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Abstract:

Genomic comparison across multiple species is a key tool for revealing macroevolutionary
patterns of gene and genome evolution. Using the full genomes of 48 avian species representing
all major extant clades, we present the first large scale analysis of vertebrate genome evolution
outside of mammals. We found the smaller size of avian genomes was largely the result of
massive erosion of repetitive elements, large segmental deletions, as well as gene loss following
the split from other reptiles. Avian genomes show a remarkably high degree of evolutionary
stasis from chromosomes, gene synteny, down to single nucleotides. The overall of nucleotide
substitution rate in birds is slower than in mammals, and varies among avian lineages according
to life history and ecological factors. We also identified many protein-coding genes that are
evolving non-neutrally, as well as non-coding RNA and regulatory regions that are highly
conserved. Together our analyses reveal that genomic biodiversity across birds covaries with
diverse adaptations to different lifestyles.

Main Text:

With ~10,500 living species (/), birds are the most species-rich class of tetrapod vertebrates.
Birds originated from a theropod lineage more than 150 million years ago (MYA) during the
Jurassic and are the only extant dinosaurs (2, 3). The earliest diversification of Neornithes, the
clade comprising all extant birds, occurred during the Cretaceous. However, the Neoaves, the
most diverse avian clade, underwent rapid global expansion and radiation following a mass
extinction event about 66 MY A near the Cretaceous-Paleogene (K-Pg) boundary ((4) and see
also our companion paper (5)). The extant avian lineages possess enormous ecological diversity,
having exploited all major environments except the deep oceans, and exhibit extremely diverse
morphologies and rates of diversification. Given the nearly complete global inventory of avian
species, and the immense amount of distributional and biological data that has been collected,
birds are widely used as a model group for investigating large-scale evolutionary and ecological
questions (6, 7). A number of avian species (e.g. chicken [Gallus gallus], zebra finch
[Taeniopygia guttata], pigeon (rock dove) [Columba livia]) are also important model organisms
in disciplines such as neuroscience and developmental biology (8). In addition to their scientific
relevance, birds are a widely used focus group for global conservation priority setting (e.g., (9) )
and culturally and economically important to human societies. A number of avian species have
been domesticated and are farmed on extremely large and economically important scales. Birds
have captured our imagination as pets and as the subject of nature study, and both farmed and
wild water birds are key players in the spread of globally important pathogens, such as avian
influenza virus (/0).

Despite the need to better understand avian genomics, prior to the generation of the dataset
reported here, annotated avian genomic data was publicly available for only few species: the
domestic chicken, domestic turkey (Meleagris gallopavo) and zebra finch (//-13). To build an
understanding of the genetic complexity of birds and to investigate links between their genomic
variation and phenotypic diversity, we generated genome sequences for an additional 45 avian
species, selected to represent all 32 neognath and two of the five palaecognath orders (Fig. 1) (/4),
thus representing nearly all of the major clades of living birds (5). Three of these genomes have
recently been published in stand-alone studies (domestic Pekin duck [4nas platyrhynchos




domestical, peregrine falcon [Falco peregrinus], and pigeon (/5-17)). Several of those described
here are also the focus of stand-alone companion studies (crested ibis [ Nipponia nippon] and
little egret [ Egretta garzetta], Adelie [Pygoscelis adeliae] and emperor penguin [Aptenodytes
forsteri], budgerigar [ Melopsittacus undulatus]) (18-20) reported in parallel with this study. We
also collaborated with research groups that sequenced reptile genomes representing major non-
avian lineages (American alligator [Alligator mississippiensis] (21, 22), green sea turtle
[Chelonia mydas] (23) and a lizard, the green anole [Anolis carolinensis] (24), as outgroups. We
note that several additional draft avian genomes of varying quality have recently been published
by other parties, including the collared flycatcher (Ficedula albcollis.), Saker falcon (Falco
cherrug), ground tit (Parus humilis [also known as Pseudopodoces humilis]) and Puerto Rican
parrot (Amazona vittata) (16, 25-27), although they do not form part of our study.

In addition to providing an extensive genomic resource, the generation of sequences spanning
nearly all extant avian orders within a diverse and species-rich vertebrate group offers an
unprecedented opportunity to study the evolution of genomes from a broad phylogenetic
perspective. Avian genomes are considerably smaller and more compact than those of other
vertebrates (28), exhibit a largely conserved karyotype consisting of few macrochromosomes and
many microchromosomes (29), but exhibit considerable within group variation in overall pattern
(30). This data set enables us to document the genome structure and evolutionary history of
different genomes across extant birds and to provide insight into the unique avian genome
characteristics and to describe genome variation that has played key roles in the evolution of
specific avian lineages.

Sequencing, assembly and annotation

We employed a whole genome shotgun strategy to generate genome sequences of 45 new avian
species [Supporting Online Material (SOM) textl], including two species representing two
orders within the infraclass Paleognathae (common ostrich [Struthio camelus] and white-throated
tinamou [ Tinamus guttatus]), the Pekin duck representing a first genome for the order
Anseriformes (clade Galloanserae), and 41 species representing 30 neoavian orders (Table S1).
In combination with the three previously published avian genomes, the galliform chicken (/7)
and turkey (/2), and the passerine zebra finch (/3), the genome assemblies cover 92% (34/37) of
all avian orders as presented by Howard and Moore (the three missing orders belong to the
Paleognathae) (/4). With the exception of the budgerigar, which was assembled through a multi-
platform (Illumina/GS-FLX/PacBio) approach (20), all other new genomes were sequenced and
assembled with Illumina short reads (Figl, SOM text 1). For 20 species, we produced high
(>50X) coverage sequences from multiple libraries with a gradient of insert sizes and built full
genome assemblies. For the remaining 25 species, we generated low (~30X) coverage data from
two insert-size libraries and built less complete but still sufficient assemblies for whole genome
comparative analyses. The genomes were assembled de novo (SOM text 1), and despite the
lower coverage for some species, the resulting assemblies typically ranged from 1.05 Gb to 1.26
Gb, consistent with independently estimated cytology-based avian genome sizes (28) and
suggesting near complete genome coverage for all species. Scaffold N50 sizes for high coverage
genomes ranged from 1.2 to 6.7 Mb, whereas those for lower coverage genomes were about
20kb. The genomes of two species, the common ostrich and budgerigar, were further assembled
with input from optical mapping, doubling their N50 scaffold sizes to 17.7Mb and 13.8Mb,
respectively (20, 31).



We annotated the protein coding sequences using a homology-based method for all genomes,
aided by transcriptome sequencing for some species (SOM text 1). To avoid systematic biases
related to the use of different methods in the annotation of the previously published avian
genomes, we created a uniform reference gene set that included all genes from the previously
published chicken and zebra finch genomes, and those identified in the green anole (24) and
human genomes (32) as outgroups. This database was subsequently used for prediction of the
protein gene models in all avian genomes. All high-coverage genomes were predicted to contain
~15,000-16,000 transposable element-free protein-coding genes (Table S5), a number similar to
the published chicken genome (~15,000). Despite the fragmented nature of the low-depth
assemblies leading to ~3,000 genes that were likely missing or partially annotated it was still
possible to study 70-80% of the entire catalogue of avian genes. Orthology relationships for
8,295 genes among all birds and outgroups were assigned using the reciprocal best blast hit
algorithm and information about synteny, using the chicken genome as a reference, allowing a
maximum of five missing species (5). These genome assemblies and annotations can be found at
(http://phybirds.genomics.org.cn/), and separated annotated gene sets are in public databases
(NCBI and ENSEMBL).

Broad patterns of avian genome evolution
Genome size reduction

Although many fishes and some amphibians have smaller genomes than birds, among the
amniotes birds have the smallest genomes. The genomes of mammals and non-avian reptiles
(henceforth referred to as ‘reptiles’) typically range from 1.0 to 8.4 pg, whereas avian genomes
are reduced, ranging from 0.91 in the black-chinned hummingbird (4rchilochus alexanderi, not
sequenced in this study) to a little over 2 pg in the common ostrich (28). A number of hypotheses
have been proposed for the smaller avian genome size (33-36). Here we document key events
that have contributed to this smaller genome size.

