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Abstract: Genomic data are important for understanding the origin and evolution of traits. Under
the context of rapidly developing of sequencing technologies and more widely available genome se-
quences, researchers are able to study evolutionary mechanisms of traits via comparative genomic
methods. Compared with other vertebrates, bird genomes are relatively small and exhibit
conserved synteny with few repetitive elements, which makes them suitable for evolutionary
studies. Increasing genomic progress has been reported on the evolution of powered flight, body
size variation, beak morphology, plumage colouration, high-elevation colonization, migration, and
vocalization. By summarizing previous studies, we demonstrate the genetic bases of trait evolution,
highlighting the roles of small-scale sequence variation, genomic structural variation, and changes
in gene interaction networks. We suggest that future studies should focus on improving the quality
of reference genomes, exploring the evolution of regulatory elements and networks, and combining

genomic data with morphological, ecological, behavioural, and developmental biology data.
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1. INTRODUCTION

In recent decades, the development of genome sequenc-
ing technology has greatly enhanced biological research. Tra-
ditional phylogenetic reconstructions based on single or few
genes have advanced into the phylogenomic era [1, 2]. On
this basis, comparative genomics has made considerable
progress [3, 4]. Combined with traditional phenotypic-based
evolutionary biology, comparison between genomes with re-
solved evolutionary relationships can help to answer some
key questions, such as the origin of and changes in traits, at
the molecular level.

Birds, as the most diverse lineages of extant tetrapod ver-
tebrates [5], include more than ten thousand species distribut-
ed on all continents and are characterized by complex and di-
verse morphology and habits [6]. Specifically, the genomes
of birds are compact and structurally stable [7, 8], making
them irreplaceable models for studying the dynamic changes
in the genome during the evolutionary process. Since the
first bird genome was published in 2004 (domestic chicken
(Gallus gallus)) [9], more than 500 genomes of birds have
been released (data from www.ncbi.nlm.nih.gov) with 267
genomes contributed by phase II of the Bird 10,000
Genomes (B10K) project [10, 11]. The ongoing B10K pro-
ject aims to sequence all extant bird species to analyse the
evolutionary history and biodiversity patterns of birds from
a comprehensive genomic perspective [12], further reflect-
ing the significance of genomic data for bird trait evolutio-
nary studies.
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Profiting from the accumulation of genomic data in re-
cent years, much progress has been made in the fields of
comparative genomics about avian trait evolution at differ-
ent evolutionary scales and degrees of postnatal effects. In
this review, we first introduce the features of the bird
genome and then briefly review the progress of seven rela-
tively thoroughly studied avian traits in comparative ge-
nomics. Furthermore, we summarize the genetic mech-
anisms of trait evolution, including small-scale sequence
variation, genomic structural variation, and changes in gene
interaction networks. Finally, we propose future research di-
rections and summarize required approaches.

2. CHARACTERISTICS OF AVIAN GENOME

Compared with other animal groups, the genome of
birds is generally small, ranging from 1 Gb to 2.1 Gb [13]. It
is hypothesized that smaller genomes are conducive to reduc-
ing metabolic costs, which is generally an adaptation to
flight [14-17]. Evidence supporting this hypothesis is that
birds and bats, representing the only extant vertebrate
groups that evolved powered flight, both have smaller
genomes [13, 16]. Additionally, the genome size of birds
has been shown to be related to the metabolic consumption
of flight movement. For example, hummingbirds have the
highest metabolism and the smallest genome, while ratite
birds have the largest genome but the least flight ability
[13]. Although studies have shown that genome shrinkage
may have occurred before the origin of powered flight [15],
there is numeric evidence indicating that the bird genome
has decreased during the evolution of flight [17, 18]. In addi-
tion, the range of variation in genome size within bird
groups is relatively narrow (for example, the genome size of
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mammals ranges from 1.6 G to 6.3 G) [13]. Some hypothes-
es suggest that the smaller genome size variation within
birds is due to less DNA acquisition and loss during bird evo-
lution [19, 20]. In contrast, a recent study has shown that
DNA acquisition by transposon amplification and DNA loss
by deletions are widespread during the evolution of birds,
and the two processes are in dynamic balance, maintaining
the relatively constant size of the bird genome [13].

Limited by its size, the composition of the bird genome
is characterized by fewer repetitive elements [15, 21], a low
proportion of non-coding regions, and a large amount of
gene loss [21]. Although it is difficult to accurately measure
the proportion of repetitive sequences of bird genomes due
to the limitations of short read sequencing [22, 23], the pro-
portion of repetitive sequences in birds (5%-31%) is estimat-
ed to be far less than that in mammals (35%-52%) [11, 21,
24]. Protein-coding genes in birds are usually shorter, and
the proportion of non-coding regions is lower (only half of
that in mammals) [15, 21], suggesting that the genomes of
birds are more condensed. This denser gene distribution may
be mainly caused by shorter introns and intergenic regions
[21]. In addition, there are large segmental deletions in the
avian genome, leading to the loss of many coding genes
[21].

Chromosomal evolution is slow in birds, which often
leads to the conservation of gene order [25]. High synteny
and gene order conservation can even be observed between
passerine birds and chickens, which diverged approximately
88 million years ago [2], making it possible to map genome
sequences of a bird species to another distantly related spe-
cies [26, 27]. It is assumed that non-allelic homologous re-
combination (NAHR) occurring in repetitive regions may
cause chromosomal rearrangement [24, 28]. The proportion
of repeats in the avian genome is relatively small, as a result,
the probability of occurrence of NAHR tends to be low [25].
However, a genomic comparison between chicken and zebra
finch shows that evolutionary breakpoint regions (where con-
tiguous syntenic chromosomal segments show different an-
cestry [29], a sign of chromosome rearrangement) are not re-
lated to recombination hotspots [30]. This dispute may come
from the limitation of assembly quality in repeated regions
[31]. Compared with the total number of bird species, the
number of chromosome-level bird genomes is relatively
low. More high-quality assemblies are needed to effectively
analyse the structural changes in avian genomes during evo-
lution [31]. To date, the B10K Reference Genome Project
has submitted 37 high-quality bird genomes to NCBI (Acces-
sion: PRINA489244).

