, WDR77, SPG20, CLUL1, SYNJ2, 
DERA, TSEN2, ZDHHC1, SCAMP2, C8B, TNS3, CD86, XPC, ASH1L, 
BMP2K, HAUS8, IFT88, SUV420H1, IBSP, DNAH10, ENPP1, DRD5, 
USP4, DNAH3, ACP2, KIAA1919, SESN1, TPCN2, KCNS3, TNFRSF1A, 
COL6A3, B3GNT2, KIAA0391, FGFBP1, PIK3R4, NPHP1, PTPRB, 
ZBTB49, CFLAR, LPO, ALPK1, DLGAP5, SACS, BIRC7, BRIP1, 
BRCA2, GDPD4, RPAP1, LYVE1, TMEM48, NOLC1, HEPH, SPG11, 
SMPD3 

GO:0050793 regulation of developmental process 9 2.44.E-02 
TNFRSF1A, NBN, CD86, ENPP1, BMP2K, PALM2, BRCA2, REST, 

IFT88 

GO:0000077 DNA damage checkpoint 3 2.62.E-02 NBN, XPC, BRIP1 

GO:0051716 cellular response to stimulus 10 2.70.E-02 
PRKAR2B, NBN, LPO, XPC, ENPP1, FANCI, BIRC7, BRIP1, BRCA2, 

SESN1 

GO:0033554 cellular response to stress 8 2.85.E-02 NBN, LPO, XPC, FANCI, BIRC7, BRIP1, BRCA2, SESN1 

GO:0031570 DNA integrity checkpoint 3 3.04.E-02 NBN, XPC, BRIP1 



 

 71

GO:0009416 response to light stimulus 4 3.58.E-02 XPC, DRD5, BRCA2, NPHP1 

GO:0006302 double-strand break repair 3 4.19.E-02 NBN, BRIP1, BRCA2 

GO:0007017 microtubule-based process 5 4.38.E-02 DNAH10, KIF27, DNAH3, BRCA2, HAUS8 

GO:0006974 response to DNA damage stimulus 6 4.59.E-02 NBN, XPC, FANCI, BRIP1, BRCA2, SESN1 

GO:0007049 cell cycle 9 4.97.E-02 
NBN, NOLC1, FANCI, DLGAP5, E2F8, BRCA2, HAUS8, SESN1, 

SMPD3 

 

(B) Cellular component 

ID Name #genes p-value Molecules 

GO:0005930 axoneme 5 6.31.E-05 DNAH10, EFHC1, DNAH3, IFT88, SPAG16 

GO:0044463 cell projection part 7 1.48.E-03 DNAH10, EFHC1, DRD5, DNAH3, SYNJ2, IFT88, SPAG16 

GO:0005929 cilium 5 4.83.E-03 DNAH10, EFHC1, DNAH3, IFT88, SPAG16 

GO:0015630 microtubule cytoskeleton 9 8.37.E-03 DNAH10, KIF27, DLGAP5, DNAH3, SYNJ2, BRCA2, HAUS8, IFT88, SPAG16 

GO:0005874 microtubule 6 1.50.E-02 DNAH10, KIF27, DNAH3, SYNJ2, HAUS8, SPAG16 

GO:0019861 flagellum 3 2.45.E-02 EFHC1, IFT88, SPAG16 
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(C) Molecular function 

ID Name #genes p-value Molecules 

GO:0042578 phosphoric ester hydrolase activity 9 5.67.E-04 PTPRB, ENPP1, DLGAP5, GPLD1, SYNJ2, ACP2, INPP5E, GDPD4, SMPD3 

GO:0016788 
hydrolase activity, acting on ester 
bonds 

12 1.72.E-03 
PTPRB, ENPP1, DLGAP5, USP4, GPLD1, REXO1, SYNJ2, ACP2, INPP5E, TSEN2, 
GDPD4, SMPD3 

GO:0008081 
phosphoric diester hydrolase 
activity 

4 1.17.E-02 ENPP1, GPLD1, GDPD4, SMPD3 

GO:0005488 binding 78 3.14.E-02 

NBN, KIF27, LRRC8A, TCOF1, E2F8, REST, SPAG16, PRKAR2B, TP53I3, FANCI, 
WDR77, SYNJ2, DERA, TSEN2, PAG1, ZDHHC1, SCAMP2, TTC37, TANC1, TNS3, 
C8B, EFHC1, CD86, XPC, ASH1L, BMP2K, AKAP1, IFT88, CHGB, SUV420H1, 
IBSP, DNAH10, ENPP1, DRD5, TDRD9, USP4, DNAH3, ACP2, LARP1B, 
KIAA1919, RIOK1, ZC3H6, TPCN2, KCNS3, TNFRSF1A, COL6A3, PALM2, 
REXO1, HMGXB3, B3GNT2, FGFBP1, PIK3R4, NPHP1, PTPRB, ZBTB49, CFLAR, 
LPO, PHACTR2, ALPK1, LRRN4, DLGAP5, SACS, BIRC7, BRIP1, BRCA2, 
ARMC6, TTC18, ABCG2, HEATR6, LYVE1, PDZD8, RPAP1, EFHB, NOLC1, 
HEPH, TRAFD1, SMPD3, SH3BP2 

