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ABSTRACT  As one of the most economically important species and a unique model organism for 
biological and medical research, the chicken represents the first non-mammalian amniotic spe-
cies to have its genome sequenced; and so far, the chicken reference genome represents the best 
assembled and annotated avian genome. Since the release of the first draft genome sequence, 
the chicken genome assembly has improved greatly in coverage, contiguity and accuracy owing 
to the continuous efforts made by the chicken genomics community to generate extensive new 
data using novel sequencing technologies. Transcriptome sequencing, especially the recent effort 
to characterise full-length transcripts in chicken tissues, has provided key insights into the com-
plexity of structure and function of the chicken genome. In this article, we review the progress in 
chicken genome assembly and annotation, and recent advances in comparative genomics in birds. 
Limitations of current data and plans of research are also discussed. 
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Introduction

The chicken not only provides an important source of protein 
around the world, but also has long served as a major model or-
ganism in the fields of medical, developmental, immunologic and 
nutritional research (reviewed in Burt, 2004, 2007; Stern, 2005). 
It also makes an excellent model system for genetics and genom-
ics research due to the ease of breeding and maintenance, the 
long history of selective breeding, the resulting high phenotypic 
and genetic diversity, and its unique physiology and evolutionary 
position as a bird.

Since the release of the first draft assembly of the chicken 
genome (International Chicken Genome Sequencing Consortium, 
2004), significant progress has been made in chicken genomics, 
providing informative data that has benefitted agricultural industry 
and biomedical research (Burt, 2005; Schmid et al., 2005; Schmid 
et al., 2015). The fast development of sequencing technologies 
and bioinformatics sciences in recent years have led to substantial 
improvements in the quality of the chicken reference genome and 
associated functional and comparative analyses. In this latest re-
view, further progress in the completion of the genome sequence, 
annotation of all coding and non-coding transcripts, recent advances 
in comparative genomics and plans are reported.

Genome assembly

The initial draft genome assembly of a single, partially inbred, 
Red Jungle Fowl female was released in 2004 and represented 
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the first non-mammalian amniotic genome to be sequenced. It 
provided a major advance for avian genetics, enabling a range of 
new “omics” analyses and technologies to be applied in poultry 
breeding and basic biological research (International Chicken 
Genome Sequencing Consortium, 2004). The first draft sequence, 
which had a size of 1.05 Gb (or 1.13 Gb including inferred gaps), 
was assembled from whole-genome shotgun sequences with 6.6x 
coverage, primarily consisting of paired-end plasmid (3-8 kb inserts) 
subclone reads generated using Sanger sequencing. The resulting 
genome assembly had a reasonably high contiguity, comprising 
98,612 contigs with an N50 contig length of 36 kb and 32,767 su-
percontigs with N50 of 7.1 Mb. Further sequence scaffolding and 
chromosomal assignment were performed based on a BAC-clone-
based physical map (Wallis et al., 2004) and a previously generated 
chicken genetic linkage map (Groenen et al., 2000), localising over 
88% of the genome assembly to specific chromosomes or linkage 
groups. Additionally, 23,212 chicken mRNA sequences and 485,000 
expressed sequence tags (ESTs) were used to polish the assembly 
and assist with sequence ordering and orientation correction. This 
first draft assembly of the chicken genome covered approximately 
85% of the 1.23 Gb latest estimation of the genome size (War-
ren et al., 2017), providing nearly complete coverage for 26 out 
of 38 autosomes. However, like many draft genomes, the initial 
chicken assembly suffered from limitations caused by gaps and 
low sequence coverage in certain genomic regions. For example, 
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several chromosomes, including both sex chromosomes GGAZ 
and GGAW, and autosomes GGA16 (which contains the MHC 
region and thus many duplicated genes), GGA22, and GGA29 and 
smaller microchromosomes (higher G+C and CpG content than 
larger chromosomes), were not or only partially assembled due 
to insufficient sequence coverage. Genes with high GC-content 
were reportedly underrepresented or missing in the draft assembly 
(International Chicken Genome Sequencing Consortium, 2004), 
highlighting the need for an improved assembly quality to avoid 
potential bias or errors in scientific findings.