Transposable elements

The proliferation and loss of transposable elements (TEs) are thought to be a major driving factor
behind vertebrate genome size evolution (37-39). Consistent with analyses of the previously
published zebra finch and galliformes genomes (//-13, 40), we found that almost all avian
genomes contained lower levels of repeat elements (~4-10% of each genome, Table S4) than has
been observed in other tetrapod vertebrate genomes (e.g. 34-52% in mammals) (4/). The sole
outlier was the downy woodpecker (Picoides pubescens), with TEs representing ~22% of the
genome, derived mainly from species-specific expansion of LINE (Long Interspersed Elements)
type CR1 (chicken repeat 1) transposons (Fig. S1). Likewise, we found the CR1 transposon to be
the largest TE family in all avian genomes, but with widely different rates of expansion among
different lineages, comprising 2% to 18% of their genomes (Fig. S1). Despite their abundance,
most of the ancestral reptile CR1s found by mining the three non-avian reptile genomes
(American alligator, green sea turtle. and green anole) have been inactivated in the birds (note
that these three species are at least as divergent from each other as each are from birds). The
genome alignments suggest that a deficiency of SINEs (Short Interspersed Elements) in the
common ancestor of birds was the main feature of TE reduction in avian genomes (Fig. S2). The
average copy number of SINE residues in birds has been reduced to about 1.3 million, which is
significantly fewer than the number in other reptiles (12.6 million in American alligator and 34.9
million in green sea turtle).




Size reduction of avian protein coding genes

We compared the average length of different genomic elements of birds with those of available
complete genome sequences of 24 mammals and the 3 non-avian reptiles. We found that for 90%
of 5,087 orthologous protein coding genes, the avian orthologs were on average 50% shorter than
their mammalian orthologs and 73% shorter than their reptilian orthologs (Fig. 2A). This
reduction is largely due to the shortening of avian intronic regions. The reduction in avian
genome size is represented by an increased gene density, resulting due to reduced intergenic
distances in birds (Fig. 2A). We speculate that the overall condensed genome and reduced
distances between genes may represent an adaptation tied to the need for the rapid gene
regulation required during powered flight.

To further investigate whether avian genome size reduction arose due to lineage-specific
reduction in the common avian ancestor of birds or expansion in other vertebrates (42), we
identified small (<100bp) deletion events using an alignment of the 48 avian and three reptile
genomes and performed ancestral state reconstructions (SOM text 2). We found that the avian
ancestral lineage experienced the largest number of small deletion events, about twice the
number in the common ancestor of birds and crocodilians (Fig. 2B), suggesting the largest
contribution of deletion events occurred specifically in the avian ancestor. In contrast, the
variance in the number of small deletion events among avian lineages is relatively small.

Large segmental deletions in avian ancestral lineage

We searched for putative large segmental deletions (42) in the avian genomes and their inferred
common ancestor by creating a gene synteny map between the highest quality assembled basal
avian genome (common ostrich) and the genome of the green anole, which allowed us to
document lineage-specific deletion events in the remaining avian and reptile genomes (SOM
Text 2). In doing so, we detected 118 syntenic blocks, spanning a total of 58 Mb, which were
present in the American alligator and green sea turtle genomes but were lost in all birds (Table
S10). By contrast, there were significantly fewer syntenic blocks missing in the American
alligator (14 blocks, 9Mb) and green sea turtle (27 blocks, 8Mb) relative to the green anole,
confirming the polarity of genome size reduction in birds (Table S10). The large segmental
losses in birds were not uniform across genomes, but were skewed to losses on chr2 and chr6 of
the green anole genome (Fig. S12). Two of the green anole’s 12 pairs of microchromosomes,
LGd and LGf, were completely missing in birds without any homologous genes found in avian
genomes. Most of these lost segments were located at the ends of chromosome or close to the
centrosomes (Fig. S12). A further point of interest is that the lost segments were enriched at
apparent breakpoints of the avian microchromosomes (Fig. S12). For instance, green anole chr2,
which is homologous to multiple avian macrochromosomes, including the Z and W sex
chromosomes (3/, 43), and also to microchromosomes, was enriched with 22% of the avian-
specific segmental deletions at chromosomal breakpoints (Fig. 2C). These findings imply that
the large segmental losses could have arisen as a consequence of chromosomal fragmentation
events in the common ancestor of birds that also gave rise to additional microchromosomes in
modern birds.

The large segmental regions deleted in birds contain at least 1,241 functional protein coding
genes, with each lost segment containing at least five continuous genes. The largest region lost in
all birds was represented by a 2.1 Mb segment of the green anole chr2, which contains 28
protein-coding genes (Fig 2C). Overall, we found that at least 7% of green anole genes on



macrochromosome were lost by segmental deletion in birds. Although gene loss is a common
evolutionary process, based on what has been observed to date, this massive level of segmental
deletion is rare in vertebrates. Over 77% of the 1,241 genes present in the large segmentally
deleted regions have at least one additional paralog in the Green Anole Lizard genome, a level
higher than the overall percentage of genes with paralogs in the green anole genome or avian
genomes (both at about 70%). This suggests functional compensation by the remaining avian
parologs, a process that could have reduced purifying selection against the loss of these
segmental regions. Thus whole genome duplication events in early vertebrates (44) may have
offered a buffering mechanism to tolerate such massive loss of paralogous genes later during the
diversification of birds. Nevertheless, the loss of functions associated with many genes in the
avian ancestor may have had a profound influence on avian-specific traits (Table S9 and see
below).

Conservative mode of genome evolution

Selective pressure for smaller genome size in birds is hypothesized to have had significant
consequences on genome conservation (45). To investigate this hypothesis, we examined
conservation in the 48 genomes at three levels: chromosome rearrangement, gene synteny, and
overall mutation rate at neutrally evolving 4-fold degenerate codon (4d) positions.

Genome rearrangement

With ~30 pairs of microchromosomes for most species, the avian karyotype represents a unique
pattern of genome organization; i.e. based on basic cytological analyses the “so many, so small”
microchromosome configuration appears to be highly conserved in roughly two thirds of all
birds and is not a general feature of any other group of organisms studied to date (29). Once
adopted, a compact genome organization would most likely lead to the reduction in rates of
chromosomal evolution and increase in re-use of approximate genomic locations at which
fragmentation occurs (breakpoints), thus avoiding negative epigenetic and gene effects and, as a
result, making the chromosomal organization in birds evolutionary stable. To test this idea, we
analyzed chromosomal evolution of the sequenced genomes. Six of the avian genomes (chicken,
turkey, zebra finch, Pekin duck, common ostrich, budgerigar) were at or near chromosomally
assembled status; 15 others had large genomic scaffolds due to high coverage and large linking
libraries (SOM Text 3). This allowed us to assess the rates of avian chromosomal evolution in
several representatives of the major avian clades. Alignment to the chicken genome of the other
20 avian assemblies, plus two outgroups (green anole and the snake, Boa constrictor (46)),
identified homologous synteny blocks (HSBs) and 1,746 evolutionary breakpoint regions (EBRs)
in different avian lineages. We estimated the expected number of EBRs in each avian lineage by
applying a correction proportional to the fraction of missed reference-specific EBRs in each
genome (ranging from 1.45% to 33.33%). Based on this, we further estimated the rates of
genomic rearrangements in avian lineages with our total evidence nucleotide (TENT)
phylogenetic tree as a guide (5). We detected an unusually high fraction of small lineage-specific
rearrangements in the turkey genome suggesting a high number of local misassembles, and thus
it was excluded from further analyses. For the genomes built with Illumina data and large mate-
pair insert libraries (18 genomes in the present study), the estimated rate of chimeric scaffolds
that could lead to false EBRs in this analysis was ~6% (47).

