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Abstract

Contemporary iterations of avian phylogenies based on multiple genome sequence assem-
blies assign three major clades: Palaeognathae (mostly ratite birds), Galloanseres (land
and waterfowl) and the largest group—Neoaves. The latter two are sister clades repre-
senting subdivisions of Neognathae, while Neoaves further subdivide into Columbaves
(pigeons/doves/cuckoos/bustards, etc.), Mirandornithes (flamingos/grebes), Telluraves
(“higher land birds”, including finches) and the newly recognized Elementaves (e.g., pen-
guins/pelicans/hummingbirds/swifts/cranes/shorebirds). Molecular studies provide
clade information, likely divergence timings and a framework from which gross genomic
(chromosomal) changes may be mapped. In this review, we consider the patterns of chro-
mosome change that have occurred throughout all avian clades thus far examined, citing
studies from standard karyotyping through molecular cytogenetics to whole genome as-
semblies. Standard karyotyping led to the realization that most chromosomes (particularly
the microchromosomes and dot chromosomes) could not be distinguished by classical
means. Indeed, cross-species comparisons were difficult, even among the macrochromo-
somes, because of indistinct banding patterns. Based on fluorescence (or fluorescent) in
situ hybridization (FISH), comparative genomics was thence progressed considerably by
cross-species chromosome painting (Zoo-FISH) for the macrochromosomes and interspe-
cific mapping of bacterial artificial chromosome (BAC) probes for the microchromosomes.
A key finding was that the most studied species, the chicken, fortuitously, has a genomic
organization somewhat akin to that of the ancestral karyotype and tends to be the standard
from which all others are measured. A notable exception is the fusion of basal chromosome
4 with a smaller chromosome that convergently appears in some other Galliformes, at
least one goose and one dove species. While some groups such as Falconiformes (falcons,
etc.) and Psittaciformes (parrots, etc.) underwent extensive interchromosomal change,
most, broadly speaking, retain a basic karyotype that differs little from bird to bird. Many,
e.g., Passeriformes (finches, songbirds, etc.) and Columbiformes (pigeons, doves), do
this despite multiple intrachromosomal rearrangements. The complete karyotype and
fully established chromosome-level genome assembly of the chicken allow full integration
of DNA sequence assembly with karyotype. They further permit cytogenetic studies to
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be performed using genome assemblies alone alongside cutting-edge long-read sequenc-
ing and optical mapping without the need for chromosome preparation. The classic ZW
sex-determination system of birds is easily visible in most Neognathae species, but in-
trachromosomal change in the sex chromosomes is faster than in the autosomes; indeed,
there are numerous examples of autosomal fusions and new sex chromosomes formed.
Sex chromosomes aside, the classic avian karyotype represents a very successful mode of
genome organization established before the emergence of the dinosaurs and perpetuated
to this day in their only living descendants.

Keywords: chromosome; karyotype; genome organization; genome assembly; molecular
cytogenetics; birds; Aves; phylogeny; genome sequence; microchromosomes; dot chromosomes;
comparative cytogenetics

1. Avian Phylogeny

For us to consider the chromosomal evolution of the whole of the class Aves, it needs
to be performed in the context of a contemporary phylogenetic tree. It is generally accepted
that whole genome sequencing provides the most reliable raw data for the construction
of such a tree and, since Jarvis et al. [1] drew the first of these based on multiple avian
genome data, there have been numerous alterations and reorganizations. A study by Stiller
et al. [2] refined avian phylogeny by focusing on ultraconserved elements, exonic and
intronic sequences using over 300 sequenced avian genomes. This approach enabled the
removal of bias towards highly conserved elements, while using a relatively small number
of samples from previous studies. It also increased the resolution of the resulting tree,
the most recent version of which can be found on such web resources as AvilList [3] and
Avitaxonomicon [4].

Results confirm the subclassification into Palaeognathae (ratites and tinamous) and
Neognathae, the latter breaking down into the sister groups Galloanserae (land and wa-
terfowl) and Neoaves (the remainder) [1,2]. Neoaves are thus considered the third and
greatest major clade of extant birds comprising ~95% of all species [5]. Within the Neoaves,
four significant clades exist [2], with the first three being Columbaves (including pigeons,
doves, mesites, sandgrouse, cuckoos, turacos and bustards), Mirandornithes (flamingos and
grebes) and Telluraves (commonly referred to as “higher land birds”, including Afroaves
and Australaves (e.g., finches). The fourth is a newly described, very diverse clade called
Elementaves, which includes Phaethontimorphae (sunbitterns, tropicbirds and kagu),
Strisores (nightbirds, hummingbirds and swifts,), Aequornithes (e.g., pelicans, penguins,
loons and tubenoses), Opisthocomiformes (hoatzins), and Cursorimorphae (shorebirds and
cranes) [2].

We now have insight that the Palaeognathae-Neognathae divergence was ~100 million
years ago (MYA), the Galloanserae-Neoaves divergence ~88 MYA and the separation of
ratites and tinamous ~84 MYA [1,2]. Genomic studies, however, imply that tinamous are
nested within ratites, being close to the extinct moa, suggesting that ratites are paraphyletic;
that is, the absence of flight appeared homoplastically in this group [6]. Galloanserae are
further separated into Galliformes (landfowl) and Anseriformes (waterfowl), an event that
occurred when the Cretaceous—Paleogene (K-Pg) boundary extinction event happened
~66 MYA [2,4]. Meanwhile, the primary divergences of Neoaves into Columbea and
Passerea occurred slightly before the K-Pg event ~67-69 MYA [2,4]. The K-Pg extinction
event led to a massive burst of genomic heterogeneity and changes in some molecular
evolution patterns, which facilitated the diversification of modern avian life histories [7,8].
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Most divergences within Neoaves, however, largely resolved at the ordinal level sometime
later, ~50 MYA, and at the basal split of Passeriformes ~39 MYA. The K-Pg event marked a
period of abrupt, widespread extinction and drastic climate change, coinciding with the
Chicxulub asteroid impact in what is now modern Mexico. This had a profound impact
on early bird groups such as Ornithurae, the ancestors of Neornithes [9]. Stiller et al. [2]
updated the avian phylogeny based on the analysis of intragenic regions in 363 avian
species from 218 taxonomic groups (92% of the total). The authors also go on to discuss
that the number and type of sequences sampled have a larger effect on tree construction
than taxon sampling alone. Stiller et al. [2] also found a close association with the K-Pg
boundary apart from the Mirandornithes and Columbaves. Inevitably, discrepancies in
timescales exists from different studies and the reasons for these include different datasets
and different algorithms used.

Throughout this review, we will refer to Figure 1, the basis of which is the most recent
phylogenetic tree as outlined above. As the various sections unfold, the relevance of the
symbols, etc., will become apparent. In all cases, we map the observed changes in overall
chromosomal structure (and in that of individual chromosomes) to the phylogenetic tree.
Changes are usually made with reference to a universal common avian karyotype, which
is very similar to the chicken (Gallus gallus, Galliformes) (e.g., [10]; see also Section 2). A
common theme throughout this review is the apparent stability of the avian genome in
chromosomal terms (with exceptions) compared to mammalian genomes, which undergo
interchromosomal rearrangements far more regularly.