In summary, avian genomes are characterized by small
genome size, compact gene organization, and stable struc-
ture, which make them suitable for studying the genetic
mechanisms of trait evolution by comparative genomics.

3. RESEARCH PROGRESS ON THE GENETIC BAS-
ES OF BIRD TRAIT EVOLUTION

In recent years, much progress has been made in unders-
tanding the evolution of bird traits. Studies of avian-specific
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traits cover a wide range and represent substantial progress.
To systematically introduce the progress of comparative ge-
nomics in this field, only several well-studied traits were re-
viewed. These traits are related specifically to birds and
have sustained and in-depth research results throughout the
history of evolutionary biology. However, it is worth noting
that different traits have different evolutionary scales and
are affected by environmental changes to varying degrees.
The traits introduced here are organized by the scale of evo-
lution and the degree of genetic impact, including powered
flight, body size variation, beak morphology, plumage colou-
ration, high-elevation colonization, migration, and vocaliza-
tion. Powered flight and body size variation are key charac-
teristics of birds, the evolution of which runs through the
whole bird lineage. Studies of these large-scale morphologi-
cal characteristics help to promote our understanding of ge-
nomic changes during macroevolution. Beak morphology,
plumage colouration, and high-elevation colonization usual-
ly have lineage specificity and are more likely than other
traits to be determined by genetic factors. These traits are
usually related to selection pressure and reflect the adapta-
tive characteristics of species, knowledge of which has im-
portant application potential in agriculture and animal hus-
bandry. Compared with the abovementioned traits, migra-
tion and vocalization are behavioural traits and are much
more plastic. Research on the evolution of bird behaviour
provides a feasible model for studying the evolution of com-
plex behaviours and cognitive activities, as well as their re-
lated genomic bases.

3.1. Powered Flight

Among vertebrates, birds and bats independently
evolved the ability of powered flight [32], which improves
their competence in searching for suitable habitats, avoiding
predator attacks, and foraging [33]. For flight adaptation, a
series of changes have taken place in the morphology and
anatomy of these taxa, including feathers, body shape, minia-
turization of size, lengthening of forelimbs, the shape of
wings, hollow and healing bones, etc. [32-34]. Some of th-
ese traits may show evolutionary trends before the origin of
flight [35], but their roles in flight adaptation are beyond
doubt.

By combining morphological evolution and phylogeny,
Puttick ef al. (2014) found that body size is evolving to-
wards miniaturization, leading to an increase in relative fore-
limb length and an improvement in flight ability. In addi-
tion, birds have evolved unique hollow air-filled bones to re-
duce their body weight [36]. The bone-associated genes of
birds and bats were identified, with many genes related to
bone metabolism, bone fusion, and muscle development, be-
ing positively selected in the two lineages [33]. The statisti-
cal character of the genome is also associated with flight.
The negative correlation between flight ability (measured by
flight muscle size and heart index) and genome size indi-
cates that smaller genomes are associated with stronger fly-
ers [18].

Phylogenetic studies have shown that there are many in-
dependent flight capacity loss events in birds, which occur
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not only in Palacognathae [37, 38], but also in rails and
ducks [39]. These birds share many convergent phenotypic
characteristics, including reduced metabolic rates, forelimb
shortening, pectoral muscle reduction, keel degeneration,
and body size enlargement [40, 41]. By comparing the phy-
logeny, development, epigenetics, and genomes of 11 pale-
ognathous birds, Sackton ef al. (2019) found that the loss of
flight ability is closely related to the convergent evolution of
regulatory elements in development pathways. Since flight
is a process of high energy consumption, the loss of flight
ability also affects energy metabolism. For example, conver-
gent amino acid substitutions of A7GL and ACOT7 in flight-
degenerate birds lead to a transformation of the main energy
source of lipids to carbohydrates [42].

In conclusion, powered flight creates higher require-
ments for energy metabolism, and probably limits the
genome size of birds [18]; genes related to body size, bone
development, and metabolism are under selection during the
dramatic morphological changes associated with the gain
and loss of flight ability [33, 36-38, 40-42]. However, it is
believed that flying ability may have multiple parallel ori-
gins in dinosaurs [43]. From the perspective of genome evo-
lution, explaining why birds apply current body architecture,
whether bird genomes are small because of the constraint of
flight, and whether flight ability comes from a single event
or multiple steps will enhance our understanding of powered
flight evolution.

3.2. Body Size Variation

The body size of birds is affected by many factors. At
the macro-evolutionary scale, flight adaptation spurs decreas-
es in body size [32], while the degradation of flight ability in-
duces increases in body size. Temperature may also affect
bird body size. According to Bergman's law [44], en-
dotherms living in cold areas tend to be larger to reduce ener-
gy dissipation. Statistical studies have shown that most birds
(more than 72%) conform to this rule [45]. In addition, body
size is also associated with the rate of species differentiation
and the intensity of sexual selection; in large-bodied birds,
high degrees of polygyny and rapid molecular evolution
rates are positively correlated with the rate of diversification
[46].