GO:0034595 
phosphoinositide 5-phosphatase 
activity 

2 3.32.E-02 SYNJ2, INPP5E 

GO:0004439 
phosphatidylinositol-4,5-
bisphosphate 5-phosphatase activity 

2 3.32.E-02 SYNJ2, INPP5E 

GO:0016787 hydrolase activity 20 4.72.E-02 
PTPRB, DNAH10, CFLAR, ENPP1, KIF27, DLGAP5, USP4, TDRD9, DNAH3, 
GPLD1, BRIP1, ACP2, GDPD4, ABCG2, PNPLA7, REXO1, SYNJ2, INPP5E, 
TSEN2, SMPD3 

GO:0003824 catalytic activity 38 4.85.E-02 

DNAH10, KIF27, ENPP1, USP4, TDRD9, GPLD1, DNAH3, ACP2, RIOK1, 
PRKAR2B, TP53I3, REXO1, PALM2, SYNJ2, DERA, HMGXB3, INPP5E, B3GNT2, 
TSEN2, PIK3R4, PTPRB, ZDHHC1, CFLAR, ALPK1, LPO, DLGAP5, BRIP1, 
BRCA2, GDPD4, ABCG2, PNPLA7, RPAP1, ASH1L, BMP2K, HEPH, C15ORF42, 
SMPD3, SUV420H1 
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GO:0034593 
phosphatidylinositol bisphosphate 
phosphatase activity 

2 4.94.E-02 SYNJ2, INPP5E 

GO:0046030 
inositol trisphosphate phosphatase 
activity 

2 4.94.E-02 SYNJ2, INPP5E 

GO:0004445 
inositol-polyphosphate 5-
phosphatase activity 

2 4.94.E-02 SYNJ2, INPP5E 
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Table S4. Functional enrichment analysis of 136 genes with TAAS sites for avian vocal learners. 

Gene symbol 

GO:0006974 
Response to DNA 
damage stimulus (6) 
: 4.68E-02 

GO:0050793 
Regulation of 
developmental process 
(9) 
: 2.50E-02 

GO:0033554 
Cellular response 
to stress (8) 
: 2.92E-02 

Expression 
in 

songbird 
brain 

Expression 
in song 
nuclei 

Differential 
expression among 

song nuclei 

Specialized in the song 
nuclei compared to 
surrounding areas 

BIRC7     +         

BMP2K   +   + + Area X down   

BRCA2 + + +         

BRIP1 +   +         

CD86   +           

ENPP1   +           

FANCI +   +         

IFT88   +   + +     

LPO     +         

NBN + + + + +     

PALM2   +   + + Area X down Area X down, RA 

REST   +           

SESN1 +   + + +     

TNFRSF1A   +   + + 
HVC up, LMAN 

up 
HVC 

XPC +   + + +     
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Table S5. Functional enrichment analysis (on disease) of 136 genes with TAAS sites for avian vocal learners. 

Category #genes p-value Molecules 

Cancer 102 1.14E-04-3.69E-02 

REXO1, REST, SPAG16, HEPH, ITFG3, SYCP2L, IBA57, EFHB, 
TDP2, ANKFN1, ALPK1, LYVE1, NPHP1, LARP1B, SPG11, KIF27, 
LRRN4, CHGB, LPO, FGFBP1, BIRC7, SYNJ2, TANC1, PTPRB, 
CD86, ZDHHC1, CFLAR, CCDC135, B3GNT2, GPR35, SPG20, 
TMEM209, TTC37, CDCA7, TCOF1, ALKBH4, GPLD1, URB2, 
KIAA0391, OTUD3, SMPD3, TPCN2, ENPP1, TNFRSF1A, ABCG2, 
DRD5, TDRD9, GDPD4, HMGXB3, DERA, TNS3, USP4, PHACTR2, 
TSEN2, FNDC1, AKAP1, DLGAP5, CLUL1, EFHC1, KIAA1841, 
PIK3R4, TREM2, FAM208A, SACS, XPC, SETD4, BRIP1, WDR77, 
RPAP1, IFT88, BMP2K, ACP2, ZC3H6, IBSP, NDC1, ARMC6, 
WDR78, COL6A3, TTC18, SUV420H1, DNAH3, HEATR6, ZBTB49, 
PLEKHO1, OTOA, KCNS3, RIOK1, ASH1L, DNAH10, LRRC8A, 
E2F8, HAUS8, SMCR8, NBN, TP53I3, PNPLA7, PAG1, C8B, BRCA2, 
CCDC69, KIAA1919, FANCI 