The three
major clades
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Figure 1. Contemporary avian phylogenetic tree and overview of the chromosomal changes that
have occurred throughout evolution. Phylogenetic tree based on refs. [3,4] with all other artwork
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de novo by the authors. Orders where the “chicken-like” ancestral karyotype is largely retained are
indicated alongside examples of rapid fission, fusion and inversion. The convergent chromosome
4 (present in chicken (Gallus gallus, Galliformes)) is noted, as are specific changes pertaining to the
sex chromosomes.

2. Describing the Classical Karyotype of Birds

Figure 2 shows a typical avian karyotype, in this case the southern lapwing (Vanellus
chilensis, Charadriiformes). In most, or possibly all, avian karyotypes, the chromosomes are
subdivided into macro- and microchromosomes. In most (though by no means all) cases,
the relative size represents a continuum, and thus different authors may not use the same
dividing line between macro- and microchromosomes.

(( ‘, “ l‘ " " ‘I .1
1 2 3 4 5 6

9 10 1" 12 13 14 16} 16
- - " R - . — e ah ah .h

17 18 19 20 21 22 23 24
", . e ”» :h s H . H » » F
25 26 27 28 29 30 31 32
5 > »» » » » » - ‘ '

33 34 35 36 37 38 7 7 5 pm

Figure 2. Karyotype of the southern lapwing (Vanellus chilensis, Charadriiformes). On first inspection,
this is similar to most birds including the one most studied—chicken (Gallus gallus, Galliformes). The
ZZ chromosomes indicate that it is a male. A scale bar for 5 um is provided.

The similarity in the morphology of the microchromosomes, along with their sheer
number, makes it near-impossible to distinguish all the chromosomes and thus, although
>1200 partial karyotypes of birds have been published [11-13], most of these cannot be
identified by morphology alone beyond chromosome 10 or even chromosome 5 [14]. Most
avian karyotypes, therefore, only identify the largest of chromosomes. With the advent of
complete genome assemblies of birds [15], the term “dot chromosome” has been introduced,
largely taken to mean the smallest microchromosomes (see later discussion, Section 2.3).

2.1. Chicken: A Near-Ancestral Karyotype from Which All Others Are Measured

The chicken, the most extensively studied avian genome assembly, has a genome size
that is approximately 2.8 times smaller than the average mammal [16]. It has a chromosome
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diploid number of 21 = 78 and is organized into 38 autosome pairs. These include about
9 macrochromosomes (depending on how you do the counting), multiple microchromo-
somes, and sex chromosomes Z and W; the chicken genome organization is believed to be
very similar to the ancestral form of the avian karyotype [17]. Chicken microchromosomes
account for about ~23% of the whole genome, but are very gene-rich and, as such, contain
at least 50% of the genes [18-21]. Primitive amphibians and most reptiles also possess mi-
crochromosomes, suggesting that many avian microchromosomes reflect archaic vertebrate
syntenies [12,13]. Moreover, from a comparative genomic perspective, the conservation of
synteny between humans and chickens is greater than that between humans and mice [16].

The karyotype of any species of eukaryote, birds included, fundamentally describes
its overall genome structure. It facilitates comparisons of significant genomic differences
between species, ultimately helping to draw an evolutionary tree that illustrates gross
genomic changes. In chicken, classification of the larger macrochromosomes (up to au-
tosome 9, which also includes the sex chromosomes) [10] was easily accomplished using
standard cytogenetic techniques such as chromosome banding and staining [11]; it was
nearly impossible, however, below this size. In chicken, therefore, molecular cytogenetic
methods were used to define the whole genome [22]. Other birds soon followed, using
chicken as a reference.

2.2. Comparative Chromosome Painting in Birds

Even at the macrochromosome level, identifying chromosome bands can be difficult,
thereby impeding a detailed analysis of cross-species homology. After banding studies, the
next level of resolution was through the advent of chromosome paints (e.g., Figure 3A,B).
These were created through the amplification and fluorescent labeling of flow-sorted
chicken macrochromosomes [23]. Chromosome painting enhanced resolution resulted in
cross-species analysis (Zoo-FISH) data that currently encompasses ~120 avian species across
~22 individual orders (reviewed in [13] and in subsequent sections here). Zoo-FISH [24,25]
is the term commonly used to refer to the use of chromosome paints generated from one
animal species and hybridized to the chromosomes of another to illustrate the evolutionary
relationships between them; FISH is an acronym for fluorescence (or fluorescent) in situ
hybridization [26].

The primary focus on the larger (macro)chromosomes, however, is due to the abilities
of the flow-cytometer to isolate chromosomes up to a certain size. Some progress has been
made in generating microchromosomal paints, but this is limited, due to the challenges
in separating individual microchromosomes via flow cytometry [22,27]. In this review,
we give a synopsis of chromosome painting studies in macrochromosomes; however, we
also focus on the microchromosomes and how we are understanding their evolution more
than ever using newer approaches. The application of chromosome paints arising from
flow-sorted and amplified chicken chromosomes 1-9 + Z revealed a high level of conserva-
tion among the macrochromosomes [23]. This supported the notion that overall genome
structure (karyotype) in birds is highly conserved, even over considerable phylogenetic dis-
tances [11,12,23]. These studies led to a significant increase in bird comparative genomics
research, producing results in species as evolutionarily distant from chicken as ostrich
(Struthio camelus, Struthioniformes), emu (Dromaius novaehollandiae, Casuariiformes) and
falcons (reviewed in [13]). Figure 3A illustrates chromosome painting of chromosome 1
in chicken chromosomes and Zoo-FISH of chicken chromosome 20 onto white hawk (Leu-
copternis albicollis, Accipitridae) chromosomes (Figure 3B). It also illustrates how two single
individual bacterial artificial chromosome (BAC) clones can be used to identify a chicken
microchromosome (Figure 3C and see next section).
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A- GGA1

B- LAL20 C- GGA26

Figure 3. Fluorescence in situ hybridization (FISH) on avian chromosomes, the technique on which
most comparative and evolutionary studies have been based. (A) Whole chromosome probe derived
from chicken (Gallus gallus, Galliformes) chromosome 1 (GGA1) and (B) white hawk (Leucopternis
albicollis, Accipitriformes) chromosome 20 (LAL20) hybridized onto southern lapwing (Vanellus
chilensis, Charadriiformes) chromosomes. (C) Identification of chicken microchromosome 26 ortholog
(GGA26) by dual-color FISH using BAC (bacterial artificial chromosome) probes in V. chilensis
chromosomes. The BACs used were CH261-186M13 (green) and CH261-170L23 (red). A scale bar for
5 um is shown in the lower right corner of the micrographs.

2.3. Addressing the Microchromosomes

In 2004, the first relatively complete genome sequence of the chicken (Gallus gallus)
and the complete definition of its karyotype were published at the same time [16,22]. To
identify each microchromosome separately, microchromosome paints were made from mi-
crodissected chromosome preparations. However, later efforts to sequence DNA from these
clones were technically challenging and ultimately unsuccessful. Additionally, the chro-
mosome paint probes developed by Masabanda et al. [22] have since degraded. Notably,
chromosomes 33-39, the smallest microchromosomes, had no corresponding sequences
in the genome assembly until recently. As of today, all chicken micro- and macrochromo-
somes have been assigned sequences and annotated because of the recent efforts of Huang
et al. [15], although there were still 172 scaffolds that needed to be assigned at the time of
writing. As mentioned at the end of Section 1, these authors also defined the term “dot
chromosomes”, singling out 10 specific pairs (chromosomes 16, 29, 30 to 32, 34 to 38) based
on their morphology and heterochromatic nature. Broadly, this term is taken to mean the
smallest of chromosomes (usually smaller than chromosome 28) and had been previously
termed “D group” chromosomes [22].