As mentioned above, the active flight process consumes
large amounts of energy. The size of the bird genome is
limited to reduce the resource consumption caused by repli-
cation and other processes [14-17]. A typical inference is
that the genomes of hummingbirds (i.e., the smallest birds),
which perform energy-intensive hovering flight, should be
smaller than those of other bird species [47]. After multiple
species comparison, Gregory et al. (2009) confirmed this hy-
pothesis and found that most genome reduction occurred be-
fore the diversification of hummingbirds and that there were
four unrelated events during which the genome size of hum-
mingbirds increased, which may have been caused by bio-
geography or demographic history. Through a comparative
genomic study, Ji and DeWoody (2016) not only proved a
positive correlation between body mass and genome size but
also emphasized the role of indels in genome size variation.
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Studies based on genome data [48] and microsatellites
[49] both confirmed a negative correlation between body
size and genomic diversity. The variation in genomic diversi-
ty may result from the difference in mutation rate. Gillman
et al. (2012) compared the cytochrome b gene across species
and found that species with smaller body sizes have a higher
mutation rate [50]. This trend is supported by another study
based on the motif mismatch patterns of microsatellites, dis-
playing a negative correlation between body size and muta-
tion rate [51].

Because body size is affected by both genetic and non-
genetic factors, such as development, physiological
metabolism, and environment (e.g., food resources), it is dif-
ficult to find genes that specifically control body size. A
comparative genomic study of 48 avian species that repre-
sent most bird orders detected many genes under positive se-
lection, including AHSG and P2RX7, which are associated
with bone development, probably explaining the body size
variation among these species [21]. Through an intercross
population study, Zhou et al. (2018) identified a regulatory
mutation that influences the expression of /GF2BP1, which
may lead to an increase in body size and feed efficiency
[52].

In summary, body size variation is a relatively complicat-
ed trait that is influenced by multiple factors. Some statisti-
cal characteristics of the genome are associated with body
size variation, including genome size [17], length of indels
[17], genome diversity [48, 49], and mutation rate [50, 51].
On the other hand, body mass is also related to organism-lev-
el traits and life-history traits, such as metabolic rate and
lifespan [53]. To date, genes specifically related to body size
are rare in avian genomic research, which may be the result
of either a lack of study or the polygenic nature of this trait.

3.3. Beak Morphology

The beak is an important specialized structure of the
craniofacial bone of birds, playing an important role in survi-
val and reproductive behaviours such as probing for food,
preening, attacking, courtship, and feeding young. The mor-
phology of the beak is highly diversified, as a result of the
adaptation to different habits and varied environments. Beak
morphology often varies in different dimensions, including
length, height, width, and curvature, which has been report-
ed to be controlled by different molecular mechanisms,
suggesting that avian beaks are a polygenic trait [54-56]. Pre-
vious studies have shown that the expression of BMP4 [57],
CALM1 [58], TGFBR2 [59], CTNNBI [59], DKK3 [59], and
some other genes are related to the size and shape of beaks.
Since a few years ago, comparative genomic methods have
been used to explore the genetic underpinnings of evolutio-
nary variation in beak morphology under strong natural se-
lection. As a result, it is possible to identify related genes or
regions of the genome showing high differentiation between
populations with different beak morphs and significantly cor-
relating with beak morphology.

Darwin’s finches constitute a classical model in studies
of beak evolution. Rands ef al. (2013) published the genome
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assembly of the large ground finch (Geospiza magnirostris)
and determined that two genes (/GF2R and POUIF]) relat-
ed to beak morphology are under positive selection [60].
Through whole-genome re-sequencing analysis of all Dar-
win’s finches and related species, Lamichhaney et al. (2015)
found that a region containing ALX1 is related to the beak di-
versity of Darwin’s finches, and the transcription factor en-
coded by this gene affects the process of craniofacial devel-
opment [61]. Subsequently, a genome scan of medium
ground finches (G. fortis), which experienced drought stress
from 2004 to 2005, revealed that HMGA2 affects the fitness
of individuals by determining beak size, leading to rapid
adaptive radiation [62]. In addition to single gene variation,
studies based on genomic comparisons proved that the size
and shape of the beak are regulated by a set of genes con-
trolling the development process [63].

Studies have shown that the variation in bill length of
the great tit (Parus major) in England and Holland is highly
related to COL4A45, and the evolution of longer beaks may
be an adaptation to artificial feeding [56]. Genome scanning
and detection of outlier regions across the entire geographic
range of the great tit found that the differentiation of beak-re-
lated genes (COL4A5 and BMPR1A) exists in both UK and
Scotland populations because of recent natural selection
[64].

The ground tit (Pseudopodoces humilis) lives at the high-
est altitude compared with its relatives in the family Paridae
[65, 66]. To adapt to a high plateau terrestrial lifestyle, the
beak of the ground tit is long and curved and obviously dif-
fers from that of its relatives [54, 55]. A comparative tran-
scriptome study found that the evolution of tit beak morphs
is probably controlled by multiple genes that are differential-
ly expressed in embryonic upper beaks [55]. Among these
genes, FGF13 and ITGB3 affect the diversification and dis-
tribution of osteoblasts and osteoclasts, thus playing an im-
portant role in the process of beak development [55]. By
comparing the genome of P. humilis with those of other tits,
seven candidate genes related to bone development and mor-
phology were found, of which COL27A41 is affected by selec-
tive sweeps with a high fixation rate in non-synonymous mu-
tations, indicating that this may be the major gene in con-
trolling beak lengthening in tits [54].