Our data demonstrate that breakpoint re-use was up to 2-fold lower in birds (~7-10%) than in
mammals (~14.9%) (48, 49). Birds also had a lower average chromosomal rearrangement rate



(~1.25 EBRs/MY) than mammals (~2 EBRs/MY, (50) and unpublished data) (p=0.04, t-
test=1.79) under comparable HSB detection resolutions (Fig. S13). Despite this, several bursts of
genomic reorganizations appeared to have occurred in the evolution of several avian lineages
(Fig. S13). For example the origin of Neognathae was accompanied by an elevated rate of
chromosome rearrangements (~2.87 EBRs/MY), and there were elevated rates in the penguins
and in duck relative to chicken. Intriguingly, all vocal learning species (songbirds, parrots, and
hummingbirds) also had higher rates of rearrangements compared to both their close non-vocal
learning relatives (golden-collared manakin [Manacus vitellinus], peregrine falcon and chimney
swift [Chaetura pelagica]) (p-value=0.03, t-test=2.39) and had some of the highest compared to
all non-vocal learning species (p-value=0.00006, t-test=3.87). This difference may be related to
the fact that all three groups have undergone larger radiations relative to most other bird groups,
or alternatively went through bottlenecks affecting their ancestral populations resulting in
fixation of a larger number of genomic rearrangements than in other bird species; the Golden-
collard Manakin representing suboscine songbirds (vocal non-learners) also have undergone a
larger radiation relative to parrots and hummingbirds, and have a low rate. Both scenarios favor
for the selection of adaptive features associated with a large number of genomic rearrangements.

Conserved gene synteny

To better quantify and compare synteny in birds, we compared local gene arrangements (micro-
synteny), which are also more robust and accurate given the current draft assemblies (SOM Text
3). We used avian genome assemblies with long scaffold N50 sizes (>1Mb) and focused on the
eutherian mammals, which are approximately the same evolutionary age, and whose genome
assemblies are similar in quality. Examining the fraction of orthologous genes that can be
identified from each pair of two-avian/mammalian genomes based on syntenic and best
reciprocal blast matches (SOM Text 3), we find that birds have a significantly higher percentage
of orthologous genes at any pairwise comparison than do mammals (Fig. 2D). The variance of
the percentage of synteny-defined orthologous genes in pairwise comparisons of birds was also
less than in mammals. The fraction of genes retained in synteny blocks in any pairwise
comparison was linearly related over evolutionary time, whereby the overall level of genome
shuffling in birds was lower than in mammals over the past ca.100 million years (Fig. 2D). For
example, the percentage of human genes within syntenic orthologous block with other eutherian
mammals ranged from 87% with chimpanzee to 54% with the tree shrew, with an average ratio
of 60%. In contrast, the percentage of syntenic genes in zebra finch with other birds was very
stable at around 68%. Extrapolating this trend strongly suggests a substantially higher level of
constraint on maintaining gene synteny in avian evolution than that in mammals.

Taken together, a picture emerges of a conserved and stable pattern of avian genome
organization, where the smaller genome size limits the number of permissive EBR sites therefore
decreasing the chromosome rearrangement rate and increasing EBR reuse compared to larger
mammalian genomes. Nonetheless, punctuated examples of increased levels of chromosomal
rearrangements occurred concomitantly with diversification events. One consequence of this
apparently avian-unique pattern with rare inter- and intra-chromosomal evolutionary changes
would be relative stasis in gene family synteny in comparison to other vertebrates, or at least
mammals, an idea we tested next for a specific gene family.

Evolutionary stasis in gene families



Apparent stasis in the evolution of avian chromosomes would suggest that birds may have
experienced relatively low rates of gene gain and loss in multigene families. To investigate this
possibility, we examined the families of genes that encode the various a- and B-type subunits of
hemoglobin, the tetrameric protein responsible for blood oxygen transport in all vertebrates. The
globin gene families are among the most intensively studied vertebrate-specific gene families
from a functional perspective (5/-53). In amniote vertebrates, the a- and B-globin gene families
are located on different chromosomes (52). In birds, we found that the size and membership
composition of the globin gene families have remained remarkably constant during ~115 million
years of evolution (Fig. 2E). Most examined species have retained an identical complement of
three orthologous a-like globin genes and 4 orthologous B-like globin genes (Fig. 2E). In
eutherian mammals, by contrast, the a- and -globin gene families have experienced high rates
of gene turnover due to lineage-specific duplication and deletion events (Fig. 2E), resulting in
functionally significant variation in globin gene repertoires among contemporary species (54, 55).
Estimated rates of gene turnover (A) were over two-fold higher for the mammalian gene clusters
relative to the avian gene clusters (A = 0.0023 vs. 0.0011, respectively).

Much of the variation in the avian a-globin gene family was attributable to multiple independent
inactivations of the o”-globin gene (Fig. 2E) (56), which encodes the o-chain subunit of a
functionally distinct hemoglobin isoform (HbD) that is expressed in both embryonic and
definitive erythrocytes. In the sample of 22 species with high-coverage genome assemblies,
parsimony suggests that there were at least five independent pseudogenized inactivations of o”-
globin, assuming no reversals (i.e., reactivations): in the golden-collared manakin, killdeer,
penguins, little egret, and hoatzin (Fig. 2E). Due to uniform and consistent differences in
oxygen-binding properties between HbD and the major adult-expressed hemoglobin isoform,
HbA (which incorporates products of a?-globin) (36), these inactivations of o”-globin likely
contribute to among-species variation in blood-oxygen affinity, which has important
consequences for circulatory oxygen transport and aerobic energy metabolism. Because of the
pronounced degree of functional differentiation between co-expressed Hb isoforms in avian red
cells (56), the observed variation in globin gene content among avian lineages may contribute to
significant physiological variation in blood-oxygen transport. Overall, the globin gene families
illustrate what appears to be a general pattern of evolutionary stasis in birds, in contrast to a
higher rate of gene turnover in mammals.

Reduced genomic substitution rates

Genomic substitution rates vary across species, and are determined by both neutral and adaptive
evolutionary processes (57). We found that the overall pan-genomic background substitution rate
in birds was significantly lower than in mammals (p= 0.00037, Wilcoxon rank sum test), as
determined by analysis of four-fold degenerate (4d) sites in coding regions (ca. 0.002
substitution per site per million years). However, the substitution rate estimates also exhibited
notable inter-ordinal variation among birds (Figs. 3A). Intriguingly, there was a positive
correlation between the substitution rate and the number of species per order (Fig. 3B, p=0.001,
Pearson’s test with phylogenetically independent contrasts), providing evidence of an association
with rates of macroevolution. For example, Passeriformes, the most diverse bird order and one of
the most diverse vertebrate orders, consisting of nearly 60% of living avian species, exhibited the
highest evolutionary rate (ca. 0.0033 substitution per site per million years), almost two times the
average rate of Neoaves (ca. 0.0020 substitution per site per million years). Origins for many
neoavian orders are relatively close to each other in time (5), suggesting this finding is not



simply an artifact of taxonomy. We furthermore observed a significant negative correlation
between avian body mass and substitution rate (p=0.009, Pearson’s test with phylogenetically
independent contrasts), supporting previous hypotheses on the effect of body size on rate of
molecular evolution (58). Moreover, we found the substitution rates of birds also varied
according to certain life-style and biological traits. In general, core landbirds (Fig. 1; as defined
in (5)) exhibited on average higher substitution rates than their sister group of core waterbirds
(landbirds: ca. 0.0022 substitution per site per million years; waterbirds: ca. 0.0016 substitution
per site per million years), which is consistent with the observation that landbirds have greater
net diversification rate than waterbirds (7). Among the core landbirds, the two predatory lineages
(white-tailed and bald eagles [Haliaeetus albicilla and H. leucocephalus], red-legged seriema
[Cariama cristata], peregrine falcon, turkey vulture [Cathartes aura], and barn owl [Tyto albal),
exhibited significantly slower rates of evolution (ca. 0.0016 substitution per site per million
years), similar to that of core waterbirds. Given the basal placements of birds-of-prey within the
core landbirds, the subsequent evolution of other core landbirds towards smaller body sizes,
shorter generation times, and more fully developed altricial behavior, appears to have been
associated with an overall elevated rate of substitution. Moreover, the substitution data indicates
that the genomes of birds with vocal learning behavior within core landbirds (parrots and
songbirds) and outside of this group (hummingbirds) are evolving faster than non-vocal learners.
Overall, our analyses strongly indicate that genome-wide variation in rates of substitution are a
consequence of their radiation into a wide range of niches and associated phenotypic changes,
including body size, life-style, and other behavioral and ecological factors.

Selective constraints on functional elements

Comparative analyses across multiple genomes also offer the potential to provide new insight
into the processes of how natural selection drives genome sequence evolution, the functional
divergence of protein-coding genes, and lineage-specific evolutionary dynamics. Previous
comparative studies of mammalian genomes revealed evolutionary constraints on ~5% of the
genome, encoded by a variety of functionally important elements (59). Our dataset enables
similar analyses to identify the essential core component of sequence elements within birds, and
also those that vary between lineages.