Organismal Injury and 
Abnormalities 

18 2.88E-04-4.48E-02 
IFT88, ENPP1, TNFRSF1A, INPP5E, SPAG16, ABCG2, IBSP, 
TREM2, NBN, TCOF1, XPC, BRCA2, CFLAR, TSEN2, LYVE1, 
NPHP1, BRIP1, WDR77 

Reproductive System Disease 8 2.88E-04-4.48E-02 INPP5E, SPAG16, XPC, BRCA2, WDR77, BRIP1, NPHP1, NBN 

Hematological Disease 6 8.94E-04- 1.7E-02 ENPP1, BRCA2, BRIP1, LRRC8A, FANCI, NBN 

Developmental Disorder 18 1.53E-03-3.38E-02 
IFT88, ACP2, INPP5E, GPR35, SH3BP2, TREM2, NBN, OTOA, 
TTC37, TCOF1, XPC, BRCA2, C8B, TSEN2, NPHP1, BRIP1, FANCI, 
SMPD3 
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Hereditary Disorder 23 1.53E-03-3.38E-02 
ENPP1, ACP2, INPP5E, TNFRSF1A, GPR35, DRD5, SH3BP2, 

TREM2, SPG20, NBN, OTOA, SACS, TTC37, XPC, C8B, BRCA2, 
TSEN2, NPHP1, BRIP1, FANCI, LRRC8A, SMPD3, SPG11 

Dermatological Diseases and 
Conditions 

15 2.1E-03-1.7E-02 
HEATR6, TNFRSF1A, DRD5, IBSP, HEPH, COL6A3, ALKBH4, XPC, 
URB2, C8B, CD86, BRCA2, ANKFN1, NPHP1, DNAH3 

Gastrointestinal Disease 52 3.59E-03-3.69E-02 

DLGAP5, EFHC1, KIAA1841, HEPH, PIK3R4, FAM208A, SYCP2L, 
SACS, XPC, TDP2, BRIP1, IFT88, KIF27, CHGB, ZC3H6, IBSP, 
NDC1, FGFBP1, BIRC7, TANC1, WDR78, COL6A3, PTPRB, CD86, 
SUV420H1, DNAH3, HEATR6, SPG20, KCNS3, RIOK1, CDCA7, 
ASH1L, TTC37, DNAH10, TCOF1, KIAA0391, SMPD3, E2F8, 
HAUS8, ENPP1, TNFRSF1A, ABCG2, DRD5, TDRD9, NBN, USP4, 
BRCA2, CCDC69, TSEN2, KIAA1919, AKAP1, FNDC1 

Endocrine System Disorders 5 4.13E-03-3.69E-02 CHGB, TNFRSF1A, BRCA2, CD86, SMPD3 

Infectious Disease 3 4.13E-03-3.38E-02 TNFRSF1A, CD86, PDZD8 

Metabolic Disease 6 4.13E-03-3.38E-02 ENPP1, ACP2, TNFRSF1A, CD86, TREM2, SMPD3 

Immunological Disease 7 1.43E-02-3.85E-02 TTC37, TNFRSF1A, C8B, CD86, TREM2, LRRC8A, NBN 

Inflammatory Disease 8 1.53E-02-3.69E-02 RIOK1, TNS3, WDR78, ENPP1, TNFRSF1A, USP4, DRD5, CD86 

Inflammatory Response 5 1.67E-02-3.38E-02 ACP2, TNFRSF1A, SH3BP2, CD86, TREM2 

Neurological Disease 20 1.67E-02-4.48E-02 
IFT88, ENPP1, REST, INPP5E, TNFRSF1A, ABCG2, GPR35, DRD5, 
SPG20, OTOA, NBN, SYNJ2, SACS, TCOF1, BRCA2, CD86, CFLAR, 
TSEN2, NPHP1, SPG11 
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Cardiovascular Disease 5 1.7E-02-3.38E-02 RIOK1, TNS3, ENPP1, TNFRSF1A, IBSP 