2.4. Selecting BACs by Bioinformatic Means to Map Evolution of the Microchromosomes

Whilst attempting to define the nature of microchromosomes in avian species by
comparison with the domestic chicken, a certain degree of success using a cross-species
BAC mapping approach was initially reported [27]. That is, BAC probes that worked
well using FISH in chicken experiments were applied to the metaphases of other species.
Success was, however, restricted to closely related species, achieving about a 70% success
rate when applying chicken BACs to the turkey (Meleagris gallopavo, Galliformes) similar to
an estimate [28] established using an OVERGO-BAC hybridization approach (for details,
see Sections 2.5 and 3.4). The success rate dropped to under 40% when tested on the duck
(Anas platyrhynchos, Anseriformes) [29,30]. This largely changed, however, with the method
of Damas et al. [31], who used BAC libraries from whole genome sequencing efforts and
chose a set of BACs that hybridized strongly to all bird microchromosomes and a number
of reptiles.
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Damas et al. [31] leveraged a bioinformatic approach to identify the unique genomic
features of certain BACs, making them suitable for hybridization across multiple species.
This dramatically improved hybridization rates between species as selection criteria were
based on the proportion of conserved sequences within the BACs. The final selection of in-
dividual BACs was based on the successful hybridization to five avian species’ metaphases
and their position on the reference species’ chromosomes, specifically targeting the most
distal regions of each microchromosome [31]. This strategy provided a reliable point of
reference for comparing species and tracking chromosomal rearrangements over time. As
Damas et al. [31] reported, this method expanded the scope of comparison from multi-
species chromosomal rearrangements within a specific order to comparisons across an
entire phylogenetic class, and in some cases, beyond that to other reptiles [32]. The outcome
was clear, discrete signals, much like those achieved for chicken metaphases, generated
for microchromosomes across each species (curiously, apart from two BACs associated
with chicken chromosome 25 when used on Passeriformes). Additionally, distinct signals
were generated for all macrochromosome BACs, although there were a few species-specific
exceptions [32-34].

This set of pan-species probes, specifically targeting microchromosomes (e.g.,
Figure 3C; but not dot chromosomes as sequences were not available at the time) allowed
for analyses at a greater resolution than previously possible. In the majority of studies,
two BACs were chosen from each of the chicken microchromosomes that were sequenced
(from chicken chromosome 10 to 28, not including 16), with dual FISH conducted on at
least 42 avian species to date to the best of our knowledge (reviewed in [13]). In all tested
species, regions homologous to Gallus gallus chromosomes 22, 24, 26, and 27 appeared to
have remained intact as discrete, solitary microchromosomes, showing no signs of fusion
(reviewed in [13]).

2.5. Other Species” BAC Libraries and OVERGO Hybridization Probes

The application of large-insert BAC libraries for species other than chicken also proved
useful for comparative genomic research in birds [35-37]. For example, a BAC library
for the zebra finch (Tueniopygia guttata, Passeriformes; a model passeriform species) with
around 16 x coverage was developed by the Arizona Genome Institute, while a library for
the emu was created with 13.5x coverage [38,39]. The development of large-insert physical
maps for additional avian genome assemblies, aligned with the chicken genome sequence,
provided valuable resources [40]. Such comparative maps also enhanced the analysis and
application of the latest versions of the chicken genome sequence assembly [15].

One more BAC library hybridization technique involved synthesizing some OVERGO
probes by the process of annealing two 22- or 24-base oligonucleotides that had an 8 bp over-
lap and then labeling them using radiolabeled nucleotides [41-43]. OVERGOs generated
from regions of high conservation of sequence can be employed to probe new genomes (i.e.,
those that have not been sequenced) by screening their BAC libraries [44]. Aligning BAC
contig maps of other birds against the chicken genomic sequence and creating interspecies
comparison maps are just a couple of applications of cross-species OVERGO hybridization.
Orthologous BACs from several mammals (including pigs, dogs, cats, cattle and primates)
and across vertebrate orders can be found using Universal OVERGO probes, or Uprobes,
as shown by the work of Thomas et al. [45]. Investigators can also leverage the database of
Uprobes (which is searchable) to achieve cross-species hybridization [46].

2.6. Insertions, Deletions and Duplications

Phylogenetic analyses are based on DNA sequences in other vertebrate classes, such as
mammals [47,48], including structural mapping studies [49,50]. The mapping of insertions,
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deletions and duplications [51,52] established novel pathways for understanding ordinal
and familial relationships, providing essential insights and hypotheses that can be tested.
A panoply of comparative genomic approaches, including continuous DNA sequence
analyses using large-insert genomic libraries [44,53,54], retroposon insertion and other
unique genomic changes identification [55,56], offer promising pathways for an integrated
understanding of genome evolution. Due to a more equitable representation of repetitive
elements in comparison to single-copy DNA elements when compared to mammals, avian
genomes present a suitable platform for evaluating these strategies [57]. Furthermore, the
genomes of species like the tuatara, American alligator, garter snake, anole lizard and
several turtles can serve as reptile outgroups for linking the evolution of avian species with
that of reptilian species [58].

2.7. Finally, a Complete Chromosome-Level Assembly

The latest T2T (telomere-to-telomere) chicken genome sequence generated chromosome-
scale contigs for all 38 autosomes as well as the Z and W. As little as 26 gaps remain on
the W chromosome, mostly found within relatively long stretches of satellite DNA or
within simple repeats [15]. Given the hitherto-undiscovered functions of several DNA
segments in numerous vertebrate genomes and the dot chromosomes, further comparative
research is needed to explore features of genome structure as represented by the karyotype
organization. Addressing such issues is now practicable by making use of the newest BAC,
fosmid and cosmid libraries [59], FISH, and other techniques to make comparative phys-
ical maps with greater coverage [60-64]. Larger sequencing datasets for comprehensive
genome analyses, such as conservation-focused studies of avian genomes, can be produced
as a result (e.g., [65-71]). Having a first T2T assembly in one model species has led to
T2T assemblies in others and, for instance, revealed that, in the zebra finch T2T genome,
non-canonical (non-B) DNA motifs, previously hidden in gaps [72,73], are both markedly
enriched on microchromosomes and regulate centromere function [74]. Indeed, the absence
of microchromosomal sequences and the consequent gaps in the genome assemblies are
now being filled in a series of studies [75-78].