DNA sequence conservation due to purifying selection

The conservation of DNA sequences across distantly related species is considered to reflect
strong functional constraints (60). To investigate the overall conservation and selection patterns
of avian genomes compared to other vertebrate groups, we performed multiple alignments using
MultiZ (61) and quantified constraint across the genomes using a phylogenetic hidden Markov
model, PhastCons (60) (SOM Text 4). We found that the overall level of conservation at the
single nucleotide level among birds was higher than that in mammals (Fig. 3C), consistent with
the slower rate of sequence evolution found in mitochondrial genes in birds (62). A direct
comparison of 100Mb of orthologous genomic regions among birds and mammals also revealed
genomic regions evolving significantly slower than the neutral rate among birds than mammals.
This included 3.2 million highly conserved elements (HCEs) at a resolution of 10bp or greater
within the 48 avian species, spanning on average 7.5% of the avian genome, suggesting a
stronger functional constraint in avian genomes. Functional annotations revealed about 12.6% of
these HCEs were associated with protein-coding genes, while the majority of the remaining
HCEs were located in introns or intergenic regions (25.8% and 56.7%, respectively) (Fig. 3D).
These HCEs enabled us to identify 717 new protein-coding exons and 137 new protein-coding



genes that were otherwise unannotated in previous pipelines (Table S16). Approximately 77% of
the new coding genes are supported by the deep transcriptome data (Table S16).

Deep transcriptome sequencing also enabled us to annotate 5,879 candidate long non-coding
RNA (IncRNA) genes. We found several well-characterized IncRNA families of known function
to be conserved between mammals and birds, although they showed different patterns of
conservation. One such family is cyrano, an ancestral vertebrate IncRNA that is known to play
crucial roles in maintaining normal embryonic development (63); experimental deletion in
developing zebrafish (Danio rerio) leads to abnormally small head and eye development and
neural tube defects (63). In contrast to mammals, in which only a small region of this gene is
conserved, the whole gene is highly conserved across all avian genomes (Fig. S18).

As HCEs may have unique functions in different lineages, we separated the HCEs into two
categories: bird-specific and a core set of amniote HCEs shared by birds and mammals.
Alignments against annotated genes identified 13 protein-coding genes that were specifically
conserved in avian lineages (Table S17). One of the most conserved was the sperm adhesion
gene, SPAM 1, which mediates sperm binding to the egg coat (64), and is involved in meiotic
drive and genomic conflict (65). This gene has been reported to be under positive selection
driven by sperm competition in mammalian species (66). Surprisingly, >87% of the entire coding
region of SPAM1 has been highly conserved among birds, as opposed to only 23% in mammals,
suggesting that this gene has been under strong negative selection in birds. We also identified
three genes that are conserved in birds, but that are located in mammals on the pseudo-autosomal
regions of the sex chromosome, in which they suffer the high mutagenic effects of recombination
(67). Nevertheless, their functions have been well maintained within birds. These findings
suggest that different selection constraints on these genes may be associated with divergent
mating systems or sex chromosome systems between the birds and mammals (68).

Non-coding HCEs are thought to play important functions in regulation of gene expression (69).
We combined experimental data on gene expression from the ENCODE project (70) with
bioinformatic prediction of transcription factor binding sites in gene regulatory regions, and
found that the avian-specific HCEs are significantly associated with transcription factors that
show precise functions for metabolism, while vertebrate core HCEs are also enriched with
transcription factors functioning in signal regulation, stimulus responses, and development
(Table S18, S19). For example, although birds and mammals have different facial structure, their
facial development appears to utilize the same genetic toolkit, such as MID1, which is associated
with avian beak development and the human cleft palate (77). Patterns of evolutionary
conservation enabled us to identify several conserved elements unique to promoter regions of
MID1 in birds (Fig. 3E), a feature that may regulate the spatial and/or temporal regulation in
gene expression and lead to the evolution of lineage-specific cranio-facial morphologies.

Natural selection on genes

To investigate evolutionary constraints on gene regions, we calculated the ratio of
nonsynonymous versus synonymous substitution rates (dN/dS) for the 8,295 high-quality
orthologs identified among birds annotated from syntenic information. We found that the level of
selective constraint on genes varied across species and chromosomes (Fig. 4A). Consistent with
the “fast-Z” hypothesis, we observed that the evolutionary rate of Z-linked genes was
significantly higher than that of the autosomes (Fig. 4A). This is most likely driven by the
reductio of effective population size (Ne) of Z-linked genes, as the Ne of Z chromosome is only



3/4 of that of autosome, and male sexual selection would reduce it further (72). Furthermore,
consistent with the “fast-macro” hypothesis, the overall rate of macrochromosomal genic
evolution is higher than that of microchromosomes, which is probably caused by differences in
the recombination rates and genic densities between macro- and microchromosomes in birds (73).

We also examined the median dN/dS ratio of each GO functional category of avian genes and
compared it with that of mammals. The data indicated clear differences in categories, with those
involved in development (spinal cord development, and bone resorption) evolving faster in birds,
and those involved in the brain function (synapse assembly, synaptic vesicle transport and neural
crest cell migration) evolving faster in mammals (Table S21, S22). We also observed
heterogeneity in dN/dS ratios among avian lineages. Genes involved in oxidoreductase activity
were relatively rapid evolving in the basal Palacognathae clade that contains the flightless ratites.
The fastest evolving genes within the Galloanserae participate in microtubule-based processes. In
Neoaves, transmembrane transporters were the fastest evolving genes. These differences could
perhaps be caused by relaxed selective constraints or positive selection in different lineages.

Genotype-phenotype convergent associations: evolution of vocal learning

With the availability of genomes representing all the major lineages of modern birds and their
revised phylogenetic relationships (), it becomes possible to conduct genome-wide association
studies across species with convergent traits. Here we focused on vocal learning, which given
our phylogenetic analyses is inferred as having evolved independently, either twice, in
hummingbirds and the common ancestor of songbirds and parrots, or independently in the three
groups (3, 74). All three groups have specialized song learning forebrain circuits not found in
non-vocal learners (Fig. SA) (75). To assess whether this behavioral and anatomical convergence
is associated with molecular convergence, we first looked for convergent accelerated evolution
of genes in avian vocal leaners, and then ascertained their expression profiles in the brains of
different species from experimental data we generated in our companion studies (76, 77) and
from the zebra finch brain expression database (78). Taking a conservative approach, we only
examined well-aligned genes and amino acid sites available for at least one species of all three
vocal learning groups, which reduced the 8295 orthologous protein-coding gene set to 7909
genes. We found convergent accelerated evolution (increased dN/dS above background) for 227
genes (~2.9%) in vocal learners (120 for the two and 107 for the three independent gain
hypotheses; Table S28). Of these 227, at least 73% (165) were expressed in the songbird brain
(physically cloned mRNAs), and of these 92% (151) were expressed in adult song learning
nuclei (much higher than the expected 60%; (77)), including ~20% (33) regulated by singing
(much higher than the expected 10%). In addition, 41% (20% expected) of the song nuclei
accelerated genes showed differential expression among song nuclei, and 0.7 to 9% (0.7 to 4.3%
expected), depending on song nucleus, showed specialized expression compared to the
surrounding brain regions (Table S28). Of the candidate genes, cadherin 4 (CDH4) showed
convergent specialized regulation in robust nucleus of the archistriatum (RA) of all vocal
learning birds and the human laryngeal motor cortex, convergent specialized expression in
songbird Area X and the human speech activated striatum, differential regulation among all song
nuclei, and it controls development of neural connections (Table S28) (76). More generally,
gene ontology analyses of the subset of accelerated differentially-expressed song nuclei genes
revealed 30 significant functionally enriched gene sets, which clustered into four major
categories, including neural connectivity, brain development and neural metabolism (Fig. S23).