In addition to studies focusing on microevolution, a
macroevolutionary study that combines phenotypic data
with genomic data revealed that both coding genes and non-
coding regions related to BMP and Wnt signalling pathways
play a role in the evolution of bird beaks and that regulatory
elements may be the major drivers of morphological differ-
entiation on the macroevolutionary scale [67]. Moreover,
regulatory changes can also occur at the expression level.
Schubert et al. (2012) found that microRNAs differentially
expressed in cranial neural crest cells affect facial develop-
ment and beak morphological variation [68].

These studies demonstrate that 1) genes related to beak
development are usually under natural selection and can be
identified by a whole genome scan or selective pressure de-
tection; 2) beak morphology is polygenic [69, 70]; 3) candi-
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date genes are usually scattered throughout the genome [69];
4) the genomic bases of beak variation are species-specific,
with a few shared major effect genes and signalling path-
ways [71] and 5) the roles of non-coding and regulatory ele-
ments are not negligible. However, it is necessary to point
out that candidate genes detected by in silico studies require
subsequent experimental validation. In addition, current re-
sults are highly discrete, and how to integrate those results
into a more uniform evolutionary model requires further in-
vestigation.

3.4. Plumage Colouration

Plumage colouration, as one of the most important avian
morphological traits, is influenced by both natural selection
and sexual selection [72]. The molecular mechanisms of plu-
mage colouration include the synthesis and distribution of
melanins, carotenoids, porphyrins, pterins, polyenes, and
structural colours [73]. Limited by technologies, early
studies focused on a few target genes, such as MCIR
[74-76] and FST [77]. However, these studies are based on
coding sequences and whole-body colour variations. The ad-
vances of high-throughput sequencing technology enable us
to study plumage colour variation through genomic or tran-
scriptomic data [72].

Mutations of key genes in plumage colouration path-
ways may lead to significant differences. For example, the
difference between green and blue colour types in budgeri-
gar (Melopsittacus undulatus) is caused by a single amino
acid substitution (R644W) of the polyketide synthase gene
(MuPKS), which results in the loss of MuPKS activity and
the failure to deposit yellow pigments [78]. The structural
variation in supergenes [79] can also cause phenotypic differ-
ences. Studies have shown that structural variation in a su-
pergene leads to three different male phenotypes of the ruff
(Philomachus pugnax), with obvious differences in be-
haviour, feather colour and size [80, 81].

By linking genome data with plumage colour variation
between species, it is possible to identify genomic regions
underlying plumage colour variation between species, which
usually contain pigment synthesis genes [72]. Many differen-
tiated regions in the genomes of munia (Lonchura) species
contain genes related to colour formation (4SIP, EDN3, IGS-
F11, KITLG, MCIR, and SOX10), proving that recombina-
tion of ancestral genetic variation leads to phenotypic varia-
tion [82]. Extreme colour differences among subpopulations
in the limestone wren-babbler (Napothera crispifrons) may
be caused by a few genomic loci associated with the expres-
sion of pigmentation, including RAB3IP and SLC16A43 [83].

In addition, many genetic variations causing plumage
colour differences are located in non-coding regions, which
indicates that differences in gene expression levels play an
important role in the pattern formation of colour patches
[72]. For example, Corvus corone and C. corni have obvi-
ous differences in plumage colouration [84]. A previous
study showed that the coding region of MCIR is not related
to the phenotypic differentiation of these two species [85].
After re-sequencing and transcriptome analysis, Poelstra et
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al. (2014) found that the pigment genes associated with grey
and black feather follicles are differentially expressed in th-
ese two species, indicating that the feather colour difference
may be caused by the difference in gene expression regula-
tion [86]. Similarly, feather colour variation between dark-
-eyed juncos (Junco hyemalis) is mainly related to the differ-
ential expression of ASIP, MFSD12, KCNJ13, and HAND2
[87]. By comparing the genomes of nine sympatric capuchi-
no seedeater (Sporophila) species, it was found that the me-
lanogenesis pathway and its putative regulatory regions are
under divergent selection, which contributes to species dif-
ferentiation [88]. Moreover, a backcrossing-based genomic
and transcriptomic study proved that differential expression
of BCO?2 caused by cis-regulatory element variation is relat-
ed to sexual dichromatism in canaries [89, 90]. In addition
to differences in expression quantity and space-time varia-
tion, the splicing process after transcription may also lead to
different final expression products. Genomic and transcrip-
tomic analysis proved that differences in alternative splicing
results in differences in feather colour between two Chry-
solophus species [91].

Collectively, among sister species or subspecies, whole-
body colour differences are relatively rare, while most
colour variations have a patch-specific style, indicating that
changes in expression may play a major role [72]. On the
other hand, major changes in key genes or at the genomic
level may drive colour differentiation on a larger evolutio-
nary scale. Nevertheless, plumage colour differentiation is
only a part of the process of species differentiation; it may
be difficult to distinguish genes specifically responsible for
plumage colour variation at the macroevolution scale.
Another puzzling question is the relationship between plu-
mage colouration and speciation. As one of the main targets
of sexual selection, differentiation in colour may drive repro-
ductive isolation, which subsequently leads to speciation.
Evidently, the species boundary between hybridizing species
is sustained by a few differential islands related to coloura-
tion in the genome, with a shallowly differentiated back-
ground in crows and warblers [86, 92]. However, the role of
differentiation islands has been questioned recently. A grow-
ing number of studies have proven that genomic islands may
also be generated from neutral demographic processes [93]
or recombination [94, 95], challenging traditional ideas and
methods. Therefore, the causal relationship between plu-
mage colour differentiation and speciation is an important is-
sue in the studies.