Antimicrobial Response 1 1.7E-02-1.7E-02 TNFRSF1A 

Auditory Disease 1 1.7E-02-1.7E-02 OTOA 

Connective Tissue Disorders 7 1.7E-02-3.38E-02 TTC37, ENPP1, TNFRSF1A, TCOF1, GPR35, TREM2, SMPD3 

Dental Disease 2 1.7E-02-3.38E-02 TCOF1, SMPD3 

Hepatic System Disease 2 1.7E-02-3.38E-02 IFT88, TNFRSF1A 

Hypersensitivity Response 1 1.7E-02-1.7E-02 SH3BP2 

Nutritional Disease 2 1.7E-02-1.7E-02 ENPP1, INPP5E 

Ophthalmic Disease 3 1.7E-02-2.96E-02 INPP5E, TCOF1, DRD5 

Renal and Urological Disease 2 1.7E-02-2.61E-02 INPP5E, NPHP1 

Respiratory Disease 1 1.7E-02-3.38E-02 TNFRSF1A 

Skeletal and Muscular Disorders 12 1.7E-02-3.38E-02 
SACS, TTC37, ENPP1, INPP5E, TNFRSF1A, TCOF1, GPR35, DRD5, 
NPHP1, TREM2, SMPD3, SPG20 
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Table S6. Summary of 62 genes with 79 positively selected sites with non-synonymous substitutions in all avian vocal 

learners compared to non-learners. LRT = -2*ln(LikelihoodH0/LikelihoodH1) 

Gene symbol 

# 
positively 
selected 

sites 
(without 
filtering) 

# gain 
branches 

ω2 

foreground 
ω2a 

background 
P2a P2b LRT p-value 

Adjusted 
p-value 

Expression 
in songbird 

brain 

Expression 
in song 
nuclei 

Differential 
expression 

among song 
nuclei 

Specialized 
in the song 

nuclei 
compared to 

surround 
area 

Singing 
related 

expression 

ACD 1 (19) Two 260.64 0.13 0.12 0.09 47.66 2.53.E-12 1.48.E-10 
     

ARAP3 1 (10) Two 3.77 0.05 0.02 0 7.44 3.19.E-03 1.64.E-02 
     

B3GNT2 1 (2) Two 999 0.03 0 0 6.04 6.98.E-03 2.56.E-02 + + 
 

HVC 
 

BRCA2 1 (15) Two 4.08 0.26 0.03 0.02 6.9 4.32.E-03 2.01.E-02 
     

C10ORF118 1 (7) Two 9.6 0.04 0.01 0 6.3 6.04.E-03 2.30.E-02 + + 
HVC up, 

LMAN up  
+ 

C17ORF60 1 (4) Two 4.77 0.15 0.03 0.02 4.63 1.57.E-02 4.69.E-02 + 
    

C3ORF67 1 (12) Two 12.06 0.19 0.04 0.05 12.34 2.22.E-04 1.42.E-03 + 
    

C7ORF63 1 (7) Two 4.33 0.14 0.03 0.01 6.3 6.04.E-03 2.60.E-02 
     

CA3 1 (10) Two 8.55 0.03 0.08 0.01 27.16 9.35.E-08 1.71.E-06 
     

CASC1 2 (4) Three 15.04 0.14 0.01 0.01 11.71 3.11.E-04 8.14.E-03 + + 
   

CCDC147 1 (16) Two 7.65 0.14 0.06 0.06 24.34 4.03.E-07 5.91.E-06 
     

CCDC40 3 (9) Three 9.72 0.14 0.01 0.01 12.38 2.17.E-04 5.98.E-03 + 
    

CDHR2 1 (5) Two 6.79 0.09 0.02 0.01 7.64 2.86.E-03 1.54.E-02 
     

CENPQ 1 (3) Three 24.48 0.21 0.02 0.01 8.03 2.30.E-03 4.79.E-02 
     

CYCS 1 (2) Three 16.15 0.01 0.02 0 10.19 7.05.E-04 1.63.E-02 + + Area X up 
 

+ 

DNAH10 1 (25) Two 5.6 0.1 0.02 0.01 21.97 1.38.E-06 1.81.E-05 + + 
   

DNAJC13 1 (2) Three 11.19 0.02 0 0 9.28 1.16.E-03 2.46.E-02 + + Area X up 
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ENDOD1 3 (35) Two 4.2 0.1 0.19 0.06 10.4 6.29.E-04 3.51.E-03 + + 
Area X 
down  