Several key improvements were made to the chicken genome 
reference assembly as new datasets became available in the 
following years (Schmid et al., 2015). A second build (Gallus_gal-
lus 2.1; GCA_000002315.1) was released in 2006 based on the 
original 6.6x coverage data and an additional collection of 198,000 
reads, which were generated via targeted sequencing of BACs 
and fosmids to cover contig ends and regions of low quality in 
the original assembly. This second assembly also incorporated 
data from a chicken radiation hybrid (RH) map constructed using 
2,531 genetic markers (Morisson et al., 2007) as well as updated 
physical and linkage maps with significantly improved resolu-
tions (Groenen et al., 2009). These additional data coupled with 
upgraded genome assembly methods contributed to improved 
assembly statistics and quality of Gallus_gallus 2.1, with a total 
of 78,534 contigs (N50 = 46 kb) and 17,506 scaffolds (N50 = 11.1 
Mb) spanning 1.10 Gb sequence length. 95% of the sequence was 
anchored to autosomes GGA1-28 and 32 and sex chromosomes; 
particularly, GGA16, GGA22, GGAW, and GGAZ had better (though 
still incomplete) coverage than in the original version, containing 
0.63, 4.0, 0.86, and 67.8 Mb sequences, respectively.

The third version of the chicken genome assembly (Gallus_gal-
lus-4.0; GCA_000002315.2) released in 2011, utilised next-
generation sequencing (NGS) technology and elevated genome 
coverage by sequencing the same animal to 12x coverage on a 
Roche 454 platform. Combining new 454 data with the previously 
generated Sanger reads and mapping data, a de novo assembly of 
1.03 Gb (1.05 Gb with gaps) in size was built, consisting of 27,041 
contigs with N50 length of 0.28 Mb and 16,847 scaffolds with N50 
of 12.9 Mb. The new assembly also integrated a greatly improved 
GGAZ (81.8 Mb) sequence generated through a BAC-focused 
targeted sequencing effort (Bellott et al., 2010) and addressed 
~10 Mb of erroneous duplications detected in Gallus_gallus 2.1 
(Rubin et al., 2010), which were possibly caused by stringent 
assembly parameters separating more diverse allelic variants 
into false duplicate loci. Like the previous version, over 96% of 
the sequence in Gallus_gallus-4.0 was mapped to chromosomes 
GGA1-28, 32, Z, and W, but still leaving microchromosomes 
GGA29-31 and 33-38 missing.

Significant improvements in the quality of the chicken reference 
genome were achieved in the fourth build of the genome, Gal-
lus_gallus-5.0, GCA_000002315.3 (Warren et al., 2017). Using 
single molecule sequencing technology (SMRT), 50.6x coverage of 
new sequences were generated for the same animal on a Pacific 
Biosciences RSII system, providing 18.7 Gb (15.3x coverage) of 
error-corrected long-read data; the de novo assembled sequences 
were then merged with Gallus_gallus-4.0 sequences to produce 
the final assembly. Additional data including 36x of Illumina paired-
end reads and 168 finished clones from the CHORI-261 chicken 
BAC library were used for further base error and mis-assembly 