We also developed an approach that scans for single amino acid substitutions common to species
that have a shared trait, controlling for phylogenetic relationships (see methods; similar to Wang
and Jarvis, in preparation). Of the 7909 genes, we found 38 that had one to two amino acid
substitutions uniquely present in vocal learners (Table S31). At least two thirds (66%) of the
genes were expressed in the songbird brain, including in the song nuclei (58%); the latter were
higher than the expected (20%). Four genes (CCDC135, CHGB, COL6A3, and TSEN2) were
regulated by singing (77), and two (GDPD4 and KIAA1919) showed convergent accelerated
evolution in vocal learners from the above analyses above, including on the specific amino acid
sites unique to vocal learners (Table S31). Several of these genes (KCNS3, PTPRB, SACS) had
been previously shown, when mutated, to be associated with diseases that include speech-
language disorders (79). There were several genes whose amino acid sites were completely
conserved and thus invariant in all bird species examined (only 1 amino acid) except vocal
learners. These included B3GNT2, a polylactosamine synthase linked to brain autoimmune
diseases and schizophrenia (80), which was differentially down-regulated in the RA and HVC
song nuclei (Fig. SE-G) and synaptojanin 2 (SYJN2), a synaptic vesicle coating protein that
regulates neural connectivity, and has SNPs in humans associated with longevity and cognitive
functions (87).

To identify accelerated evolution in non-coding sequences in vocal learners, we scanned the
genome alignment using phyloP, a method that tests conservation and acceleration based on a
neutral evolution model (§2) (SOM text 4). Here we used a more limited sampling of vocal non-
learning species closely related to the vocal learners (Table S32), due to the relatively faster
evolutionary rate of non-coding regions. We scanned the entire genome alignment and found 822
accelerated genomic elements uniquely shared by all three vocal learning groups (Table S33).
These convergent elements were more skewed to intergenic regions in vocal learners relative to
the background average accelerated elements across species (Fisher’s exact test, p<2.2e-16) (Fig.
5B). 332 of these elements were associated with 278 genes (within 5°/3” 10kb of the nearest
genes), of which a high proportion (76%) was expressed in the brain and almost all of those
(94%, 198 genes) expressed in one or more song nuclei (Table S34). Even more so than the
genes identified above with accelerated coding nucleotide changes, 51% (20% expected) of the
genes with accelerated non-coding region changes showed differential expression among song
nuclei, 20% were regulated by singing (10% expected) and 2 to 15% (0.7 to 4.3% expected) had
specialized expression relative to the surrounding brain regions (Table S34). These candidates
included (7) convergent acceleration in the 5’ region non-coding region of the synaptotagmin-like
2 (SYTL?2) gene (Fig. 5C), a brain specific synaptic protein, (if) an intron of GRIN2B, a glutamate
neurotransmitter receptor that shows convergent specialized expression in avian song learning
nuclei (83) and possibly human speech regions (84), and is required for learning and memory,
including for song learning in songbirds (85); (iii) the 5° flanking region of FOXP1I, a gene
which shows convergent specialized expression in the HVC of all three vocal learning bird
groups (Fig SH-J) (86) and functions with FOXP2 in its requirement for birdsong and speech
acquisition (87); and (iv) three additional genes (TSHZ3, JAZF 1 and SH3RFI) that we
independently found (76) to show convergent differential regulation in the RA song nucleus
across the three vocal learning groups (Table S35, Fig. S26-S28). Overall, these analyses show a
2- to 20-fold enrichment of accelerated evolution in regulatory regions of genes differentially
regulated in vocal learning brain regions. In contrast, there was very little overlap (2.5%) of
genes with convergent accelerated non-coding changes and convergent accelerated amino acid
changes, indicating two independent targets of selections for convergent evolution. Further



analyses on the convergent vocal learner associated molecular changes are described in our
companion studies (76, 77, 88).

In summary, this convergent analysis across 48 avian species identifies candidate genes, their
specific amino coding acid sites, and their regulatory regions for further tests on their role in the
mechanisms and evolution of the complex trait of vocal learning.

Evolution of ecologically relevant genes

The availability of genomes representing almost all major lineages of extant birds permits us to
investigate candidate genes that underlie traits relevant to the diversity of avian ecologies.
Although these analyses should be approached with caution given the phenotypic and ecological
plasticity within major avian lineages, this set of genomes is sufficient to draw a number of
important conclusions. Some of the most obvious of these traits include major skeletal and tissue
changes associated with the capacity for powered flight, feeding modification such as loss of
teeth, an extremely advanced visual system found in some lineages, and features related to their
sexual and reproductive systems.

Evolution of the capacity for flight
Skeletal systems

The evolution of flight involved a series of adaptive changes at the morphological and molecular
levels (89). A number of these modifications were clearly apparent within the genomic data.

One of the key requirements for flight is a skeleton that is both strong and lightweight. In both
birds and non-avian theropods (90) this evolved by the fusion and elimination of some bones and
the pneumatization of the remaining ones (9/-93). We investigated genes involved in bone
function and found that of 89 genes involved in ossification (Table S36), 50 (~56%) showed
evidence of positive selection in birds, almost twice as high as in mammals (29 genes, ~32%)).
For birds, most of these are involved in the regulation of remodeling and ossification associated
processes, or bone development in general, and those with the highest values for global omega (>
0.5) were obtained for AHSG, Alpha-2-HS-glycoprotein, associated with bone mineral density
(94) and P2RX7, P2X purinoceptor 7, associated with bone homeostasis (95). The variation in
the extension of pneumatization in avian post-cranial bones has been associated with the
variation in body size and foraging strategies (96). Therefore, positive selection observed in
those genes may explain the variation in the levels of bone pneumatization in birds, since the
genes involved in the process of maintaining trabeculae within bones likely depends on the
intrinsic network of genes participating in bone reabsorption and mineralization. These results
suggest that most structural differences in bone between birds and mammals may not occur
during ontogenesis but rather as a result of bone remodeling and reabsorption (Table S37).

Pulmonary structure and function

A principal demand of the increased metabolism associated with homeothermy and powered
flight is the capacity for frequent high levels of oxygen consumption, requiring an efficient gas
exchange process during pulmonary ventilation. Due to functional integration of ventilation and
locomotion, birds evolved a volume constant lung and a rigid trunk region, whereas mammals
evolved a changing volume lung, often coupled to locomotory flexion of the lumbar region (97).
In contrast to the pulmonary alveola of the mammalian lung, the avian lung has a honeycomb-
like structure incorporating a flow-through system with small air capillaries (98). This difference
in lung structure and function could be due to variation in the regulatory network of genes related



to lung development. Intriguingly, we found that at least five genes that function in mammalian
lung development were completely lost in the avian ancestor. One of these genes is the latent
TGF- binding protein 3 (LTBP3), which plays an important role in the extra cellular matrix and
modulates the secretion and activity of TGF-f. In-vivo functional experiments in mice revealed
that the null mutation of L7BP3 caused lung alveolar septation defects (99), suggesting that the
absence of this gene in birds may have limited their potential to evolve a broncho-alveolar-like
structure, as found uniquely in mammals (97). Moreover, this gene is also associated with
ossification, and its null mutation in mice causes an osteopetrosis-like phenotype (/00). Thus the
loss of this gene in birds may have multiple roles in association with the evolution of the avian
lung and postcranial skeletal pneumaticity.

Feathers

The evolution and subsequent morphological diversification of feathers have shaped avian
physiology, locomotion, mate choice and ecological niches (/07). Feathers are composed of
alpha and beta keratins (/02), the latter of which are structural proteins found only in the
epidermal appendages of birds (comprising 90% of mature feathers) and other reptiles. We found
that birds have a significantly lower number of a-keratins than reptiles and mammals (Table S39;
p <0.001; Mann-Whitney U-test, U=26.0). Although the a-keratins genes appear to have
contracted in birds, B-keratins have expanded, with a total of 1623 complete and 1084
incomplete copies across all birds (Fig. S31). Of these, the feather f-keratin subfamily is avian
specific and comprises 893 of the complete and 637 of the incomplete genes while the remaining
avian B-keratins (claw, scale and keratinocyte B-keratin subfamilies) are orthologous to 3-
keratins found in the crocodiles and turtles (Fig. S31) (103, 104). Interestingly, the proportion of
feather B-keratins to the total number of B-keratins is significantly lower for aquatic/semi-aquatic
birds than for landbirds (p = 0.011; Mann-Whitney U-test, U=144.5), while the proportion of
keratinocyte B-keratins is significantly higher for aquatic/semi-aquatic birds than landbirds
(p=0.001; Mann-Whitney U-test, U=116.0) indicating that feather compositional adaptations,
such as an increase in hydrophobicity to aid in thermal regulation, may have occured in species
with an aquatic lifestyle. We found that the avian -keratins form six significant phylogenetic
clades across the 48 species, and all major avian lineages possess members from each
phylogenetic clade. This result strongly indicates that the avian p-keratin diversity was present in
the basal avian lineage. However, there are four species that are statistical outliers with the
highest number of B-keratins (zebra finch, chicken, rock dove and budgerigar) (/05) all of which
represent domestic birds. Assembly differences can be excluded as the possible cause of this
observation, as no lineage correlation is observed between gene copy number and assembly
quality. While this observation is concordant with the hypothesis that domestication may
increase the recombination rate (/06, 107) at B-keratin loci, we note that (i) two other domestic
species (domestic turkey and Pekin duck) did not exhibit this trend, (ii) selection pressures on
both zebra finch and budgerigar during domestication are unlikely to have been high, and (iii)
three of the four above mentioned genomes (zebra finch, chicken, budgerigar) are of particularly
high quality. Thus additional work is needed to explore this further.