+ 

FAS 1 (15) Three 3.25 0.1 0.1 0.08 7.81 2.60.E-03 4.82.E-02 + + 
   

FASTKD1 1 (10) Two 20.91 0.14 0.01 0 23.63 5.84.E-07 7.77.E-06 
     

GATAD2A 1 (27) Two 650.69 0.02 0.22 0.02 11.36 3.75.E-04 3.06.E-03 
     

GDPD4 1 (3) Two 4.78 0.09 0.04 0.01 6.94 4.21.E-03 1.73.E-02 + 
    

GPR112 1 (9) Two 10.29 0.13 0.08 0.01 14.1 8.65.E-05 8.45.E-04 
     

HAVCR1 2 (5) Two 19.2 0.06 0.04 0.03 13.36 1.29.E-04 1.18.E-03 
     

HIPK3 1 (4) Two 17.68 0.06 0 0 5.09 1.21.E-02 3.78.E-02 + + 
   

HMGCS1 1 (2) Two 9.12 0.02 0 0 5.08 1.21.E-02 3.78.E-02 + + 
Area X 
down  

+ 

IGF2R 3 (71) Two 3.86 0.07 0.07 0.02 31.85 8.33.E-09 1.51.E-07 + + Area X up 
 

+ 

KIAA1009 1 (54) Two 7.53 0.12 0.39 0.15 13.06 1.51.E-04 1.03.E-03 + + RA down 
 

+ 

KIAA1377 3 (9) Three 4.77 0.27 0.04 0.05 7.88 2.50.E-03 4.72.E-02 + 
    

LECT1 1 (1) Two 17.21 0.03 0.01 0 6.23 6.27.E-03 2.35.E-02 + 
    

LOC101747588 2 (4) Three 13.46 0.16 0.01 0 8.95 1.39.E-03 3.48.E-02 
     

LOC396318 1 (2) Two 5.37 0.04 0 0 5.01 1.26.E-02 4.40.E-02 
     

LOC418554 3 (6) Three 6.79 0.16 0.04 0.02 8.27 2.01.E-03 4.45.E-02 
     

LOC428144 1 (7) Two 21.55 0.08 0.14 0.05 6.07 6.89.E-03 2.80.E-02 
     

LOC772204 1 (2) Three 999 0.07 0 0 7.74 2.70.E-03 4.98.E-02 
     

LRRC43 1 (2) Three 29.42 0.11 0.01 0 8.48 1.79.E-03 4.13.E-02 
     

MKI67IP 1 (23) Three 179.42 0.02 0.34 0.06 24.2 4.34.E-07 2.46.E-05 + + 
   

MSMB 1 (1) Two 999 0.13 0.01 0.01 9.57 9.88.E-04 6.92.E-03 
     

MYCBPAP 1 (5) Three 10.43 0.14 0.16 0.06 8 2.34.E-03 4.79.E-02 
     

NDUFB10 1 (2) Two 56.01 0.02 0.04 0.01 6.28 6.12.E-03 2.60.E-02 
     

NSMCE4A 1 (3) Two 9.05 0.08 0.04 0.01 5.37 1.03.E-02 3.37.E-02 + + 
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ODF2L 1 (27) Two 5.89 0.2 0.16 0.12 5.46 9.75.E-03 3.28.E-02 + + 
   

PBLD 1 (2) Two 33.52 0.08 0.01 0 13.94 9.42.E-05 6.77.E-04 + 
    

PEX16 1 (2) Two 39.48 0.08 0.01 0 4.58 1.61.E-02 4.79.E-02 + + 
   

PIK3R4 1 (1) Two 9.05 0.01 0.01 0 4.82 1.40.E-02 4.26.E-02 + + Area X up 
  

PIWIL1 1 (33) Two 6.39 0.09 0.08 0.02 27.68 7.14.E-08 1.39.E-06 
     

RNF144B 1 (33) Two 3.29 0.03 0.4 0.02 6.11 6.71.E-03 2.77.E-02 
     

SBK2 1 (1) Two 38.69 0.03 0.01 0 4.79 1.43.E-02 4.65.E-02 
     

SMCR8 1 (1) Two 24.43 0.03 0 0 11.64 3.22.E-04 2.70.E-03 
     

SPINK2 1 (3) Two 11.45 0.03 0.07 0.03 6.76 4.66.E-03 2.10.E-02 
     

SSBP1 1 (1) Two 43.41 0.01 0.01 0 5.49 9.58.E-03 3.27.E-02 + + 
  

+ 

STX7 1 (2) Three 56.27 0.04 0.01 0 10.4 6.30.E-04 1.49.E-02 + + 
  

+ 

TCP11L1 1 (3) Three 13.69 0.07 0.01 0 9.87 8.41.E-04 1.82.E-02 + + 
Area X 
down   

UPK1B 1 (10) Three 22.12 0.1 0.16 0.06 10.64 5.53.E-04 1.53.E-02 
     

VCAM1 2 (27) Two 319.04 0.11 0.06 0.03 66.2 2.03.E-16 8.89.E-15 + + Area X up Area X up + 