3.5. High-elevation Colonization

High mountains and plateaus are characterized by ex-
treme environmental factors such as low oxygen levels, low
temperatures and strong ultraviolet radiation [65], forcing
species to evolve unique adaptive characteristics. In addi-
tion, studying the adaptation of different species to similar
extreme environments will improve the understanding of ge-
netic convergence and the influence of evolutionary history
[96]. Compared with other vertebrates, birds have higher
metabolic requirements due to their flight ability; thus, they
have to face unique challenges in high-elevation coloniza-
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tion. As a result, high-elevation colonization by birds is one
of the hot spots in comparative genomics, and much
progress has been made in this area in recent decades.

Through comparative genomic analysis for species en-
demic to high elevations, genes and pathways under natural
selection can be discovered intuitively. By comparing the
genome of the ground tit, the great tit, the yellow-cheeked tit
(Machlolophus spilonotus), and the Mongolian ground jay
(Podoces hendersoni), Qu et al. (2013) found a series of ge-
nomic changes in adaptation to a high-altitude environment,
including elevated genes related to the hypoxia response and
energy metabolism. In Tibetan chickens, some genes in-
volved in the calcium signalling pathway are under selection
[97]; nevertheless, these genes are different from those in
ground tits, suggesting that similar adaptive traits may have
different genetic bases among species. Both Tibetan chick-
ens and buff-throated partridges (Tetraophasis szechenyii)
have an enhanced DNA damage repair system [98, 99],
which may be an adaptation to high ultraviolet radiation. In
addition, the ground tit and the buff-throated partridge show
a loss of immune- and olfactory-related gene families, possi-
bly due to the lower risk of infection in the relatively homog-
enized environment of the plateau where they are distributed
[65, 99].

Comparisons of different species pairs at high and low al-
titudes help to identify convergent changes in the process of
high-elevation adaptation. Studies have shown that the hae-
moglobin-O, affinity of high-altitude Passeriformes is
stronger than that of low-altitude relatives, which may be
caused by similar functional effects that are attributed to dif-
ferent amino acid substitutions [96] or recurrent non-
synchronous substitutions produced by mutation hotspots in
the genome [100]. Comparative transcriptomic studies have
revealed that high-altitude species also share similar changes
in gene expression in lung, cardiac muscle, kidney, liver,
and flight muscle [101, 102]. From the perspective of energy
metabolism, colonization history affects adaptation strate-
gies; species with a short colonization history to a high
plateau tend to have improved glucose utilization, while spe-
cies with longer colonization history tend to have improved
fatty acid biosynthesis and oxidation [102].

Mitochondria are directly related to energy metabolism,
and their variation may be associated with the genetic mech-
anism of high-elevation adaptation. Compared with low-alti-
tude geese, bar-headed geese (Anser indicus) are adapted to
high-altitude flight, with a significant difference in the activi-
ty of cytochrome c oxidase as a result of functional changes
caused by non-synonymous substitution [103]. Gu et al.
(2016) compared the mitochondrial genomes of alpine pheas-
ants with those of low-altitude Phasianidae species and
found that ATP6 and ND6 are associated with high-altitude
adaptation [104].

These studies illustrate that high-elevation colonization
in birds is affected by both natural selection and evolutio-
nary history. The extreme environment in highlands forms
intense selection pressure on living organisms. Consequent-
ly, a wide range of genes are under selection, including
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genes involved in the hypoxia response, energy metabolism,
DNA repair, and the circulatory system [65, 96-99, 103]; in
contrast, genes involved in olfactory perception and the im-
mune system tend to degenerate in this environment due to
relaxed selection [65, 99]. Evolutionary history influences
high-elevation adaptation in two ways. First, adaptation can
occur in a lineage-specific style. During the process of col-
onization, species with divergent genetic backgrounds under-
go different changes in similar genes or pathways [96, 102].
Second, colonization time affects the extent to which or-
ganisms can adapt to the environment. Differences in the
time under selection pressure lead to divergent adaptive evo-
lution in metabolic strategies [102]. In conclusion, high-ele-
vation colonization is the result of both selection pressure
and the impact of evolutionary history of the species. How
to tease apart the roles of these two factors will be a key
question in future studies.

3.6. Migration

Migration, an individual’s adaptation to seasonal
changes in the environment, is one of the most wonderful
spectacles in nature and is undertaken by a variety of ani-
mals [105]. Migration requires morphological, physiologi-
cal, and behavioural adaptations, some of which have been
shown to be highly heritable, yet the underlying genetic ba-
sis of this process remains unclear [106]. With the innova-
tion of tracking technology, especially the continuous minia-
turization of trackers (e.g., geolocators) [107], the migration
routes and migration strategies of a wider range of avian
groups have been discovered. Moreover, the development of
sequencing technology, such as the reduced-representation
genome sequencing [108], has advanced the study of the ge-
netic basis underlying bird migration [109].

Migration behaviour differentiation is often associated
with genetic differentiation [109]. Biogeographic models
show that different migration behaviours can promote the
evolution of new species, and new migration directions lead
to genetic and phenotypic differentiation [110, 111]. Differ-
ences in migration routes and overwintering places and tem-
poral breeding segregation may be associated with sympa-
tric speciation [112]. A study using a microarray compared
the differentially expressed genes of two willow warbler sub-
species (Phylloscopus trochilus trochilus and P. t. acredula)
with different migratory strategies; the results showed that
the differentially expressed genes (e.g., ADCYAPI) were
linked to neuronal firing and neuronal synapse formation
[106]. Swainson’s thrushes (Catharus ustulatus) include two
subspecies with different migration routes [113]. By integrat-
ing light-level geolocators and next-generation sequencing,
Delmore et al. (2016) identified a region on chromosome 4
strongly associated with migratory orientation, which in-
cludes genes involved with the circadian clock, nervous sys-
tem, and cell signalling. Another comprehensive study also
illustrated that ADCYS, which is associated with long-term
memory, may contributes to the populational divergence by
migratory routes and distance in peregrine falcons (Falco
peregrinus) [114]. Golden-winged warblers (Vermivora
chrysoptera) and blue-winged warblers (V. cyanoptera)
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have different plumage colouration and wintering areas
[115]. An analysis of whole-genome re-sequencing data
identified a single gene (VPS134) associated with distinct
differences in their wintering areas [115]. It is speculated
that VPS13A4 may be associated with removing reactive oxy-
gen species during migration [115].