2.8. Cytogenetics Without Chromosome Preparations

The introduction of novel techniques enabling chromosome-level genome assemblies
without the need for chromosome preparations is creating unique opportunities for bird
genomic research [79]. This progress is reflected in recent advances in both avian and
mammalian genome assemblies. Technologies such as long-read sequencing [80,81], optical
mapping [82], and others, including de novo PacBio long-read [83] and phased avian
genome assemblies [84-86], can enrich reference genomes originally assembled from short-
and intermediate-length reads [87-91]. Reads of long to intermediate length have revealed
considerable variation in the structure and number of major histocompatibility complex
(MHC) loci in avian species [92]. In addition, single-molecule long-read sequencing has
established the possible influence of post-transcriptional regulation, which may influence
the effects of gene dosage on chromosome Z [93]; optical mapping data have been useful in
improving genome assemblies [82,87,94], for instance in the common ostrich [95]. Recent
studies of birds have demonstrated that PacBio/single-molecule, real-time (SMRT) long
reads [96,97] can uncover evolutionary adaptation and divergence by unraveling the na-
ture of complex genome architectures. An example would be a study by Weissensteiner
et al. [98], who put together short- and PacBio long-read data to curate ~220,000 structural
variants in corvids, uncovering a ~2.25 kb terminal repeat (LTR) retrotransposon insertion
in the NDP gene (encoding the norrin cystine knot growth factor NDP) that, most likely,
contributes to premating isolation. In a similar vein, Lundberg et al. [99] used PacBio
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high-fidelity (HiFi) reads and optical mapping to assemble the genomes of willow war-
blers, finding three large inversions (0.4-13 Mb) associated with environmental gradients
and migratory behavior. Divergence times suggested that these inversions arose in sepa-
rate refugia and persisted thereafter through hybridization. Zhang et al. [100] assembled
eight chromosome-level duck genomes, identified structural variations that differentiate
domestic and wild ducks, and showed continuous female-biased gene flow during specia-
tion. These variants appear to affect candidate genes such as the growth hormone receptor
(GHR) and FER tyrosine kinase (FER), as well as a large number of LTR retrotransposons
reshaping genes, e.g., those encoding insulin-like growth factor 2 mRNA-binding protein 1
(IGF2BP1) and the melanocyte-inducing transcription factor (MITF) in domestication [100].
Collectively, these studies reinforce the notion that high-quality long-read assemblies and
genotyping can uncover hidden structural variation and gene flow, thereby providing
new insights into adaptive evolution and subsequent speciation of birds. In Figure 4, we
illustrate how genome assemblies have been used to detect inter- and intrachromosomal
rearrangements from the common ancestor (from [101]). This enables genomicists who are
not trained cytogeneticists to interpret chromosomal data using only digital assemblies.
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Figure 4. Summary visualization of rearrangements of avian ancestral (AVI) chromosomes in chromo-
somes of reconstructed ancestors, extant descendants and outgroup species based on whole genome
assemblies. Solid red-brown squares indicate avian chromosomes that were maintained as a single
synteny block (either as a single chromosome or attached to another AVI chromosome), with shades
of the color indicating the fraction of the chromosome affected by intrachromosomal rearrangements
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(lightest shade is most affected). Split blocks indicate which avian chromosomes were impacted
by interchromosomal rearrangements. The percentage of the chromosome affected by extra intra-
chromosomal rearrangements is represented by upper triangles, whereas the fraction affected by
interchromosomal modifications is represented by lower triangles. Acronyms for names of recon-
structed ancestors correspond to the following: NEO, Neognathae; NEA, Neoaves; TAG, Telluraves
and Aequornithia and Gruae; TAE, Telluraves and Aequornithia; TEL, Telluraves; EUF, Eufalconimor-
phae; PSI, Psittacopasserae; PAE, Passeriformes; PAR, Passeri; PPA, Passeroidea and Paroidea; PAO,
Passeroidea; ETE, Estrildidae and Thraupidae and Fringillidae. Reprinted from Damas et al. [101].

2.9. Avian Sex Chromosomes

Different to mammals, birds carry a conserved ZW sex-determination system, where
females are heterogametic (ZW) and males homogametic (ZZ) [11,12,23,102,103]. In all
avian species apart from Palaeognathae, the sex chromosomes differ in size and morphol-
ogy; the W chromosome is mostly heterochromatic, gene-poor, and noticeably smaller than
the Z [104]. However, there are exceptions noted in Schartl et al. [105], who summarized
that the W chromosome is heterochromatic and comparable in size to (in ostrich, emu,
black-winged kite (Elanus caeruleus, Accipitriformes), spectacled owl (Pulsatrix perspicillata,
Strigiformes), and common potoo (Nyctibius griseus, Nyctibiiformes)), or even larger than,
the Z chromosome (in crimson finch (Neochmia phaeton, Passeriformes) and Indian pond
heron (Ardeola grayii, Pelecaniformes)). In ratites, the W chromosome is very close to the
size of the Z, and is mostly homologous, with the exception of a tiny pericentric region in
emus [105].

It has been proposed that changes in chromatin conformation because of transposable
element (TE) accumulation represent an important primary step in the differentiation of
the ZW sex chromosomes [106]. Despite the differences in sizes, it is inferred that the
ZW system existed before the divergence of Palacognathae and Neognathae, with the
differentiation between the two chromosomes occurring later in evolutionary time [107].
Even though the ZW system, on the face of it, appears to be similar to the XY system
in mammals, the XX/XY (mammal) and ZZ/ZW (bird) systems have no homology and
therefore arise from entirely separate origins [108]. The avian Z chromosome has homology
with the chromosomes 5, 9, and 18 in humans; on the other hand, the human X chromosome
has homology with a part of the long arm (or q arm) of chromosome 1 in chicken, as well
as a 20 Mb part of the short arm (or p arm) of chromosome 4 in chicken (which is a small
chromosome in other avian species’ karyotypes) [13].

The sex-determining locus in avian species is not that for sex-determining region Y
(SRY), as appears in mammals (the homolog of SRY is, in fact, found on chromosome 4
in chicken). Instead, the gene for “doublesex and mab-3-related transcription factor 1”
(DMRT1), found on chromosome Z, is thought to play a crucial role in sex determination
by way of a dosage-dependent mechanism. Male sex determination needs two copies of
this gene, as it is found in ZZ males, and DMRT1 is also a key gene for testis development.
There remains substantial debate with regard to the mechanisms of sex determination
in birds, with several candidates—including W-specific genes—that may affect ovarian
function. Progress in the Z chromosome assembly has been made using a BAC-based
approach, alongside ongoing efforts to enrich the W chromosome assembly [108-110].

2.10. Germline-Restricted Chromosomes (GRCs)

GRCs are supernumerary chromosomes (resembling B chromosomes) and are seen
only in the germ cells. They are notable for their variable presence (or indeed absence)
among species and for being somewhat dispensable. Although B chromosomes are often
noted in plants, animals and fungi, they are not reported in birds. In contrast, GRCs have
been seen in all songbirds thus far described, suggesting an ancient, conserved presence

https://doi.org/10.3390/encyclopedia6060130


https://doi.org/10.3390/encyclopedia6060130

Encyclopedia 2026, 6, 130

11 of 29

that arose about 50 MYA. Despite this, GRCs are highly variable in size and gene content
between species [111,112]. In molecular biological terms, they are very dynamic with
few similarities compared to autosomes and sex chromosomes [113-115]. They are both
DNA-repeat-rich and gene-poor, perhaps more like the W chromosome than any other in
the karyotype [116,117]. Their variability and evolutionary instability, however, exceeds
even that of the W [79,118]. Such peculiar characteristics and possible roles in genome
plasticity, as well as germline-soma differentiation, add to the overall picture of avian
chromosome evolution.