The evolution of genes related to diet
Edentulism

The evolution of birds also had significant consequences with regards to their feeding strategies
and diets, with changes happening at (among others) the structural, biochemical and sensory



levels. With regards to the former, one of the most immediately obvious avian-specific traits is
edentulism, the phenotype of being toothless. Edentulism is thought to have evolved
independently in multiple theropod lineages (/08). However, although most phylogenetic
analyses suggest that teeth were lost in the common ancestor of modern birds (109, 110), a few
studies have recovered dentate taxa from the Mesozoic (Hesperornis, Ichthyornis) inside of
crown Neornithes, suggesting that tooth loss could have occurred independently in different
clades (/11). To address this point, we scanned the avian genomes for molecular fossils of tooth-
specific genes that function in dentin and enamel formation. We recovered remnants of these
genes in all species examined (Table S42). Frameshift mutations and whole exon deletions were
widespread in all investigated tooth genes. The vast majority of debilitating mutations were not
shared, but importantly all species examined shared unambiguous deletions in protein-coding
exons of enamel-specific genes (ENAM, AMEL, AMBN, MMP20, AMTN) and one dentin-
specific gene (DSPP). The shared pattern of pseudogenization across representatives of all living
birds suggests that enamel and dentin production were both knocked out in their common
ancestor and supports the hypothesis that the common ancestor of modern birds lacked
mineralized teeth (109, 110).

Diet related enzymes

At the biochemical level, avian-specific adaptation can be seen in several important pathways.
One molecular adaptational feature of animal diet is the diversity in intracellular targeting of the
glyoxylate detoxifying enzyme AGT that arises according to the intracellular origin of glycolate
(/12). The main source of the glycolate precursor (thus target of AGT) is the mitochondria in
carnivores, the peroxisome in herbivores, and both organelles in omnivores (//3). Variation in
AGT targeting is controlled by differential expression patterns of the mitochondrial targeting
sequence (MTS) that is located at the N-terminal of AGT (//3). Because birds have evolved a
wide range of dietary diversification, AGT represents an excellent candidate for study. We
recovered complete AGT genes from 22 of the avian genomes (Table S43), of which five exhibit
pseudogenized forms in their MTS region (Fig. 6B, Fig S31). These species included all three
oscine passerine birds (the omnivorous American crow [Corvus brachyrhynchos| and medium
ground-finch, and the herbivorous zebra finch), the nectar feeding Anna’s hummingbird (Calytpe
anna) within the order Apodiformes, and the insectivorous Cuckoo-roller (Leptosomus discolor)
within the order Leptosomiformes. The loss of MTS function in three unrelated avian orders is
consistent with multiple independent dietary transitions during avian evolution. Detection of
positively selected amino acids at 137 Q (dN/dS = 2.153) and 378 R (dN/dS = 2.153) in all birds
provided additional support for diet-related adaptation in AGT (positions referring to the human
AGT; posterior probability > 99%; P < 0.0001).

A second example of dietary pathway evolution relates to vitamin C, an important nutrient
cofactor functioning in a range of essential metabolic reactions in animals (//4). Organisms that
cannot synthesize vitamin C face considerable health problems (e.g. scurvy in humans) unless
sufficient quantities can be obtained through diet. Loss of the ability to synthesize vitamin C has
been to date observed in a limited number of species, including humans (//5), Guinea pigs (/16)
and some bats (/7). All species that do not synthesize vitamin C exhibit a pseudogenized gene
for L-gulonolactone oxidase (GULO), an enzyme that is essential for catalyzing the last step of
the vitamin C de novo synthesis pathway (//8). Although a previous study noted GULO enzyme
activity was lacking in some Passeriformes birds (//9), no molecular evidence existed to support
this. Genomic mining of the avian genomes revealed GULO pseudogenization has occurred in



two of the three oscine passerine birds (the medium ground-finch, the zebra finch) and the
suboscine golden-collared manakin. In contrast, an intact form of GULO was recovered from all
other genomes, including the third oscine species sequenced (American crow) and the basal
passerine rifleman (Acanthisitta chloris) (Table S44). Similar to previous observations in
mammals (/20), this pseudogenization was caused by the loss of different exons and lethal
mutations in the gene. Reconstruction of the molecular evolutionary history of GULO among
amniotes, using a free-ratio model in PAMLA4.7 (121), shows purifying selection has dominated
the evolution of GULO, from the ancestral node of amniotes (dN/dS = 0.096) to ancestral birds
(dN/dS = 0.133) and mammals (dN/dS = 0.355), suggesting conservation of the ability to
synthesize vitamin C both before and after avian divergence. However, two passerine birds with
intact forms of the gene (American crow and rifleman), exhibited nonsynonymous changes at
one order of magnitude higher than the average (Fig. S34), a sign of harmful mutations in the
GULO protein (/7). Together with the pseudogenization in the other three passerine birds, this
suggests a relaxation in the evolutionary constraints on GULO in passerine birds.

Rhodosin/opsins and Vision

Birds exhibit what is possibly the most advanced vertebrate visual system, with a highly
developed ability to distinguish colors over a wide range of wavelengths. In contrast to mammals,
which have relatively few photoreceptor classes, almost all birds studied to date have retained an
ancestral, tetrapod set of cones (/22) that is hypothesized to play an essential role in a wide range
of behaviors, such as reproduction and feeding (/23). In most of the avian genomes, we detected
higher numbers of opsin genes than in mammalian genomes; the mammalian genomes were all
missing OPN4x (124), Rh2 and either OPNIswi (Monotremata) or OPNIsw2 (Theria). Most
avian genomes contained four classes of conopsin genes, supporting the hypothesis that avian
vision is based on a tetrachromatic system. Penguins however were an exception, with both
species sequenced exhibiting only three classes, and thus trichromatic, in line with findings
based on retinal examination (/25). This difference is most likely due to their aquatic lifestyle,
and is consistent with observations of marine mammals that also appear to have lost one, or even
both, cone pigment(s) (/22). The OPNIRh2 gene in the two penguin species lacks amino acid
K296 that binds the opsin to the chromophore to form a functional pigment. The high omega
values (2.7 for emperor penguin and 2.2 for the Adelie penguin) are consistent with relaxed or
positive selection. For most other species, the conopsin genes were under stronger stabilizing
selection in birds than in mammals. However, signs of strong positive selection were detected in
the branch leading to the passerine group Passerida (represented by the medium ground-finch
and zebra finch; Fig. S36), which corroborates that the shift from violet sensitive SWS1 cones to
ultraviolet sensitive cones in this clade (/26) was adaptive. Optimal color discrimination is
achieved when cone classes are evenly distributed over the spectrum (/27). Therefore, as
suggested by the omega dN/dS values, less variation in spectral sensitivity is tolerated in birds
than in mammals due to their higher number of cone classes, which increases the risk of
overlapping sensitivities. Besides two transmembrane regions (no. II and VII) encompassing
previously identified spectral tuning amino acids in the SWS1 conopsin, we found markedly
positive selection in region IV, strongly suggesting that there is one or more unknown amino
acids sites that apparently are important to the spectral tuning of this UV-sensitive cone (Fig.
S38).