In addition to complete migration, partial migration is
widely present in birds. Partial migration refers to migrants
and residents coexisting within a population, which provides
opportunities to understand the underlying genetic mech-
anisms of migration, especially in populations with different
breeding areas [116]. A comparative transcriptomic study of
partially migratory populations of European blackbirds (7ur-
dus merula) identified 4 differentially expressed genes be-
tween migrants and residents, which are related to hyperpha-
gia, moulting and enhanced DNA replication and transcrip-
tion [117]. In addition, other candidate genes that may be re-
lated to migratory behaviour have been identified by genom-
ic studies of different species. For instance, DRD4 and
CRY1 are both found in blackcaps (Sylvia atricapilla) and
European blackbirds [117, 118].

Seasonal migration is based on a series of morphologi-
cal, sensory, and physiological adaptations [119]. Current
studies have identified several candidate genes associated
with migration. However, the function of these genes has
not been verified. In addition, birds have different migratory
strategies and mechanisms, and the genetic basis of migra-
tion may also be lineage specific. Current research on migra-
tory birds mainly concentrates on a single species, lacking in-
tegration of different species and migratory strategies. More-
over, migration studies are easily influenced by the perspec-
tive of the northern hemisphere [120], while the origin of
bird migration remains controversial. Combining migration
tracking methods with omics methods as well as other types
of data will help us to further understand the migration of
birds.

3.7. Vocalization

Vocalization is one of the main ways for birds to commu-
nicate, playing an important role in individual identification,
group cooperation, sexual selection, and vigilance [121]. Dif-
ferent species have different abilities to learn and remember
songs. Current studies have found that the vocal learning
ability evolved independently in the vocal learners, includ-
ing songbirds, parrots, and hummingbirds [122]. These spe-
cies have specialized vocal motor learning brain regions that
are absent in the vocal non-learning species [122-124]. Vo-
cal learning includes two processes, called sensory learning
and sensorimotor learning, that are controlled by specific
neural pathways, including primary and secondary auditory
cortical regions, vocal motor areas, and a cortical basal gan-
glia-thalamic loop [125, 126]. Genomic mechanisms under-
lying vocalization in birds (especially songbirds) can also
promote our understanding of the evolution of cognitive abil-
ity [121, 126].

In early studies, genes related to sound stimulation and
learning were mainly identified by comparisons of expres-
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sion level [127-129]. The results showed that ZENK (syn-
onyms of four mammalian orthologous genes, ZIF-268,
EGRI, NGFI-A, and KROX24) [129] is regulated in auditory
brain areas in response to hearing sounds and vocal areas in
response to singing, while FOXP2 is downregulated in Area
X during undirected singing [130].

With the accumulation of genomic data, the molecular
mechanisms of vocalization evolution are further revealed.
Studies have shown that vocalization of birds is affected by
hormones and mediated by androgen receptors (AR) and es-
trogen receptor alpha (ER a) and that the distribution of ER
o in vocal control area is species-specific [131]. After spe-
cies-level comparisons, Frankl-Vilches and Gahr (2018)
found that the difference in promoter regions affected the ex-
pression of these genes.

The results of transcriptomic comparisons between the
zebra finch (Taeniopygia guttata), the double-barred finch
(T. bichenovii), and their interspecific first-generation hy-
brids showed that region-specific transcriptional regulation
contributes to the production of species-specific songs
[132]. Through an integrated analysis of the brain region
gene expression databases, Pfenning et al. (2014) identified
hundreds of genes with convergent expression behavior
among the vocal learners in birds and humans. Another
genome-scale gene expression study illustrated that about
10% of all genes in the zebra finch genome are regulated by
singing behavior, with specific genes in specific song nuclei
[134].

At the macroevolutionary scale, the diversity of bird
songs is also related to the species radiation. Combining the
source of singing ability (clade with postnatal songs and
clade with innate songs) with phylogeny, Mason et al.
(2017) showed that macroevolution and sound evolution are
interrelated and that postnatal vocalization evolves faster
than innate vocalization [135].

Most of these studies are based on the spatio-temporal
expression of target genes [127-129] or transcriptome diver-
gence [132]. In addition, comparative studies of DNA se-
quences also reveal changes in regulatory elements that af-
fect the expression of target genes [131]. It can be inferred
that vocalization in some birds is affected by genetic back-
ground, development of neuron system, and vocal learning.
The contribution of these factors varies among different spe-
cies [135]. As a consequence, it may be difficult to eliminate
the influence of developmental or postnatal factors and
study the effects of genomic variation on vocalization.

3.8. Summary

To summarize, comparative genomic studies of various
bird traits are based on two logics. Through the comparison
of genomic data at a large evolutionary scale, changes in key
traits in the evolution of bird lineages are revealed. On the
other hand, comparisons between sister species or among
populations illustrate small-scale evolutionary changes un-
der specific selection pressure. The choice of data and meth-
ods are dependent on the evolutionary scale and the degree
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of effect of postnatal factors. Integrating the above research
progress and results from other vertebrate lineage studies,
we next summarize the potential mechanisms of trait evolu-
tion.