2.11. Lampbrush Chromosomes

Lampbrush chromosomes are meiotic bivalents that are far larger than regular
metaphase chromosomes. They have been an outstanding model system for the study of
chromatin organization and RNA synthesis for more than a hundred years [119]. Their
highly decondensed nature means that small evolutionary rearrangements and gene order
can be studied at high resolution using chromosome painting and/or BAC mapping. One
example is that of neocentromere formation on the Japanese quail (Coturnix japonica, Galli-
formes) chromosome 4, which was detected using BAC-FISH mapping of chicken and quail
lampbrush chromosomes [120]. The findings were that the centromeres of chicken and
quail chromosomes 4 apparently formed independently to one another after centric fusion
of the ancestral chromosome 4 with a large microchromosome. Combining immunolabeling
with antibodies raised against subunits of cohesin, Krasikova et al. [121] demonstrated
that cohesin-enriched structures, akin to centromeric protein bodies, are characteristic of
lampbrush chromosomes in chicken and quail. Up to the present, lampbrush chromosomes
are being used in the study of the role of transcription in genome organization of birds and
other vertebrates [119].

3. Comparative Cytogenomic Analysis of Birds

The chicken genome sequence (and, to some degree, that of the zebra finch) serves as
a reference for comparative mapping, compensating for the limited genetic and genomic
knowledge available for many other bird species [122]. The relevance of chickens in
the fields of developmental biology and agriculture, and of zebra finch in the fields of
developmental biology and neuroscience, ensures that these fundamental reference species’
genomes continue to be well described in functional and molecular terminology [123,124].
These references facilitate addressing broader biological questions pertaining to avian
genomes (and that of vertebrate genomes generally) more effectively [125]. Although
significant progress has been made in this regard, it is still relatively underdeveloped
compared to advancements in mammalian cytogenomics [48,126,127].

3.1. Fast and Slow

Although bird karyotypes evolve at slower rates compared to mammals, which exhibit
more extreme chromosomal rearrangements [12,13,58,128-132], there are varying rates of
change amongst phylogenetic groups. For example, passerine birds, being the most recently
evolved avian order, display a greater rate of karyotypic evolution at the intrachromosomal
(but not the interchromosomal) level and, at the same time, show a heightened speciation
rate [131,133,134].

Early comparative genomics of avian karyotypes using classic banding techniques
or FISH (see Section 2.1 above) indicated that bigger microchromosomes can, rarely, fuse
by Robertsonian translocation [135] to form bi-armed macrochromosomes [11,12,23]. Cen-
tromeric locations can change from telocentric to bi-armed as a result of microchromosomes
translocating preferentially to telocentric macrochromosomes (reviewed in [58]).
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3.2. The Case of Chromosome 4

Through comparative cytogenetics, including G-banding and Zoo-FISH (using BAC
clones and chromosome painting), it has been established that chicken chromosome 4
came into being as a fusion between ancestral chromosome 4 and a smaller chromosome
in various bird species [12,25,136-139]. In guinea fowl (Numida meleagris, Galliformes),
chromosome 4 arose as result of a centric fusion between chromosome 9 and the long
(q) arm of the chicken chromosome 4 homolog [140]. This fusion involving the ancestral
avian chromosome 4 is particularly significant, as the q arm of chicken chromosome 4
shows strong conservation to chromosome 4 in humans, indicating its presence in a com-
mon ancestor and suggesting about 310 million years of genomic stability [127,141,142].
Chromosome painting investigations (Zoo-FISH) revealed that several other avian species,
such as the chicken, also demonstrate a fusion of the ancestral avian chromosomes 4 and
10, suggesting instances of possible homoplasy (convergence) [12]. In most other species
examined, including all Palaeognathae species studied so far, the two chromosomes ap-
pear separate [13,143]. Furthermore, the short arm of chromosome 4 is homologous to
an ancestral small chromosome, with Zoo-FISH data revealing interstitial telomeric sig-
nals adjacent to the centromere [12,23]. This ancestral region seems to have retained the
characteristic microchromosomal traits of high recombination rate and density of genes.
The recurring pattern of this rearrangement across various species might represent an
instance of homoplasy, resulting from multiple independent fusions, or it could serve as an
intriguing example of hemiplasy [13]. In Figure 1, the instances where convergence fusion
of chromosome 4 with a microchromosome has been observed are denoted.

Gallus gallus chromosome-specific paints derived from chromosomes 1-9 and Z hy-
bridized to metaphases of other Galliformes and Anseriformes revealed no further in-
terchromosomal rearrangements [120,136,140,144]. Comparative mapping (by FISH) of
selected chicken BAC clones also hybridized to chromosomes 1-8 and Z provided strong
evidence for conservation between the sequences in the genomes of chicken, quail, turkey,
and duck [29,145-147], representing very little change in two very early avian lineages
(Galliformes and Anseriformes) that diverged nearly 90 MYA [137].

3.3. Rare Fusions of Microchromosomes in Selected Groups

The diploid (211) chromosome counts in selected groups of birds, such as Ciconiiformes,
Psittaciformes and Falconiformes, are lower [148-150] in stark contrast to the standard avian
karyotype. Among these, the order Falconiformes (encompassing falcons and caracaras)
has been particularly well studied [34,151]. Intensive cytogenetic analyses suggest that
they possess the least typical chromosomal organization of all birds, characterized by an
extremely low number of microchromosomes (typically one to six pairs). In contrast to
most other birds therefore, the evolutionary rearrangements in Falconiformes favor the
evolution of macrochromosomes rather than microchromosomes [13,15,132,151,152].

To enhance our understanding of significant genomic reorganizations in other birds of
prey, de Oliveira et al. [153] focused on the harpy eagle (Harpia harpyja, Accipitriformes).
Their study using chromosome painting revealed that this species lacks a clear distinction
between micro- and macrochromosomes, with no apparent preference or restriction re-
garding this organization. Nanda et al. [152] applied chicken macrochromosome paints to
metaphase preparations of three Old World vultures, which belong to different evolutionary
clades within the Accipitridae family, to assess chromosomal conservation among these
species. Their analysis uncovered extensive reshuffling of macrochromosomes among Old
World vultures, a pattern that starkly differs from that observed in eagles.
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3.4. A Classical Comparison Example: Chicken vs. Turkey vs. Zebra Finch

At a molecular, as well as the aforementioned cytogenetic, level, bird genomes are
believed to have evolved at a slower pace compared to, e.g., mammals, making them
suitable for successful cross-species hybridization using chromosome paints, BAC-based
FISH, and OVERGO-based BAC library screenings [28,36,143,154,155]. One such classical
example of avian comparative cytogenomic studies includes chicken, turkey and zebra
finch that were the very first three bird species for which whole genome sequences were
generated [16,156,157].

Chromosome painting investigations (chicken chromosomes 1-9 + Z) uncovered
widespread homology between all three species, with the only difference being the afore-
mentioned chromosome 4 scenario. The thorough comparative genomics of chicken and
zebra finch [158] was made possible by the isolation of zebra finch BACs homologous
to those in chicken and bioinformatic techniques (GenAlyzer tool [159]). Skinner and
Griffin [134] employed bioinformatic strategies to map evolutionary cytogenomic differ-
ences between these three birds and provided an initial indication of the relative rate of
intrachromosomal change in Passeriformes compared to other groups.