WRN 1 (29) Two 13.58 0.05 0.09 0.02 18.87 6.98.E-06 7.05.E-05 + + 
   

ZNF830 1 (2) Three 56.55 0.03 0.02 0 8.19 2.10.E-03 4.12.E-02 + + 
   

ENSGALT00000017732 1 (7) Two 4.84 0.07 0.01 0 4.71 1.50.E-02 4.71.E-02 
     

ENSGALT00000032505 2 (3) Three 34.44 0.29 0.01 0 9.03 1.33.E-03 3.48.E-02 
     

ENSGALT00000034695 1 (14) Two 194.75 0.08 0.13 0.13 17.54 1.41.E-05 1.53.E-04 
     

ENSGALT00000038597 1 (4) Two 27.69 0.24 0.02 0.06 7.18 3.68.E-03 1.77.E-02 
     

ENSGALT00000041070 3 (55) Three 999 0.13 0.13 0.35 11.42 3.64.E-04 1.06.E-02 
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Table S7. Functional enrichment analysis of 62 genes with convergent sites under positive selection. 

(A) Biological process 

 
ID Name # genes p-value Molecules 

GO:0016043 cellular component organization 14 2.72.E-03 STX7, SSBP1, ZNF830, CYCS, BRCA2, MKI67IP, WRN, KIAA1009, 
ACD, IGF2R, PEX16, B3GNT2, FAS, ARAP3 

GO:0006259 DNA metabolic process 6 6.00.E-03 ACD, SSBP1, CYCS, GATAD2A, BRCA2, WRN 

GO:0006996 organelle organization 9 1.00.E-02 ACD, SSBP1, ZNF830, CYCS, PEX16, BRCA2, WRN, ARAP3, 
KIAA1009 

GO:0045005 maintenance of fidelity during DNA-
dependent DNA replication 

2 1.16.E-02 BRCA2, WRN 

GO:0010225 response to UV-C 2 1.39.E-02 BRCA2, WRN 

GO:0009987 cellular process 31 1.85.E-02 DNAH10, FASTKD1, STX7, HMGCS1, MKI67IP, KIAA1009, 
VCAM1, LECT1, ACD, UPK1B, SBK2, PEX16, GATAD2A, 
PIWIL1, FAS, B3GNT2, PIK3R4, RNF144B, NDUFB10, SSBP1, 
ZNF830, CDHR2, CYCS, BRCA2, WRN, GDPD4, IGF2R, HIPK3, 
MYCBPAP, CA3, ARAP3 

GO:0001832 blastocyst growth 2 2.54.E-02 ZNF830, BRCA2 

GO:0042981 regulation of apoptosis 6 3.73.E-02 IGF2R, HIPK3, CYCS, BRCA2, WRN, FAS 

GO:0043067 regulation of programmed cell death 6 3.87.E-02 IGF2R, HIPK3, CYCS, BRCA2, WRN, FAS 

GO:0048869 cellular developmental process 9 3.91.E-02 VCAM1, LECT1, SSBP1, UPK1B, MYCBPAP, PIWIL1, BRCA2, 
FAS, B3GNT2 

GO:0010941 regulation of cell death 6 3.93.E-02 IGF2R, HIPK3, CYCS, BRCA2, WRN, FAS 

GO:0000279 M phase 4 4.09.E-02 ZNF830, PIWIL1, BRCA2, KIAA1009 

GO:0051336 regulation of hydrolase activity 4 4.34.E-02 SSBP1, CYCS, WRN, ARAP3 
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GO:0050790 regulation of catalytic activity 6 4.50.E-02 ACD, SSBP1, HIPK3, CYCS, WRN, ARAP3 

 
(B) Cellular component 

 
GO:0043228 non-membrane-bounded organelle 11 4.84.E-02 DNAH10, ACD, SSBP1, CENPQ, GATAD2A, PIWIL1, BRCA2, 

MKI67IP, WRN, ARAP3, KIAA1009 

GO:0043232 intracellular non-membrane-
bounded organelle 

11 4.84.E-02 DNAH10, ACD, SSBP1, CENPQ, GATAD2A, PIWIL1, BRCA2, 
MKI67IP, WRN, ARAP3, KIAA1009 

 
 

(C) Molecular function 
 

GO:0043566 structure-specific DNA binding 3 4.66.E-02 SSBP1, BRCA2, WRN 
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Tables S8. Candidate sites under positive selection with avian vocal learners specific molecular changes. 