4. POTENTIAL MECHANISMS OF TRAIT EVOLU-
TION

In this review, trait refers to a relatively broad concept,
ranging from a major change in morphology (e.g., flight abil-
ity) to a change in the catalytic activity of an enzyme with
significant effects (e.g., synthesis of melanin). The specific
scale of traits depends on the scientific problems studied. Bi-
ological phenomena come from multi-level complex net-
works, where genotypic space maps to phenotypic space
through a series of complex relationships and finally deter-
mines the fitness landscapes [136]. Consequently, evolution,
in terms of changes from ancestry, may occur at any level.

4.1. Small-scale Sequence Variation

Small-scale variation usually refers to nucleotide substi-
tutions or insertions/deletions with an affected range of less
than 1 kilobase [137]. Occurring in the key positions of the
genome with specific functions, these mutations may lead to
significant changes in traits (Fig. 1a). Based on the molecu-
lar functions of mutated regions, they can be subdivided into
coding region variations and regulatory region variations.

If the variation in a coding region is a non-synonymous
substitution, it will lead to amino acid substitution, which
may greatly affect the properties and functions of protein
products. By way of illustration, mutations in MCIR [74-76]
and MuPKS [78] lead to feather colour variation. From the
whole genome perspective, genes with adaptive mutations,
such as COL4A5 [56, 64], BMPRIA [64], and COL27A1
[54], leave positive selection imprints and differentiate signi-
ficantly among different phylogenetic groups. A whole-
genome scan for positive selection may help to identify
those genes. For example, an association between variations
in XRCC5, PRIMPOL, MDM?2, SIRTI and owls’ adaptation
to ultraviolet radiation was identified through genomic scan-
ning [138]. Another possibility is that the variation does not
directly cause a change in expression products, but affects
the expression time and position, isoform type or expression
quantity from the regulation level. This variation may come
from cis-acting elements close to key genes [131, 139, 140]
or from alternative splicing [91]. A growing number of
studies have proven that variation in traits may have regula-
tory change bases; for example, the evolution of sexual di-
morphism may arise from sex differences in patterns of splic-
ing [141], and FOXP2 upregulation during times of song
plasticity is essential for song learning [128].

In addition, transcriptome sequencing studies have direct-
ly proved a correlation between gene expression differences
and trait differences [55, 86, 87, 101, 102, 132]. Compara-
tive transcriptome analysis is helpful to quickly and intuitive-
ly identify the genes related to the evolution of traits. Howev-
er, the results may be influenced by random factors and indi-
vidual differences [142]. To further elucidate the molecular
mechanism of differential expression and its evolutionary
significance, comparative genomics studies are required.
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4.2. Genomic Structural Variation

It is necessary to keep in mind that genes do not exist in
the form of isolated units in the genome. Functionally relat-
ed genes may be close to each other and share the same regu-
latory system to form “supergenes” [79]. In addition, the or-
der of genes on chromosomes may also affect phenotypes
through temporal differences in expression (e.g., Hox gene
family [143]). Therefore, variations in genomic structure, in-
cluding translocation, inversion, insertion, and deletion of
large fragments, can also have a significant impact on traits
(Fig. 1b).

The insertion and deletion of large fragments affect the
existence or total number of specific genes. The condensed
and contracted nature of bird genomes indicates that a large
number of genes are lost during the process of evolution;
this loss may be lethal or severely reduce fitness in mam-
mals [144]. For instance, SLC2A4 in the solute carrier fami-
ly encodes an insulin-sensitive glucose transporter with es-
sential physiological functions in glucose homeostasis and is
completely lost in the avian lineage as a result of chromo-
some rearrangements [144]. Moreover, a deletion affecting
PITX1, together with ectopic expression of 7BX5, con-
tributes to the parallel evolution of foot feathering in chick-
ens and pigeons [145, 146]. Inversion and translocation af-
fect the regulatory network of gene expression by disrupting
the location of related functional elements [147]. A study of
the differentiation between carrion crows and hooded crows
proved that an inversion in chromosome 18 leads to the for-
mation of a genetically differentiated island, which contains
genes (RGSY9, PRCKA, CACNG4, and CACNG]) related to
feather colour formation, causing the morphological differen-
tiation of the two species [86].

Compared with small-scale changes, genomic structural
variation involves a wider range of genes and more complex
regulatory mechanisms [148], which can explain the large-s-
cale variations in traits and the common changes in multiple
associated traits. However, research on genome structure
variation usually requires highly contiguous assemblies
[149, 150]. At present, to include more species in evolutio-
nary studies, some comparative genomic studies adopt the
strategy of re-sequencing. This method maps reads obtained
from sequencing to a few specific reference genomes, which
leads to a loss of information on structural variation [151,
152]. However, with the development of technology, the
cost of chromosome-level de novo sequencing will be fur-
ther reduced in the future, and large-scale genome structure
variation studies will become possible [151].

4.3. Gene Interaction Network

In addition to the evolution of traits caused by single
gene mutations and structural variation, changes arising
from gene interaction networks can also affect the pheno-
type of organisms (Fig. 1¢). Studies of convergent evolution
have proven that repeated adaptive changes may occur not
in specific genes, but in the same metabolic pathways [101,
102, 153]. As described above, to improve the oxygen carry-
ing capacity of haemoglobin during the process of adapta-
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tion to hypoxic stress at high-elevations, different birds have
variations in different genes or mutation sites [96, 153], but
these variants occur in similar pathways and are located in
the same gene interaction network [101]. In addition, many
traits are polygenic at the molecular level, such as the resis-
tance to gapeworm in the house sparrow (Passer
domesticus) [154].