Preliminary studies on these species conducted by Romanov and Dodgson [28,160]
included cross-species hybridizations making use of OVERGO probes derived from zebra
finch Expressed Sequence Tags (ESTs) as well as chicken genomic data to interrogate BAC
libraries of both zebra finch and turkey. As was anticipated, the success of hybridization was
significantly greater for chicken—turkey experiments compared to zebra finch combined
with either of the other two, especially for OVERGOs found within coding sequences
as opposed to within introns, flanking sequences or untranslated regions. This made
the “one sequence, multiple genomes” approach easier. An extensive set of orthologous
data points that correspond to BACs connected to the genes of chickens, turkeys, and
zebra finches via interspecies hybridization was made accessible online [28,43]. Moreover,
the success rates of comparative genomics by physical mapping alongside other avian
genomes using pan-species OVERGO-BAC hybridization fit well with their divergence
during evolution [28,36,40,161].

3.5. Emu, Ostrich and One Extinct Species

The emu is a palaeognathous ratite bird, and the only extant member of the Dromaiini
tribe that, alongside cassowaries, falls under the order Casuariiformes [58,162]. Emus and
cassowaries share a common ancestor from the Pliocene epoch (5-10 MYA) [58,162]. Found
in open woodlands and semi-arid regions of Australia and Tasmania, emus have been
successfully bred in captivity primarily for their meat since the 1970s, contributing to a
national flock that exceeded 30,000 birds by 1994. Their popularity is increasing due to
markets for their meat, feathers, oil and hide [163]. The ostrich—the world’s largest bird
and the only extant representative of the family Struthionidae—attracts much genomic
interest largely because of funding derived from its agricultural value as a source of meat.
Both the emu and the ostrich’s karyotype consist of 21 = 80 chromosomes. Some of the
very earliest work involving Zoo-FISH was performed on these species [25,164].

The emu has a high-quality draft genome assembly complemented by extensive
long-read sequencing data [165] and has one of the most completely assembled genomes
among the ratites [166]. Liu et al. [165] established that the centromeres of the small
emu microchromosomes (which are gene-rich) cluster at the nuclear center, away from
the macrochromosomes, which are located at the periphery and show several interchro-
mosomal connections between housekeeping genes. Unlike non-ratite birds, regions of
chromosome W of the emu have diverged between the sexes and lost homologous recombi-
nation in less than one-third of its length. WSO, a highly heterochromatic region, and WS1,
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a more recently formed area with only slight sequence divergence from the Z chromosome,
make up the two portions of the W chromosome. Heterochromatin from WS0 appears to
have enlarged its inactive chromatin compartment, enhanced chromatin contacts inside
WS1, and decreased interactions with adjacent regions. These observations have led to
suggestions that chromatin conformation changes play a key role early in the evolution
of sex chromosomes [165]. Moreover, use of Hi-C technology (e.g., [167]) has revealed
high-order chromatin folding as a primary driver of gene co-regulation across the avian
tree of life. Specifically, condensin II has been discovered to be a determinant of architecture
type [168], and three-dimensional remodeling of the avian germ line has a significant role
in modulating evolutionary plasticity [169].

Similarly, the ostrich has a well-described genome assembly supplemented by optical
mapping studies [95]. The genome size is comparatively large (~1.25 Gb) consistent with
other ratite birds studied. The similarity in overall karyotype/genome organization of
chicken, turkey, zebra finch, ostrich and emu provided strong evidence that they all had
a genome organization that resembled an avian protokaryotype, from which all others
were derived.

Emu and ostrich are both examples of ratite birds from the Palaeognathae. While most
of our conclusions about ancient DNA are based on extrapolations, at least one species,
the little bush moa (ratite paleognath Anomalopteryx didiformis, Dinornithiformes), has
had a partial genome sequence assembly performed [170]. Successful reconstructions of
ancient DNA largely depend on the age of the specimen and the conditions in which it
was preserved.

3.6. Cytogenomics of the California Condor

The California condor is an endangered bird species historically classified within
the order Ciconiiformes (storks), specifically in the family Cathartidae, which includes
New World vultures [171]. It was one of the first New World birds in which detailed
cytogenomic studies were performed [40,67,138]. The classification of cathartids has been
contentious, as earlier studies placed this group alongside Old World vultures in the
order Falconiformes [172]. A preliminary investigation utilizing 5000 bp sequences from
five nuclear genes and innovative phylogenetic methods proposed elevating New World
vultures to a distinct order that is more closely related to Falconiformes than to a clade
comprising storks and related birds [173]. Currently, Cathartidae is well established as the
singular family within the separate order Cathartiformes [1,174]. California condors are
among the largest flying birds in North America, with wingspans reaching 9-10 feet. They
played a vital ecological role across a broad range that included the western and southern
USA and Mexico, acting as nature’s scavengers. These birds can cover 150 miles per day in
search of carrion, achieve speeds of up to 55 mph, soar to heights of 15,000 ft, and can last
several days without food [40,65,175].

To advance the genomic analysis of this endangered species and leverage develop-
ments in chicken genomics, a comprehensive cytogenetic study by Raudsepp et al. [138]
identified a total diploid chromosome number of 21 = 80 (potentially with an extra pair
of microchromosomes). Identifying similarities to the ancestral avian karyotype, these
studies provided insights into the locations of nucleolar organizing regions, telomeres and
centromeres [138]. A comparative map comparing condor and chicken macrochromosomes
was also constructed using individual chicken chromosome-specific paints for chicken
chromosomes 1-9 + ZW on condor chromosome spreads. Each chicken macrochromosome,
except for chromosomes 4 and Z, corresponded to a single condor macrochromosome.
Notably, the chromosome 4 paint revealed homology with two California condor chromo-
somes, 4 and 9, further supporting the notion that these latter chromosomes are ancestral
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to avian species and chicken chromosome 4 is a rare fusion. The Z chromosome paint hy-
bridized to both sex chromosomes (Z and W) in the condor, indicating that the condor’s sex
chromosomes are not fully differentiated compared to those in other non-ratite birds [138].

A large-insert BAC library of the California condor was developed at the BACPAC
Center [40], yielding ~14x coverage of this bird’s genome. Making use of this library,
a first-generation comparative physical map between this species and the chicken was
established via an OVERGO hybridization approach [40]. This comparison indicated a
high degree of synteny conserved between the two birds” genomes, as demonstrated by
aligning specific condor BAC sequences with their chicken orthologs. Subsequently, the
BAC-based comparative map of chicken and condor was updated, containing 192 loci that
were anchored to California condor BACs that were derived from the sequences of several
bird species, including (as well as chicken and condor) zebra finch and other New World
vultures [65]. This effort also facilitated the identification and characterization of candidate
loci associated with a chondrodystrophy mutation in California condors, furthering the
genetic management of this condition [64,66,71]. Among ~200 genes identified in the condor
BAC library, numerous functional candidate genes that are involved in the development
of cartilage and bone were located, including aggrecan 1 (AGCI). This gene has been
demonstrated to contribute to skeletal dysplasia in a number of model birds (chicken,
turkey, Japanese quail) and mammals (mouse and human) [176,177].

Subsequently, to assess the applicability of the condor BAC library for cross-species
hybridization and to develop the California condor cytogenetic map, a FISH study was
conducted using ~70 BACs from both California condor and chicken [154]. Most of the
BACs mapped to condor chromosomes were homologous to corresponding chicken genes
and chromosomes, confirming a substantial degree of conserved synteny between the
two genomes. An intrachromosomal rearrangement was detected on chromosome 4, along
with additional rearrangements identified on the Z chromosome. In some instances, a clone
corresponding to a Z-linked gene was found mapped to an autosome [154]. Further FISH
analyses are warranted in the California condor to verify these inter- and intrachromoso-
mal rearrangements.