Sex-related and reproductive traits



Reproduction related genes

Unlike other reptiles, almost all birds develop only a single functional ovary, on the left side
(128), as a result of the evolutionary loss of the right ovary during the transition from non-avian
theropods to birds (/29). It has been hypothesized that this loss represents an adaptation to
reduce weight during flight (/29), and may be the consequence of loss of genes involved in
ovary development. We found that two genes, MMP19 and AKRI1C3, with known association to
ovary function are absent in all birds. MMP19, a matrix metalloprotease gene, functions during
the follicular growth and the ovulation process (/30), while the enzyme AKR1C3 catalyzes the
conversion of androstenedione to testosterone and has been associated with polycystic ovary
syndrome (/317).

We also performed analyses on a range of other genes related to reproduction, under the
hypothesis that some of them may have been direct targets of the sophisticated morphological
and behavioral adaptations related to sexual selection in birds. Previous analyses of these genes
in Drosophila, humans and marine invertebrates have generally shown that they evolve faster
than genes unassociated with reproduction (66). Specifically we chose 194 genes that may be
involved in spermatogenesis, and 30 genes involved in oogenesis as defined by Gene Ontology
annotation. We found that 19 out of 46 species show significantly (p<0.05; Wilcoxon test)
accelerated evolution (measured by lineage-specific dN/dS ratio) of spermatogenesis genes
relative to the genomic background. In contrast, only two species (carmine bee-eater [Merops
nubicoides] and Pekin duck) showed significantly accelerated evolution in oogenesis genes.
These results suggest that male birds are the dominant targets of sexual selection, which drives
rapid evolution of spermatogenesis genes via sperm competition (/32).

Plumage color

We investigated the genomics of plumage color, a behaviorally important trait. Besides the role
of camouflage, plumage color has been recognized as a classic example of sexual selection since
Darwin (/33). Male birds have frequently evolved extravagant plumage color in response to both
male-male competition and female choice (/34, 135), resulting in remarkable sexual
dichromatism. Analysis of 15 genes that have previously been implicated in influencing avian
plumage colors (/36-140) demonstrated evolutionary rates that were significantly faster than the
genomic average in 8 of 46 avian lineages, as measured by their branch-specific dN/dS ratios
(Table S48). This pattern suggests these genes are evolving under adaptive evolution. MCIR, the
melanocortin 1 receptor, whose evolutionary rate has previously been shown to be positively
correlated with galliform plumage dichromatism (/37), also showed a positive correlation
(coefficient=0.93) with plumage discriminability. This relationship is, however, statistically
insignificant (P=0.37), perhaps due to the small sample size (discriminability data of plumage
color exists for only 6 species). Carotenoids are responsible for the bright yellow and red
pigments that underlie some of the most conspicuous coloration patterns in vertebrates. Unlike
melanins, carotenoids can be only acquired through diet and there are potential trade-offs
between their roles in coloration and other physiological conditions. Avian carotenoids
preferentially accumulate in certain parts of integument due to differential deposition, due to the
action of genes such as GSTA?2 that is specifically expressed in the plumage and bill of some
passerine, and is involved in the binding and deposition of carotenoids. We found that the
evolutionary rate of GSTA2 is negatively correlated with the plumage dichromatism (p<0.05;
coefficient=-0.28, Fig. 6D). A second gene SLC24A44, which is highly associated with hair color
in humans, also showed a negative correlation (p<0.05; coefficient=-0.11, Fig. 6D). This



suggests that diversifying and stabilizing selection are driving the evolution of plumage color
genes.

Conclusions

The advent and rapid development of next-generation sequencing techniques has revolutionized
genomic approaches to biology. These new technologies are increasingly being applied beyond
the level of individuals to populations, and from model to non-model species for which little or
no prior genomic data existed, and perhaps most excitingly, from single to broad taxa sampling.
These developments allow us to address many longstanding questions and make new discoveries
at unprecedented phylogenomic scales. As we show in this project, such studies have
extraordinary advantages in the ability to produce more accurate annotations for functional
genomic elements from conservation profiles across the entire avian phylogeny and reveal the
evolutionary dynamics for the whole genome from a phylogenetic perspective.

The avian genome is characterized by a number of features that remain remarkably constant
across the entire clade. The small genome size with fragmented micro-chromosomes and reduced
repeat transposon activity, in dramatic contrast to other vertebrates, has been a static feature in
the avian clade for >150 million years. Avian genomes consistently contain fewer genes, about
70% of the number observed in human genome, and with one detected exception (downy
woodpecker) an extremely reduced fraction of repeat elements. Thus the ancestral avian lineage
has uniquely lost a large number of genes, by means of large segmental deletions, following their
divergence from other extant reptiles. As previously hypothesized, these large genomic
sequence depletions appear linked to a second defining feature of avian genomes—the putatively
ancestral fission of macrochromosomes into a relatively large number of microchromosomes.

Conservation at the avian genomic level, both with regards to sequence, synteny and
chromosomal structure, is remarkable in light of their rapid historical radiation into what has
become the rich biodiversity of extent birds. This is considerably different from the evolution of
mammalian genomes, which while experiencing a rapid radiation at a similar time, today
displays a richness of genome shuffling and variation (/47). By comparing the genomes of 48
birds that are constrained within a largely resolved phylogeny, we revealed millions of highly
constrained elements comprising 7.5% of avian genomes. This evolutionary profiling of
genomes across >100 million years (5) enables their interpretation in a functional genomic
context that has been missed in previous genomic studies that were restricted to fewer taxa.

The generation of genome sequences for taxa that are distributed across the full avian phylogeny
also enabled investigation into some of the putative genetic bases for the rich biodiversity of the
avian clade. Various selection constraints function on certain categories of genes in different
avian lineages. Convergent evolution is another mechanism shaping the evolution of protein
coding genes and establishing similar morphological or behavioral features in distant species
over the phylogeny. For example, we revealed that several genes displaying convergent
evolutionary signals among vocal-learning species that may be associated with the development
of vocal learning ability. There is also considerable variation in other specific gene families that
correspond to avian traits and environmental adaptation among avian lineages.

In summary, we present the largest genomic overview of a vertebrate class conducted to date.
The data and analyses presented here open a new window on the evolution, diversification, and
ecological adaptation of tetrapod vertebrates and offers a phylogenomic perspective that helps
bridge the chasm between micro- and macro-evolution. Naturally given the wealth of potential



information available in the dataset, our analyses can represent no more than pilot investigations
of the multitude of questions that could be asked. We therefore believe the dataset will be an
important resource for further studies that aim to expand on avian evolutionary genomics.



Materials and Methods

Sequencing and assembly

All new avian genomes except budgerigar and bald eagle were sequenced at BGI using the
[llumina HiSeq platforms. The bald eagle was sequenced at WUSTL using the Illumina HiSeq
platform. The budgerigar genome was generated from a combination of Roche/454 and Illumina
HiSeq reads. For 20 species, we produced high (>50X) coverage sequences from multiple
libraries with a gradient of insert sizes. For the remaining 25 species we generated low (~30X)
coverage data from two insert-size libraries after performing several filtering steps on the raw
reads. We used SOAPdenovo (/42) to do de novo assembly for each bird species.

Annotation

We used RepeatMasker (/43) to do the homology-based repeat annotation and used
RepeatModeler (/44) to do de novo repeat annotations. For the annotation of the protein-coding
genes, we used Genewise (/45) to do annotation based on a carefully selected reference gene set.
To obtain an improved annotation for downstream analyses we also re-annotated some genes of
chicken and zebra finch.

Identification of large segmental deletions

Four species, common ostrich (representing the modern birds), American alligator, green sea
turtle and green anole were used to identify lost syntenic blocks in the avian ancestors. We
identified the ortholog pairs between green anole and each species separately, and merged all
ortholog pairs into a large orthologous set for further analysis. Using overlapping sliding window
method (5-genes windows and a step size of 1 gene), we calculated the ratio of lost ortholog
pairs (LOP for short, genes present in green anole but absent in other species) for green anole
and each of other species. We chose the windows with >0.8 LOP in ostrich and < 0.5 LOP in at
least one of the two non-avian reptiles as candidate segmental deletions.