(A) In case rifleman is not a vocal learner 

Gene symbol 
Position in 
Chicken 

M
ed

iu
m

 G
ro

u
n

d
 

F
in

ch
 

Z
eb

ra
 f

in
ch

 

A
m

er
ic

a
n

 C
ro

w
 

B
u

d
g

er
in

g
a

r 

K
ea

 

A
n

n
a

's
 

H
u

m
m

in
g

b
ir

d
 

Others 

R
if

le
m

a
n

 

G
o

ld
en

 c
o

ll
a

re
d

 
m

a
n

a
k

in
 

Gain of 
foreground 
branches 

ωF ωB BEB LRT adj.p-value 

B3GNT2 253 N N N N N N H H H 

Two 

10.01 0.03 0.893 4.99 2.23.E-02 

DNAH10 1255 N 
 

N N N A DHQ T Q 2.54 0.1 0.812 4.07 3.05.E-02 

GDPD4 403 S S S S S G DN N N 4.03 0.09 0.991 7.19 8.78.E-03 

PIK3R4 671 C C C C C C R R R 9.7 0.01 0.998 7.14 8.78.E-03 

SMCR8 215 Q Q Q L V V AI I A 27.41 0.02 0.986 8.33 8.78.E-03 

LOC418554 154 V 
  

T T T AGP 
 

P 
Three 

6.79 0.16 0.991 8.27 6.72.E-03 

LOC101747588 218 H H H R R L KQ Q 
 

12.23 0.16 0.998 12.42 1.49.E-03 
 

(B) In case rifleman is a vocal learner 

DNAH10 1255 N 
 

N N N A DHQ T Q Two 5.41 0.1 0.924 22.66 6.75.E-06 

GDPD4 403 S S S S S G DN N N Two 5.08 0.1 0.976 4.56 4.82.E-02 

PIK3R4 671 C C C C C C R R R Two 8.91 0.01 0.942 4.16 4.82.E-02 
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Figure S1. Phylogenetic tree of 48 birds. Figure from Jarvis et al. 

[16]. Green indicates avian vocal learners in species names. 
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Figure S2. Schematic diagram of the pipeline used for the 

detection of molecular homoplastic features of avian vocal 

learners under positive selection in silico.   
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Figure S3. Concept of target species specific amino acid 

substitution (TAAS). Figure from Zhang et al.[12]. The diagram 

shows the sites with mutually exclusive amino acid alterations with 

empty set (ø) of amino acids between species with the target trait and 

species without the target trait. Four types of target-species specific 

mutually exclusive amino acid substitutions in blue boxes. Same amino 

acid type in each group; mixed amino acid types in only other group or 

only target group; and mixed amino acid types in each group.  
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Figure S4. Expected numbers of random target specific amino 

acid substitutions (rTAAS) results with random targets. (A) 

Expected random targets in 6 among 47 avian species in 7909 genes. 

(B) Expected random targets in 47 avian lineages considering 3 vocal 

learning lineages. (C) Comparison percentages among rTAAS results 

and the TAAS result for vocal learners. 
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Figure S5. Hierarchical cluster analyses of the biological 

process category of the GO results. The GO analysis was 

conducted on the 136 genes with TAAS sites among avian vocal 

learners.  
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Figure S6. One of TAAS site genes in a gene, TNFRSF1A, 

related to Alzheimer’s disease. (A) Two sample logos for TNFRSF1A. 

(B) Disease genes and drug targets from KEGG pathway of 

Alzheimer’s disease.   
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Figure S7. Protein interaction analysis results of STRING with 

genes related to neurological disease from the IPA results. 

STRING and IPA of 136 genes with TAAS sites. Red beads (55 of 

them) are proteins with “binding” molecular function (GO analysis). 
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Figure S8. Hypothesis to estimate positive selection in avian 

vocal learners. Phylogenetic trees showing the two different 

parsimonious hypotheses with (A) two independent gains and (B) three 

independent gains of the vocal learning trait. Species highlighted in red 

are vocal learners, in grey (rifleman) as unknown, and in blue showing 

a possible loss of the trait in the suboscine manakin. 
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Figure S9. False positive or lineage specific sites under positive 

selection in the analyses. (A) Pie chart for positively selected sites in 

avian vocal learners. (B) Example of positively selected sites with no-

substitutions (yellow column) in 48 birds. (C) Example of positively 

selected sites with amino acid substitutions only for one vocal non-

learner lineage (blue column). (D) Example of positively selected sites 

with amino acid substitutions only for one vocal learner lineage (blue 

column). When there are surrounding sites that differ, this suggest 

there could be an exon difference or assembly error. 
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Figure S10. Hierarchical cluster analyses of GO results 