correction. As long-read sequencing technologies are more pow-
erful than short-read in resolving complex genomic structures 
(e.g. repeats, regions with high GC-content), this upgraded as-
sembly increased the size of the chicken reference genome to 
1.23 Gb, improving the contiguity of ungapped contigs by over 
10-fold (N50 = 2.9 Mb vs. the previous 0.28 Mb). Notably, three 
of the nine previously missing microchromosomes were captured 
and to some degree represented in Gallus_gallus-5.0, including 
GGA30 (0.22 Mb), GGA31 (0.17 Mb), and GGA33 (3.7 Mb). Also 
importantly, while repeat elements such as long terminal repeat 
(LTR) retrotransposons and Chicken Repeat 1 (CR1; a type of 
long interspersed nuclear elements or LINEs) only accounted for 
less than 9% of the initial chicken genome assembly (International 
Chicken Genome Sequencing Consortium, 2004), more than 200 
Mb (16.4%) of sequence in Gallus_gallus-5.0 was identified as 
repeats. These improvements demonstrated the benefits and 
importance of using long-read sequencing for achieving better 
genome representation and completeness. Moreover, the error 
correction step using complementary short-read data was also 
proven to have greatly contributed to a high base level accuracy 
of Gallus_gallus-5.0. For instance, using GGAW sequence data, 
which should contain no SNPs in the genome of a female chicken 
(in birds, females have ZW and males have ZZ chromosomes), it 
was estimated that the base error rate in the new assembly was 
74% lower than that in the previous Gallus_gallus-4.0 genome 
assembly (Warren et al., 2017).

Current ongoing work to complete and further polish the chicken 
reference genome includes generating more genome coverage of 
PacBio data and performing chromosome-level assembly using 
genome wide physical mapping technologies (e.g. Hi-C chroma-
tin interaction mapping). The future Gallus_gallus-6.0 reference 
genome will have longer contigs, chromosome-level scaffolds and 
hopefully will cover most, if not all, the microchromosomes and 
like the Z chromosome, a BAC-assembled W sequence (Bellot 
et al., 2017) will be integrated into Gallus_gallus-6.0. We all hope 
this latest assembly will cover all chromosomes, as 39 contigs 
and a W contig. Further progress beyond Gallus_gallus-6.0 will 
involve a targeted approach to complete specific regions, such 
as the challenge of completion of Chromosome 16 and the highly 
duplicated gene families associated with the MHC-region. These 
final stages will be aided by membership of the Genome Reference 
Consortium (GRC, https://www.ncbi.nlm.nih.gov/grc/chicken) and 
input from the chicken genome community.

Genome annotation

A full genome annotation involves the identification of all 
coding and non-coding sequences and regulatory elements in 
a genome, and further, the interpretation of their functions and 
relationships with one another. As genome sequencing becomes 
easier nowadays, genome annotation remains highly challenging, 
with most of the existing genome annotations being incomplete 
and prone to bias and errors. Recent developments in chicken 
genome annotation have illustrated the significance of having a 
well annotated genome in providing comprehensive insights into 
an animal’s biology.

Due to the lack of full-length transcript resources, which is a 
prerequisite for accurate transcriptional annotations (e.g. transcrip-
tion start and termination sites, and alternative splicing patterns), 



Chicken genomics    267 

the initial annotation of the chicken genome (the first draft assem-
bly) was based primarily on computational detection of sequence 
homology with genes mostly protein coding) and sequence models 
from other species, particularly human (International Chicken 
Genome Sequencing Consortium, 2004). Although a set of cDNA 
and EST transcript fragments was also used to assist with gene 
prediction with the Ensembl annotation pipelines, this initial ver-
sion of annotation was incomplete and human centric. Only 571 
non-coding RNA (ncRNA) sequences were predicted, mostly 
consisting of short ncRNAs, including transfer RNAs (tRNAs; n = 
280), microRNAs (miRNAs; n = 121), and small nucleolar RNAs 
(snoRNAs; n = 83). The number of putatively protein-coding exons 
in the chicken was estimated to be 183,812, roughly converting 
into 20K-23K genes and pseudogenes based on an inferred aver-
age number of exons per gene between 9.6 and 8.0 (International 
Chicken Genome Sequencing Consortium, 2004). This estimated 
number of genes (especially non-coding genes) in the chicken is 
much lower than that found in the human genome, which contains 
20,433 coding and 17,835 non-coding genes (NCBI Release108). 
However, as the authors indicated, there can be many potential 
errors in these initial estimations. For example, single-exon coding 
sequences supported solely by EST/cDNA evidence were treated 
as possible genomic DNA contaminations and were excluded from 

annotations, which potentially removed a significant number of real 
genes. Also, considering the long evolutionary distance between 
birds and mammals, the homology-based approach may be more 
successful at identifying relatively conserved genes, but can be 
less sensitive at detecting fast evolving genes (e.g. non-coding 
genes) or unique gene content that is specific to the avian lineage.