Changes in a few key nodes in gene networks may dra-
matically affect traits. For example, mutations occurring in
genes with developmental input-output functions may cause
major evolutionary innovations at the morphological level
[155]. In the context of avian evolution, changes in regulato-
ry elements of key developmental genes may play an impor-
tant role in the process of flight loss among paleognathous
birds [40]. Apart from mutation events, gene loss events
may affect functionally related downstream genes, leading
to significant phenotypic changes. However, a study focus-
ing on the loss of urate oxidase (UOX) activity has illustrat-
ed that this hypothesis stands for hominoids, while birds and
reptiles reserve the UOX locus and some downstream genes,
indicating that those genes either have evolved new func-
tions or are kept for alternative functions [156].

Changes in the topological structure of the gene interac-
tion network may also affect the phenotype of organisms.
The expression of interacting genes usually stays proportion-
al through the dosage effect [157], but this balance can be
disturbed by duplication or loss events that are ubiquitous
through genome evolution. According to the ‘2R’ hypothe-
sis, whole genome duplication (WGD) occurred twice dur-
ing the origin of tetrapods, supplying additional genetic ma-
terials for evolutionary innovation and laying a foundation
for the blooming of the lineage [158]. However, due to the
limitation of genome size, no WGD event has been reported
specific to avian lineages to date; in contrast, duplications
happen on a smaller scale with only a few genes involved
[159]. When a specific gene is duplicated, two genes with
similar functions are often differentiated, which changes the
original gene network. A case of subfunctionalization was re-
ported in fish, where duplicated MITF genes degenerated to
different exons [160]. Moreover, subfunctionalization may
also occur at the expression level. After an expansion in
birds, different B-keratin paralogues recruited distinct regula-
tors to diverge in the time and tissue of expression, generat-
ing structural differences in feathers, beaks, scales, and
claws [161]. On the other hand, when duplicated genes are
lost, paralogous genes in the genome may provide functional
compensation [162], minimizing the functional change
caused by gene loss events, as mentioned for the evolution
of glucose transporters in birds [144].

5. PERSPECTIVES

Thanks to the development of comparative genomics, re-
searchers have gained a deeper understanding of the molecu-
lar mechanisms underlying bird trait evolution. However,
new questions and challenges emerge with this achievement.
We suggest that future research should consider three as-
pects: 1) improving data quality, 2) analysing non-coding re-
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gions and networks, and 3) combining evolutionary studies
with developmental biology.

Data quality is one of the most important factors to deter-
mine the reliability of comparative genomic analysis. Differ-
ent assembly strategies will generate significant variation in
both genome completeness and annotation [163]. In addi-
tion, complex repeats and haplotype heterozygosity may
cause assembly errors [31]. Low-quality reference genomes
may lead to questionable conclusions in comparative genom-
ic studies. For example, the presence or absence of specific
genes in a genome plays a key role in the analysis of gene
family expansion and contraction. Through a comparison be-
tween previous genome assemblies and more reliable ver-
sions generated by the Vertebrate Genomes Project (VGP),
Ko et al. (2021) found that false duplicated sequences ac-
counted for 4 to 16% of previous genome assemblies [164].
Another study applying a similar comparison strategy
showed that among previous reference genomes, 3 to 11%
of genome sequences were lost and 25% to 60% of genes
were completely or partially lost [165], which are false loss-
es caused by sequencing and assembly errors. These two
studies pointed out that previous genome assemblies have a
high rate of both false duplication [164] and missing se-
quences [165]. Additionally, as mentioned above, the limita-
tion of assembly capacity in repeat regions constrains
studies aiming to resolve the role of NAHR in genomic struc-
tural evolution. The application of new technologies, includ-
ing third-generation sequencing [166] and Hi-C [167], may
provide feasible solutions [31].

The second direction for future development is in non-
coding regions and networks. Early evolutionary studies
have focused on the changes in protein-coding genes during
the evolution of life, but an increasing number of studies
have shown that noncoding regions and other regulatory ele-
ments (e.g., microRNAs, IncRNAs, efc.) play an important
role in the phenotypic variation in organisms [40]. In addi-
tion, duplication and loss events cause great changes to the
network and thus influence the evolutionary routine of traits
at the morphological level [144, 161]. In genomic studies,
changes in non-coding regions and networks are identified
through genome comparisons. The association between th-
ese changes and phenotypic variation are subsequently
proven through statistical methods. However, traditional
methods may lead to false positive results [94, 95], and func-
tional verification is necessary for validation.

Finally, the genome determines the initial state of an indi-
vidual’s life, while spatio-temporal expression of genetic in-
formation determines the development of life. It has been
proven that developmental interactions may obfuscate map-
ping from genotype to phenotype [168]; therefore, the combi-
nation of genomic information and developmental biology
will be an important task in evolutionary biology research
and will involve the cross integration of multiple disciplines.
A growing number of studies in the field of evolutionary de-
velopmental biology will bring new insights into the evolu-
tion of bird traits. Emerging single-cell sequencing technolo-
gy [169] helps to resolve the heterogeneity of gene expres-
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sion, which is of great significance to understand the dynam-
ic process of how static genetic information is expressed.

CONCLUSION

In summary, much progress has been made in studies of
avian-specific trait evolution. The development of compara-
tive genomics further promotes our understanding of the
identity and diversity of organisms from the phenotypic lev-
el to the molecular level. The improvement of data quality,
the expansion of research content, and the elevation from
static data to dynamic data will further push forward the de-
velopment of this subject.
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