(category biological process). GO analysis of 62 genes with sites 

under positive selection.  
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Figure S11. three of positively selected sites in three genes, 

CYCS, FAS, and NDUFB10, related to Alzheimer’s disease. (A) 

Substition logos for CYCS, FAS, and NDUFB10 in vocal learners vs 

non-learners. Numbers indicate positions in chicken amino acid 

sequences in Two sample logos. Red box indicates positively selected 

sites. (B) KEGG pathway of Alzheimer’s disease.  
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Figure S12. Sequence profile of seven candidate genes with 

TAAS sites under positive selection. Numbers in parenthesis 

indicate positively selected TAAS positions in chicken amino acid 

sequence. Red star and red column indicates the TAAS site under 

positive selection. ‘-’ indicates deletion of amino acid.  
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Figure S13. Vocal learners specific amino acid substitution 

evolutionary histories with the positive selection. (A-B) Local 

peptide region showing frequency plot of amino acid composition in 

vocal learners versus vocal non-learners for two genes that are 

invariant among vocal non-learners. (C-D) Inferred evolutionary history 

of the substitutions and positive selection in vocal learners and closely 

related vocal non-learners. Red, gain; blue, loss; grey, unknown.  
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Figure S14. Hypothesis to estimate positive selection in avian 

vocal learners. Phylogenetic trees showing the different hypotheses 

with (A) two independent gains and (B) three independent gains of the 

vocal learning trait in case rifleman is not a vocal learner. (C) two 

independent gains and (D) Four independent gains of the vocal 

learning trait in case rifleman is a vocal learner. Species highlighted in 

red are vocal learners, and in blue showing a possible loss of the trait 

in the suboscines.
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 Figure S15. Concept of random target species specific amino 

acid substitution (rTAAS). The diagram shows three steps to 

calculate expected numbers for sites with mutually exclusive amino 

acid variations between two random targets and four others. Bold 

lettering alphabets are amino acids of random targets at each site. Red 

star and blue box indicates rTAAS sites. In the row of ‘Human’, red 

letter indicates an amino acid of human that is different from amino 

acids of the other birds at the rTAAS site.  
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요약(국문초록) 

 

 체학  통한 학습 

종  분자 작과 진 에 한 

이해 

이 철 

동과  생 보학 공 

울 학  학원 자연과학 학 

 

본 학  논  체 분   하여 종간 

참조 체 를 통해 학습 종  특이 인 질  

굴에 집약 인 연구이다. 학습에 한 연구는 인  언어  

학습  자  원  이해하고, 인간  언어장애가 생하는 

시스   료에 용함에 그 목 이 있다. 

 1 장과 2 장에 는 연구  일 인 경지식  리하 다. 

학습이란 경험  통해 소리를 모 할  있는 능 이다. 

학습과 연  자를 찾  해  4 가지 식  분자 작 

(이 , 이량 , 이소 , 이시 )  고 하 다. 이  가진 

자를 굴하  해 타스 분 (TAAS analysis)과 엔/ 에스 
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분 (dN/dS analysis)  용한다. 타스 분  단 질번역지역 

내에  학습종에 상 타 인 학습조  특이  

아미노산  가지는 를 찾아내는 법이다. 엔/ 에스 

분  이러한 이  가지는  진 택압  추  

하  해 용 할  있다. 이  가지는 자가 다른 

표 질보다 학습에 연 이 있는 자임  지지하는데, 

나 지 가지 분작 작  고 한 자  목  용한다.  

 3 장에 는 에  시한 법이 용 , 학습조  

특이 인 단 질 보  범 에  상에 한 연구를 

자 히 했다. 8000 여개  이종상동 자 에,  136 개  

자가 149 개  에  학습조  특이 인 타스  

(avian vocal learner-specific TAAS sites)를 가진다. 그 에 

사람  언어  직  연  FOXP2  Forkhead box 

domain 만 이루어진 FBXO48 는 사람과 학습조  내에  

 아미노산  보인다. 그리고 B3GNT2  PIK3R4 가 

양 택, 목 , 인간언어장애  질 과 연 에 해 

뒷 침에 해, 학습에 연  강 한 후보 자  시하 다. 

 

주요어: 학습, 체학, 아미노산, , 타스, 양 택 

 

학번: 2013-20405 
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