Developments in short-read RNAseq technology, accompanied 
by improvements in the contiguity and accuracy of the genome 
assembly, have led to great improvements in the annotation of the 
chicken genome. By 2015, a large collection of chicken transcrip-
tome data from a wide range of tissue types was generated by 
the International Avian RNAseq Consortium (Schmid et al., 2015; 
Smith et al., 2015), providing more direct experimental evidence 
for structural and functional analysis of the genome. The RNAseq 
data allowed the identification of 15,495 coding genes and a large 
variety of ncRNAs (Ensembl release 71), representing an impor-
tant advance in the chicken genome annotation. More recently, 
based on the fourth build of the reference genome (Gallus_gal-
lus-5.0) and 9.2 billion transcripts (mostly generated on Illumina 
platforms) from 124 different tissue samples, an updated chicken 
gene set was released, containing 19,119 protein-coding genes 
and 6,839 non-coding genes (Warren et al., 2017). Among the 
57,960 unique transcripts identified, 80% accounted for mRNAs, 
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Fig. 1. Full-length transcript sequencing using the PacBio Iso-seq method revealed a high transcriptional complexity in chicken tissues. In this 
example using gene ILF2 on chicken chromosome 25, the Iso-seq method detected multiple transcription start sites and exons, multiple transcription 
termination sites and exons, and diverse alternative splicing patterns (retained introns, skipped exons, and alternative exon/intron splicing sites), whereas 
only one transcript variant was identified with short-read RNAseq data.
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while the remaining 20% mostly comprised long non-coding 
RNAs (lncRNAs; 14.1%), miRNAs (1.8%), tRNAs (0.5%), and 
miscellaneous other RNAs (misc_RNAs; 3.6%). This annotation 
(NCBI Release 103) revealed a much higher gene content in the 
chicken genome than originally predicted in the first draft, altering 
the initial perception that in association with their relatively small 
genome sizes, birds tend to have smaller numbers of genes than 
other tetrapods (i.e. mammals, reptiles and amphibians) due to 
gene loss (Lovell et al., 2014; Zhang et al., 2014). The extensive 
RNAseq data also helped identify many protein-coding genes that 
were formerly thought to have been lost in the chicken (Bornelöv 
et al., 2017; Hron et al., 2015; Warren et al., 2017), while provid-
ing further confirmation for a range of other reportedly missing 
genes as absent in the transcriptomes (Lovell and Mello, 2017; 
Warren et al., 2017).

Although short-read based RNA sequencing has enabled 
significant advances in genome annotation, it comes with key 
limitations due to the short-read length, making it less capable of 
resolving complex features in the transcriptome, such as variable 
transcription start and termination sites, and certain alternative 
splicing and exon chaining patterns. Computationally assembled 
transcripts from short reads are often incomplete and only repre-
sent a fraction of all transcript variants within the transcriptome 
examined, therefore leading to an underestimation of the size and 
complexity of the transcriptome (Fig.1).