Identification of homologous synteny blocks and evolutionary breakpoint regions

The genome alignments generated using the Satsuma Synteny program (/46) were cleaned of
overlapping and non-syntenic matches. Finally the homologous synteny blocks (HSBs) were
defined using the SyntenyTracker (/47). HSBs were identified using three sets of parameters that
allowed the detection of rearrangements that are > 300 Kbp, > 100Kbp or > 50Kbp in the
chicken genome. Evolutionary breakpoint regions (EBRs) were identified as the intervals
delimited by two adjacent HSBs on the same chicken chromosome. For the genomes lacking
complete chromosome assemblies we considered only those EBRs that were found within

scaffolds.

Estimation of substitution rates

4-fold degenerate sites (4D sites) are generally considered to be neutrally evolving. We extracted
the 4D site alignments from the whole-genome alignments of 48 birds, 3 reptiles, 18 mammals
and one amphibian. The phyloFit program (8§2) was used to estimate the phylogenetic tree, with a
known tree topology (TENT tree from (5)) as an input tree.

Identification of highly conserved elements
PhastCons (60) is a widely-used program to identify highly conserved elements (HCEs) based on



the multiple-genome sequence alignments. To compare the genomic conservation between birds
and mammals, we also ran PhastCons to predict the HCEs in the 18 placental mammal genome
alignment downloaded from UCSC FTP. To make the results more comparable, the ‘rho’ value,
which is the ratio between conserved and non-conserved models in PhastCons was set to the
same value as that in birds (rho=0.2506).

dN/dS analysis of birds and mammals

To compare dN/dS ratios between birds and mammals, we ran PAML one-ratio branch model to
obtain the dN/dS ratios for each avian/mammalian ortholog. We used Wilcoxon signed-rank test
to test whether the dN/dS ratios of the genes of a certain GO are significantly larger in birds or in
mammals. To identify the fast-evolving genes in each of the three major avian clades, we ran a
one-ratio branch model, which estimated one identical dN/dS for all branches, and a three-ratio
branch model, which estimated three different dN/dS for Palacognathae, Galloanserae and
Neoaves. A likelihood ratio test that compared the one-ratio branch model and the three-ratio
branch model was performed to identify genes with different dN/dS in the three avian clades.

Analyses on specific gene families

For analyses of a specific group of genes (i.e, globin genes, opsin genes), we usually re-
annotated or manually curated the genes to obtain better gene models. PAML (/27) was used in
many sections to estimate the evolutionary rates of specific gene families, but the models used in
different sections varied due to specific objectives. More details can be found in the full SOM.
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Figure 1. Phylogenetic relationship of the 48 avian genomes analyzed (taken from (3)),
indicating their genome status. Percentage of repeat elements within each genome given on
terminal branches.

Figure 2. (A) Average size of introns (red), exons (blue) and intergenic (yellow) regions within
avian, reptilian and mammalian genomes. The blue bars represent the gene models. (B)
Cumulative curve of small deletion events inferred within Reptilia. Most small deletions
occurred prior to the origin of birds. The shade along the curve depicts the standard deviation of
the deletion rates, estimated by searching the alignments with 1Mb sliding windows. (C)
Synteny plot and large segmental deletions. The synteny plot shows a syntenic comparison
between Green Anole Lizard chromosome 2 and multiple Chicken chromosomes. The colored
bars and lines represent homologous blocks between two species. The black bars on the
horizontal axis indicate the location of large avian-specific segmental deletions, which are
enriched at the breakpoints of inter-chromosome rearrangements. The lower panel displays gene
synteny of a case of a large segmental deletion in birds. The homologous genes annotated in each
species are shown in small boxes. The color spectrum represents the identity of homologous
genes against Green Anole Lizard genes. (D) Distribution of gene synteny percentages identified
for species pairs of various divergence ages. Each dot represents the percentage of genes
remained in synteny block in pairwise comparison between two avian or mammalian species.
The box plot shows the overall distributions of the synteny percentages in birds and mammals.
(E) Comparative structure of the a- and B-globin gene clusters in representative avian and
mammalian taxa. These genes encode the a- and B-type subunits of tetrameric (a,f3,) hemoglobin
isoforms that are expressed at different ontogenetic stages. In the case of the a-like globin genes,
birds and mammals share orthologous copies of the a”- and o-globin genes. Likewise, the avian
n-globin and the mammalian {-globin genes (which are exclusively expressed in embryonic
erythroid cells) are 1:1 orthologs. By contrast, the genes in the avian and mammalian B-globin
gene clusters are derived from independent duplications of one or more B-like globin genes that
were inherited from the common ancestor of tetrapod vertebrates (517, 53). Whereas the
mammalian o- and B-globin gene clusters have undergone high rates of gene turnover due to
lineage-specific duplications, deletions, and inactivations, the size and membership composition
of the corresponding avian gene clusters have remained remarkably constant over a similar
timescale of species diversification.

Figure 3. Evolutionary rate and selection constraints. (A) Substitution rate in each lineage was
estimated by the comparison of 4-fold degenerate sites, in units of substitutions per site per
million years. (B) Correlation between substitution rates and number of species within different
avian orders. The divergence times were estimated in the avian phylogenomics project (5). (C)
The density map for comparison of conservation levels between pan-avian and pan-mammalian
genomes, based on the homologous genomic regions between birds and mammals. The
conservation levels were quantified by PhastCons basewise conservation scores. (D) Highly
conserved elements (HCEs) in avian genomes are categorized into two subsets; HCEs found in
both mammalian and avian genomes and avian-specific HCEs. (E) The MID] gene contains
abundant avian specific HCEs in upstream and downstream regulatory regions. Many regulatory
motif elements are identified in these avian specific HCEs.



Figure 4. Selection constraints on genes. (A) Box plot for the distribution of dN/dS values of
genes on avian macro-chromosomes, micro-chromosomes, and Z chromosomes. (B) Faster
evolving GO categories in birds (upper) or mammals (lower). The red bar shows the p-value of
significance, and the blue bar shows the number of genes in each GO.

Figure 5. Convergent molecular changes among vocal learning birds. (A) Brain diagram
showing the specialized forebrain song learning system (yellow) that controls the production
(HVC and RA) and acquisition (LMAN and Area X) of learned song (adapted from (75)). Grey
arrows represent the connections between brain regions. Thick arrows (in red and blue), relative
numbers of genes with increased or decreased expressed between song nuclei genes and with
convergent accelerated coding sequences (left numbers of 66) or convergent target specific
amino acid substitution sites (TAAS, right numbers of 6) in the four song nuclei of the zebra
finch brain. Genes that are expressed in more than one song nucleus are counted multiple times.
RA, robust nucleus of the arcopallium; LMAN, lateral magnocellular nucleus of the anterior
neostraitum; Area X of the striatum; HVC, a letter based name. (B) Distribution of the vocal
learner-specific accelerated elements, compared the background levels across 15 species in the
sequence alignment. (C) Alignment of an accelerated element in the upstream region of the Syt/2
gene between vocal learners and non-learners. Nucleotides are color-coded. (D) Levels of
sequence conservation across the alignment predicted by phastCons on vocal learners and non-
learners separately. (E-G) Decreased expression of B3GNT2 mRNA (brown dioxygenin probe
signal) in the RA and HVC song nuclei of the zebra finch (Images derived from the ZEBRa
database). (H-J) Convergent increased expression of FOXP1 mRNA (white) in the HVC
analogue (arrows) in a songbird (H, zebra finch), hummingbird (I, Anna’s hummingbird), and
parrot (J, budgerigar). Red, Nissl stain of all cells in darkfield view; the songbird and
hummingbird sections are sagital, the parrot is coronal. Images based on (/48). A, Arcopallium;
H, Hyperpallium; M, Mesopallium; N, Nidopallium; P, Pallidum; St, Striatum; VLN, vocal
nucleus of lateral nidopallium; NLC, central nucleus of lateral nidopallium. Scale bars, Imm for
each species.

Figure 6. (A) Contraction of alpha-keratins in birds and the dynamic evolution of the feather and
keratinocyte beta-keratins in aquatic birds, land birds and domesticated birds. (B)
Pseudogenization events of two diet-related genes (AGT and GULO) along the avian phylogeny.
(C) Density distribution of dN/dS values of the OPNIswi gene for mammals (median=0.21) and
birds (median=0.16). (D) dN/dS values of two plumage color related genes (GSTA2 and
SLC24A4) show negative correlation with the plumage dichromatism values (log transformation
applied).