Through the sequencing of clones from a California condor microsatellite-enriched
library [65], a total of 951 short genomic sequences were isolated, with approximately 30%
found to be homologous to avian sequences, including nearly all the chicken chromosomes
during in silico mapping. Many of these sequences encompassed microsatellites and other
repetitive elements, such as CR1, various long interspersed nuclear elements (LINEs),
retroviral LTRs and satellites that are recognized in chickens [65]. Interestingly, tandemly
repeated Haelll satellite DNA sequences, previously identified only in other New World
vultures [178], were also detected in the California condor. A first-generation genetic
linkage map for condors has been produced [171], and parentage analysis in condors using
the established polymorphic microsatellite loci identified two cases of parthenogenetic
reproduction [179]. Additionally, a total of 13 BACs homologous to human chromosome
number 7 and six chromosomes from chicken have been sequenced in collaboration with
the National Institutes of Health (NIH). This resulted in a comparative physical map for a
region corresponding to human chromosome 7 that is accessible online through the NIH
database [65].

In partnership with the Washington University Genome Sequencing Center,
~440,000 cDNA sequences were isolated from a Californian condor fibroblast cell line
using cutting-edge 454 technology and subsequently deposited in the National Center for
Biotechnology Information (NCBI) Trace Archive. These data provided an initial glimpse
into the condor transcriptome, facilitating future research in California condor genomics
and comparative avian genomics [65]. Ultimately, a high-quality, chromosome-length
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assembly of the California condor genome was produced, and its genome-wide diversity
was explored [67,180,181]. Comparative genomic experiments were also carried out on the
genomes of two closely related species—the turkey vulture (Cathartes aura, Accipitriformes)
and the Andean condor (Vultur gryphus, Accipitriformes). Evidence of historical population
declines was found in the genomes of all three species. Remarkably, the California condor’s
genome retains a significant amount of diversity, reflecting its historically higher population
numbers. Additionally, a history of purifying selection against linked deleterious alleles
was suggested by correlations between genome-wide diversity and recombination rates,
indicating promising prospects for future conservation efforts [180].

3.7. Bald Eagle

This iconic North American bird of prey (Haliaeetus leucocephalus, Accipitriformes),
known as the national bird of the United States, belongs to the family Accipitridae and
the order Accipitriformes [182,183]. While the bald eagle is classified as threatened in
southern Canada and much of the USA, it remains abundant in its northern habitats,
particularly Alaska [184]. Its karyotype comprises 2n = 66 chromosomes, including as
little as four pairs of microchromosomes, with tiny satellites present on the fourth largest
chromosomal pair [185]. The genomic data for the bald eagle were generated as part
of the Avian Phylogenomic Project [186], yielding 1.26 Gb of high-quality sequencing
scaffolds with a contig and scaffold N50 of 10 Kb and 670 Kb, respectively. The analysis
identified a total of 16,526 protein-coding genes with an average length of 19 Kb [187].
Judkins et al. [188] generated data through restriction-site-associated DNA (RAD)-tag and
low-coverage resequencing of the whole genome. These were mapped to the bald eagle
reference genome [187] to create a 50K single-nucleotide polymorphism (SNP) array that
helped reveal the genetic structure of bald eagles [188].

3.8. Falconiformes

In Falconiformes (falcons and relatives), significant rearrangements have occurred,
with the regions homologous to microchromosomes 10, 12, 13, 14, 15, 17, 18, 19, 20, 21, 23,
and 28 in chicken fused to regions of chicken macrochromosomes in gyr, saker and peregrine
falcons (Falco rustcolus, F. cherrug and F. peregrinus, respectively) [34,151]. Lineage-specific
rearrangements were evident, as there was no indication of rearrangements for homologs
of chicken chromosomes 15, 18, 19, 23, and 28 in any of the other tested (non-falcon-related)
species. Notably, chromosomes 15, 18, and 19 have merged into a single chromosome
comparable to chicken homolog 4 in all falcon species examined. Chromosomes 23 and 28
have also fused to the homolog of chicken chromosome 2, which appears to have split into
two chromosomes at some point, either before or after their fusion. All falcon species tested
(peregrine, gyr and saker) displayed the same rearrangement pattern, with the exception
of peregrine chromosome 1, which showed a centric fusion [34]. This suggests that any
lineage-specific rearrangements quickly became established within the population with
minimal interchromosomal rearrangement since then. Moreover, there seems to be no
interchromosomal rearrangement between each pair of tested BACs, indicating that these
DNA regions are highly conserved and resistant to breakage [34].

3.9. Indian Roller

This bird (Coracias benghalensis), found across tropical southern Asia from Iraq to
Thailand, belongs to the Coraciidae family in the order Coraciiformes [189]. Although
it occasionally travels, it is not migratory. Its karyotype has distinct characteristics, fea-
turing a diploid number of approximately 2n = 88, with as little as two pairs of large
macrochromosomes, a medium-sized Z chromosome, plus a small W chromosome; all
other chromosomes are microchromosomes or dot chromosomes [190]. The species was
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included in a study with the aim of examining the evolutionary relationships between
16 Coraciidae birds through genomic sequences generated from a total of 15 nuclear genes
and their total mitochondrial genomes [189]. The subspecies C. benghalensis affinis from
Southeast Asia is clustered with the purple-winged roller (C. temminickii) from Sulawesi,
and forms a sister group with C. benghalensis benghalensis from India and Western Asia.
More recently, the genome sequencing of the Indian roller was published, but further public
data has not yet been released at the time of writing [191].

3.10. Psittaciformes

Within Psittaciformes, four species have been studied using microchromosome
BAC probes: the kakariki (Cyanoramphus novaezelandiae), the cockatiel (Nymphicus hol-
landicus), the budgerigar (Melopsittacus undulatus), and the monk parakeet (Myiopsitta
monachus) [33,34,150,192]. While these initial physical mappings suggested an absence of
sex chromosome rearrangements [150], recent chromosome-level genome assemblies have
refined this understanding. It is now evident that a fusion between microchromosome 11
and the ancestral Z chromosome occurred in the common ancestor of parrots, creating a
neo-sex chromosome system shared across the order [193]. Moreover, in the monk parakeet,
a second fusion event involving microchromosome 25 was identified. Although this rear-
rangement was previously interpreted as an autosomal fusion involving chromosome 4,
genomic data confirmed its integration into the neo-Z chromosome. These successive
fusions, along with extensive macro- and microchromosome reshuffling, have resulted in
the reduced diploid number of 21 = 48 observed in this species [150,193].

3.11. Pelecaniformes

Molecular cytogenetics in this order remains limited, although recent investigations
using chromosome painting strategies with chicken and/or Eurasian stone curlew (Burhi-
nus oedicnemus) paints have demonstrated that the karyotype of Pelecaniformes is re-
organized [148]. Chromosome painting using stone curlew data in three Pelecaniformes
species—Ardea cinerea (grey heron), Egretta garzetta (little egret), and Nipponia nippon (crested
ibis)—established that individual lineages within Pelecaniformes display distinct chromoso-
mal rearrangements [148,194]. The primary changes observed were fusion events involving
both the macro- and microchromosomes [148]. For instance, in the whistling heron (Syrigma
sibilatrix), the chicken paints from chromosomes 8, 9, and 10 hybridized to the long (q)
arms of bi-armed macrochromosomes, indicating fusions with microchromosomes. While
B. oedicnemus and chicken microchromosome paints do not facilitate identification of the
specific microchromosomes involved in these fusion events, these findings nonetheless sug-
gest that such fusions are common among Pelecaniformes (reviewed in [13]). Furthermore,
in N. nippon, it has been specifically identified that microchromosome 22 has fused to the W
and Z sex chromosomes, originating a neo-Z and neo-W system [195].