To overcome these issues, efforts have been made to uncover 
new transcript isoforms and obtain full-length transcript sequences 
using long-read single molecule sequencing, essentially avoid-
ing the assembly problem. By sequencing cDNA from embryonic 
chicken hearts using a combination of long-read and short-read 
technologies, Thomas and colleagues (2014) identified 9,221 new 
transcripts, which mapped to 5,391 known genes and 539 new 
genic regions (based on Ensembl release 74). Most recently, Kuo 
and colleagues (2017) sequenced chicken brain and embryo cDNA 
libraries using the PacBio Iso-Seq method, which generates long 
reads spanning the entire length of transcripts. 5’-cap selection 
was performed for the embryo library to allow capture of intact 
5’ sequences, and library normalisation was carried out for both 
tissues to provide better coverage for less abundant transcripts 
and isoforms. Several key findings were made from these data, 
marking a major development in chicken genome annotation and 
transcriptome characterisation. A total of 14,421 protein-coding 
genes and 17,178 non-coding genes were identified to be expressed 
in the tissues from chicken brain and embryo, represented by 
43,738 protein-coding and 20,539 ncRNA transcripts. An overall 
transcript per gene ratio of 2.22 was observed, which is com-
parable to that seen in the rat (2.24 according to NCBI Release 
106) though lower than that of the human (4.04; NCBI release 
108). This ratio is likely to increase with more tissue types and 
deeper sequencing depth being used for the analysis. Notably, 
20,516 ncRNA transcripts identified were longer than 200 bp, i.e. 
lncRNAs, which would have been difficult to detect without the 
direct experimental data due to their low levels of conservation 
among distant lineages of species (Necsulea et al., 2014). The 
long-read technology also allowed a comprehensive assessment 
of the transcriptional complexity in the chicken (Fig.1). With the 
start and end of transcripts for the first time reliably defined, it was 
observed that among genes with multiple transcripts detected, 
96.4% and 91.9% had multiple transcription start sites and termi-

nation sites, respectively, the majority of which were attributed to 
alternative starting or termination exons. Along with highly diverse 
alternative splicing patterns detected, such as retained introns, 
skipped exons, and alternative exon/intron splicing sites, these 
results led to a conclusion that the chicken genome encompasses 
a similar level of transcriptional complexity compared to the human.

Current efforts are using the long-read Pacbio Iso-seq approach 
to characterise full-length cDNAs from a wide range of tissues. 
Current estimates based on assembly of short-read RNAseq data 
from more than 20 tissues (Burt et al., in preparation) predict ~50K 
genes (both coding and non-coding) and more than 250K alternate 
but unique transcripts. So, we can be certain the transcriptome of 
the chicken will become even more complex, with more genes, 
more transcripts and more complex patterns of expression. More 
detailed analysis of these new data will fill in the gaps of so-called 
“missing” genes in birds and strengthen evidence for avian-specific 
genes and transcripts (Lovell and Mello, 2017; Warren et al., 2017).
The next challenge will be to define the function of all the coding 
and increasing collection of lncRNAs.

The annotation of regulatory elements within a genome can 
be an even more challenging task than gene annotation, but is 
as important because it provides critical clues for understanding 
the mechanisms controlling tissue or cell-type specific and time-
dependent expression of genes that underlie various biological 
processes (e.g. development, diseases). While the identification of 
promotors (e.g. TATA box and CpG islands) and proximal elements 
is somewhat less complex due to their close spatial association 
(usually within 200 bp) with genes (though can be confounded in 
the case of multiple transcription start sites), confident annotation 
of distal elements, such as silencers, enhancers, and insulators, 
can be difficult (Maston et al., 2006). Significant efforts have been 
made to annotate regulatory components in the human and mouse 
genomes (Zerbino et al., 2016); by comparison, the regulatome 
of the chicken is still poorly characterised. A prediction strategy 
integrating multiple computational tools has been developed for 
the systematic discovery of cis-acting regulatory elements and 
transcription factor binding sites in the chicken genome (Khan et 
al., 2013). However, many of the computational tools rely heavily 
on the detection of conserved synteny or sequence homology in 
comparison with the human and mouse genomes, and therefore 
can be problematic for their use in distantly related species, such 
as the chicken. This has been illustrated by a comparative analysis 
of genome-wide CTCF (CCCTC-binding factor; a transcription 
factor that binds and affects activity of insulators) bound sites in 
human, mouse and chicken using chromatin immunoprecipita-
tion sequencing (ChIP-seq), which revealed that only 7% of the 
detected CTCF sites in the chicken were located in syntenic 
positions as in the human and mouse genomes, most of which 
were not conserved at the sequence level (Martin et al., 2011).

An international effort to fill the current gaps has been initi-
ated. The Functional Annotation of Animal Genomes (FAANG) 
consortium aims to generate comprehensive maps of functional 
elements in the genomes of domesticated species, including the 
chicken (Andersson et al., 2015). Using experimental protocols 
adapted from those developed by the Encyclopedia of DNA Ele-
ments (ENCODE) project and the International Human Epigenome 
Consortium, the project plans to coordinate the generation and 
analysis of a variety of data, such as RNAseq, ChIP-seq, and 
ATAC-seq (assay for transposase-accessible chromatin sequenc-



Chicken genomics    269 

ing) data, which will provide extensive information on tissue/cell/
state specific gene expression, genome-wide chromatin acces-
sibility, histone modification, methylation, and transcription factor 
binding profiles in domesticated animals.

Comparative genomics

Comparative analysis of genomes of diverse species enables the 
detection of functionally significant genes and sequence elements 
that have been conserved through their extensive evolutionary 
history, and facilitates the identification of adaptive changes in 
gene content and features in specific lineage of species that are 
associated with unique phenotypes. Availability of whole-genome 
sequences for more and more species provides powerful data 
allowing confident resolution of close or ambiguous phylogenetic 
relationships among species, while also providing valuable re-
sources for targeted analysis of gene function and evolution.

As the first avian genome to be sequenced, the chicken genome 
assembly enabled the first comparison to be made between the 
genomes of the mammalian and non-mammalian amniote lineages 
(International Chicken Genome Sequencing Consortium, 2004). A 
group of 7,606 genes were found to have been conserved as 1:1 
orthologues across vertebrates. Adaptive gene expansion gave rise 
to a lineage-specific family of keratin genes (b-keratins), responsible 
for forming scales, claws, and feathers, whereas genes encoding 
vomeronasal receptors, casein milk proteins, salivary-associated 
proteins, and enamel proteins are absent in the chicken. Alignments 
between chicken and human genomic sequences revealed a range 
of conserved elements with no evidence of expression, which 
tend to distantly associate with genes involved in transcriptional 
regulation, DNA binding, and metabolic and developmental func-
tions. The functional significance of most of these highly conserved 
non-coding elements remains to be determined.

Following the chicken genome, draft genome sequences of 
three other avian species were generated, including the zebra 
finch Taeniopygia guttata (Warren et al., 2010), which represents 
the highly diverse lineage of songbirds (Passeriformes) and a 
unique model organism in neurophysiology, the turkey Meleagris 
gallopavo (Dalloul et al., 2010), another agriculturally important 
species belonging to the same order (Galliformes) as the chicken, 
and the duck Anas platyrhynchos (Huang et al., 2013), an eco-
nomically and medically important waterfowl (Anseriformes) which 
is the major natural reservoir of influenza A viruses. While the 
zebra finch genome was sequenced using the shotgun-based 
Sanger sequencing approach, the turkey and duck sequences 
were generated on short-read sequencing platforms. Initial com-
parative analyses of these avian genomes with the chicken and 
other vertebrate genomes revealed a range of lineage-specific 
features. For instance, the high resemblance of turkey and chicken 
genomes indicated a relatively high stability of Galliform genomes 
as measured by rearrangements, showing a higher proportion of 
sequences under evolutionary constraint than placental mammals 
(Dalloul et al., 2010). In the zebra finch, many neurobiologically 
relevant gene families were found to have expanded and several 
genes regulated by song behaviour showed evidence of positive 
selection in comparison to their counterparts in the chicken, which 
may be associated with the species’ ability of sophisticated vocal 
learning and communication (Warren et al., 2010). Also compared 
to the chicken, lineage-specific duplications were detected in 

certain immune gene families in the duck, such as defensins and 
butyrophilin-like genes, which may have contributed to its natural 
resistance to many influenza strains (Huang et al., 2013).

Between 2013 and 2014, the Avian Phylogenomics Project 
released the draft genome sequences for another 44-bird species, 
which marked another major milestone in avian genomics, with 
most extant avian orders represented (Jarvis et al., 2014; Zhang 
et al., 2014). The whole effort has facilitated the evolutionary 
analysis of avian genomes, including the identification of evolu-
tionary constrained regions and functional elements, the dynamic 
evolution of genome organisation and speciation, and spawned 
a whole new area of phylogenomics and the study of adaptation 
and speciation in birds.