3.12. Ciconiiformes

Most studies on the chromosome organization of storks (Ciconiiformes) have primarily
utilized conventional staining methods [196,197]. Notwithstanding, an interesting variation
in diploid chromosome numbers has been noted, ranging from 2n = 52 to 78. Given that
many species exhibit similar macrochromosomes, some researchers suggest that karyotype
evolution mainly results from fusions involving microchromosomes, a hypothesis later
supported by chromosome painting. However, the specific microchromosomes involved in
these rearrangements have not yet been identified, indicating a need for further research
(reviewed in [13]).
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3.13. Caprimulgiformes, Cuculiformes, Suliformes, Sphenisciformes, and Passeriformes

Most Passeriformes and Caprimulgiformes species display the typical avian kary-
otype [14], as demonstrated through microchromosomal BAC FISH analysis, with only
one species, yellow-olive flatbill (Tolmomyias sulphurescens, 2n = 60, Rhynchocyclidae,
Passeriformes), out of seven studied exhibiting microchromosomal fusions [198]. This low
diploid number likely pertains specifically to the Rhynchocyclidae family, while remaining
conserved in other passeriform species (reviewed in [13]).

4. Sex Chromosomal Changes

As mentioned in Section 2.9, the avian genome and its associated karyotype is charac-
terized by a ZZ/ZW system. For most birds, apart from the ratites, the sex chromosomes are
distinguishable from one another in females. Recent Zoo-FISH studies have, however, re-
vealed unexpected degree of dynamism in bird sex chromosomes, challenging previous no-
tions of their stability [193,199,200]. That is, although the Z chromosome was thought to be
relatively stable evolutionarily [201], recent work [193,199,200,202] is uncovering high rates
of intrachromosomal rearrangement in certain species. The first multiple sex-chromosome
system in birds was discovered in the Adélie penguin (Pygoscelis adeliae, Sphenisciformes),
where males exhibit 21 = 96 and females 2n = 95. This system originated from a fusion
between a microchromosome and the W chromosome in the species” ancestor [203]. This
multiple sex-chromosome system can be defined as follows: °2172,7,7, /97,72, W [203].
Additionally, genomic investigations uncovered instances of independent fusion events
between autosomes and sex chromosomes in Sylvioidea species [204]. Neo-sex chromo-
somes have also been detected in parrots [193], with similar discoveries reported in certain
cuckoo species [199,200]. These findings collectively underscore a previously unidentified
dynamism and diversity pertaining to avian sex chromosomes.

Subsequently, within Suliformes, the genus Sula (boobies) was also described as having
a multiple sex-chromosome system; males exhibit 2n = 76 (Z1Z1Z,7Z;), while females show
2n =75 (Z1Z,W). This system similarly arose from an uncharacterized microchromosome-W
fusion in the ancestor of extant Sula species [205]. Within Cuculiformes, the smooth-billed
ani (Crotophaga ani) is the only species studied to date using BAC-FISH. This analysis
revealed extensive chromosomal reorganization involving both macro- and microchromo-
somes, including a fusion between the ancestral chicken chromosome 17 (GGA17) and the
Z chromosome [200]. Further testing in the guira cuckoo (Guira guira) confirmed that this
GGA17-Z fusion is also present in that species [199].

Autosome-to-Z chromosome Robertsonian translocations remain rare in birds, having
been observed primarily in Sylvioidea species (Passeriformes) involving chromosomes 3,
4, 4a and 5 [204]. Similar rearrangements occur within the Meliphagidae family (Passeri-
formes), specifically in the blue-faced honeyeater (Entomyzon cyanotis), sooty myzomela
(Myzomela tristrami), and cardinal myzomela (M. cardinalis), where the Z chromosome has
fused with chromosome 5 [206,207]. Additionally, these translocations have been identified
in selected parrot species through genome sequencing, as synthesized in recent reviews
(e.g., [13]). Instances of sex chromosomes being fused to autosomes (and hence forming
neo-sex chromosomes) are illustrated on the right-hand side of Figure 1.

5. Conclusions

Overall, the typical avian karyotype, by and large as epitomized by the chicken, is a
mode of genome organization laid down before the emergence of the dinosaurs (245 MYA)
and persisting to the present day [208]. When the first chromosome preparations of birds
were made, a reasonable assumption would have been that the high diploid number
and preponderance of microchromosomes underpinned a rapidly changing and highly
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dynamic environment. In fact, the opposite proved to be the case: karyotypes were quite
similar to one another. More detailed chromosome painting experiments (Zoo-FISH)
similarly revealed very few interchromosomal rearrangements, and even fewer changes
were observed in the microchromosomes when cross-species BACs were employed. In
fact, the more we looked, the more we found similarities than differences—a situation
in stark contrast to that of studying mammals, where interspecific chromosomal changes
were commonplace. In a moment of rare fortuity, it turned out that the species that had
been the most studied—chicken (popular because of its relevance to food production
and developmental biology, amongst other things)—had the karyotype most like that
of the avian ancestor. Rare, derived changes such as the fusion of chromosome 4 to a
microchromosome did not detract from the fact that chicken could be used as a genomic
model of all birds. Contrast this to the situation in mammals, where the most studied non-
human mammalian model in genetics, the mouse, had an inordinate number of genomic
rearrangements compared to other species. In the background of very little chromosomal
change therefore, it could be argued that, when changes do occur, they are more likely to
be biologically meaningful. Through the study of bird karyotype evolution, therefore, we
might gain a greater insight into the functional reasons for chromosomal change.
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Abbreviations

The following abbreviations are used in this manuscript:

2n chromosome diploid number

AGC1 aggrecan 1

BAC bacterial artificial chromosome

DMRT1 doublesex and mab-3-related transcription factor 1

FER FER tyrosine kinase
FISH fluorescence (or fluorescent) in situ hybridization
Gb gigabase (1 billion (10”) base pairs)

GGA1l chicken (Gallus gallus) chromosome 1

GGA17  chicken (Gallus gallus) chromosome 17

GGA20 chicken (Gallus gallus) chromosome 20

GGA26 chicken (Gallus gallus) chromosome 26

GHR growth hormone receptor

HiFi single-molecule, high-fidelity sequencing

IGF2BP1  insulin-like growth factor 2 mRNA binding protein 1
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K-Pg Cretaceous—Paleogene boundary

LAL20 white hawk (Leucopternis albicollis) chromosome 20

LTR long terminal repeat retrotransposon

Mb megabase (1 million (10°) base pairs)

MITF melanocyte-inducing transcription factor

MYA million years ago

NDP norrin cystine knot growth factor NDP

RAD restriction-site-associated DNA

SMRT single-molecule, real-time sequencing

SNP single-nucleotide polymorphism

SRY sex-determining region Y

TEs transposable elements

XX homogametic females in mammals

XY mammalian sex chromosome system, also heterogametic males in mammals
W avian sex chromosome system, also heterogametic females in birds
77 homogametic males in birds
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