Through genome-scale sequence alignments using all 48 avail-
able avian genomes, Jarvis and colleagues (2014) extracted an 
orthologous sequence dataset comprising 8,251 syntenic protein-
coding genes and 3,769 ultraconserved elements across species, 
spanning 41.8 Mb of sequence. Collectively, these data gave rise to 
a high-resolution total evidence nucleotide tree with high statistical 
support for most branches, confidently resolving many previously 
controversial branch placements. Also, importantly, this study 
demonstrated that bootstrap supports on the more challenging 
deeper branches of the species tree, positively correlate with the 
amount of data used for phylogeny reconstruction, and further-
more, protein-coding gene data alone cannot provide accurate 
estimation of phylogenetic relationships among species due to the 
impact of convergent evolution driven by shared ecological or life 
history traits. These results highlighted the advantages of having 
whole-genome data for understanding the evolution of species 
and their genomes.

Comparative study of the 48 avian genomes also allowed the 
identification of several genomic characteristics unique to birds 
(Zhang et al., 2014). A range of genes showed evidence of adap-
tive evolution in association with avian-specific physiological and 
developmental features, such as diversification of genes involved 
in ossification driven by positive selection (flight-related bone 
pneumatisation), pseudogenization of enamel and dentin formation 
genes (absence of teeth), and expansion of opsin genes (advanced 
visual system). Contractions in repeat elements, deletions of 118 
large syntenic blocks compared to reptiles and mammals and as-
sociated gene loss (see also Lovell et al., 2014) were suggested 
to have led to a characteristic compact genome size in all birds 
examined. A high stability of avian genomes relative to other ver-
tebrate genomes was evidenced by higher levels of conservation 
of chromosomal arrangements and gene synteny, lower rates of 
gene turnover in multigene families, a lower overall nucleotide 
substitution rate, and a higher abundancy in highly conserved 
elements across species. Some of these findings may be worth 
re-examination because of the potential bias that may have been 
introduced due to the limited coverage and contiguity of the major-
ity of the avian genome assemblies used. For example, reviewing 
various cytogenetic evidence and emerging long-read based data 
(e.g. chicken Gallus_gallus-5.0), Kapusta and Suh (2017) pointed 
out that most of the draft avian genome assemblies likely have 
incomplete representation of repetitive elements (e.g. transposable 
elements, endogenous viral elements, centromeres, telomeres), 
resulting in underestimations of the size of the genomes and size 
variation across species. Similarly, due to the lack of chromosome-
level assemblies, the full scale of chromosomal rearrangements 
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(Farré et al., 2016) and gene gains and losses (Hron et al., 2015; 
Korlach et al., 2017) during avian evolution is yet to be revealed. 

Despite the current limitations, the extensive sequencing ef-
fort of the Avian Phylogenomics Project has provided numerous 
novel insights into avian evolution and biology (a detailed list of 
the publications available is at http://avian.genomics.cn/en). As-
pirations have been raised to sequence all 10,500 extant (even 
some extinct) avian species as part of the international Bird 10K 
(B10K) genome project (Zhang, 2015). So far, about 300 species 
have been sequenced, marking the completion of the second 
phase (all avian families) of the project, and the third phase (all 
genera) is now ongoing. Future efforts will include the generation 
and incorporation of long-read sequence data and genome wide 
physical maps for representative species, which will substantially 
improve the assembly quality and enable more comprehensive 
unbiased comparative genome analyses in birds.

Conclusions

The chicken reference genome has improved significantly in 
recent years as sequencing and assembly technologies evolve 
and innovative approaches emerge. Accompanying each major 
update of the genome assembly and annotation, new insights 
were provided on the structure, function, and evolution of the 
chicken genome. It has become apparent that to ultimately have a 
complete chromosome-scale assembly and fully catalogued tissue 
and state specific transcription and regulatory modification profiles 
of the genome will be important for unravelling the complexity of 
mechanisms underlying various biological processes in the chicken 
and all other species.
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