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Abstract: In the last few decades, there have been great efforts to reconstruct the phylogeny of
Neoaves based mainly on DNA sequencing. Despite the importance of karyotype data in phylogenetic
studies, especially with the advent of fluorescence in situ hybridization (FISH) techniques using
different types of probes, the use of chromosomal data to clarify phylogenetic proposals is still
minimal. Additionally, comparative chromosome painting in birds is restricted to a few orders,
while in mammals, for example, virtually all orders have already been analyzed using this method.
Most reports are based on comparisons using Gallus gallus probes, and only a small number of species
have been analyzed with more informative sets of probes, such as those from Leucopternis albicollis and
Gyps fulvus, which show ancestral macrochromosomes rearranged in alternative patterns. Despite
this, it is appropriate to review the available cytogenetic information and possible phylogenetic
conclusions. In this report, the authors gather both classical and molecular cytogenetic data and
describe some interesting and unique characteristics of karyotype evolution in birds.
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1. Avian Phylogenomics and Their Impact

With approximately 10,600 species, birds represent the class of Tetrapoda with the highest number
of species [1]. Modern birds (Neornithes) are divided traditionally in Palaeognathae (tinamous and
flightless ratites), Galloanseres (Galliformes (landfowl) and Anseriformes (waterfowl)), and Neoaves
(all other extant birds) [2]. In the last few decades, there have been great efforts to reconstruct
the phylogeny of birds using morphologic [3], nuclear DNA sequencing [2], and whole genome
sequence [4,5] data. Nevertheless, this task has proved to be a hard challenge, due to the rapid
adaptive radiation of birds, which has resulted in short internal nodes [2].

Birds are used as model organisms in many fields of biology, such as the evolution of the
brain, cognition, behavior, phylogenetic relationships, vocal learning, and sex determination [4,6-8].
In addition, some birds such as the Psittaciformes provided multiple services acting as genetic linkers,
seed facilitators for secondary dispersers, and plant protectors through their feeding activities and
therefore can be considered key mutualists with a pervasive impact on plant assemblages [9].
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2. Avian Genome: An Overview

Birds represent the second most specious group of Vertebrates and the most specious group of
Tetrapoda. Until recently, genome size was known in only 2% of avian species (the lowest proportion
among Vertebrates). Data show that the avian genome is extremely constant, with an average size
of 1.4 pg of DNA [10]. So far, the lowest and the highest content of DNA vary by only two fold:
1 pg in Amadina fasciata and 2.2 pg in Struthio camelus, while in mammals it ranges from 1.7 to 8.4 pg,
for example [10]. Gallus gallus has 1.2 pg equivalent to the 1.12 Gb calculated from the sum of
chromosome measurements in the G. gallus flow karyotype [11]. The small size of avian genome
results mainly from loss of repetitive sequences [12], deletion of large segments, and gene loss [13].
It is known that the intron size in chicken (G. gallus) is smaller than in humans [14].

Chicken microchromosomes constitute 23% of the female genome [15], are GC-rich [16], and have a
higher CpG content than the macrochromosomes [17]. Some authors suggest that the small amounts of
repetitive sequences in these tiny elements facilitate the pairing process and chiasma formation during
meiosis [18,19]. However, the reduction of repetitive sequences is also observed in macrochromosomes,
indicating that other selective factors are in action.

Other authors claim that because the smallest genomes are found in excellent flyers, while the
largest ones are found in birds that do not fly, this genome reduction may be an adaptative characteristic,
subject to the action of natural selection [20,21]. According to these authors, when analyzed from a
phylogenetic context, the high metabolic needs related to some aspects of avian physiology, including
flight, led to the diminution of introns and the genome as a whole [20]. However, this view is criticized,
because the evidence is insufficient to determine which came first, the ability to fly, or the decrease in
genome size [14,22]. Also, taxa other than birds have small genomes, including turtles and crocodiles
that have genome sizes and GC content similar to chicken [11].

Despite the need for better knowledge of the avian genome because of its economical and biological
importance, and its successful evolution, until recently only a few species have had their genomes
sequenced—chicken, turkey (Meleagris gallopavo), and the zebra finch (Taeniopygia guttata) [23-25],
together with a few others more recently [26,27]. However, sequencing of 48 different species reported
important information concerning avian genome organization, as well as aspects concerning their
origin, evolution, and phylogeny [4,13,28].

Consistent with previous reports on zebra finch and chicken, almost all avian species possess a
small amount of repetitive sequences (4-10% of the total genome). The only exception is a species of
woodpecker (Picoides pubescens), with transposons derived from a species-specific long interspersed
elements type chicken repeat 1 corresponding to 22% of the genome [13]. Apparently, this is a
consequence of the accumulation of repetitive sequences in sex chromosomes, as this species has a
large Z chromosome with more blocks of repetitive sequences than other birds. Indeed, the application
of microsatellite probes in three species of woodpeckers has shown that the Z chromosome is the
largest element in the karyotype due mostly to the accumulation of microsatellite sequences [29].

3. Karyotype Organization: Insights from Classical Cytogenetics

Despite these important alterations in repetitive sequences, avian genomes are highly conserved
in chromosome number and gene order [13,28]. Most species have high diploid numbers close to
80 and chromosomes divided into two types—macro and microchromosomes. Macrochromosomes
are the first five to ten largest pairs and are easily classified by their morphology. On the other hand,
microchromosomes are punctiform elements, virtually impossible to distinguish from each other.

Although this uniqueness is assumed for most birds, it is important to highlight that only a little
more than 12% of bird species have been characterized cytogenetically at least using conventional
staining. The most comprehensive overview to date is the classic work of Christidis [30] with
800 species, and there have been no more than a few hundred additions since then. Most of these studies,
especially the older ones, are incomplete, describing only the macrochromosomes and identifying
the sex chromosomes [31]. Birds have a conserved ZW chromosome system of sex determination, in
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most cases of which the W chromosome is much smaller than the Z. There are some exceptions, such
as the Palaeognathes, which have homomorphic sex chromosomes [32]. In addition, in two species,
the crimson finch, Neochmia phaeton (Passeriformes), and the paddy bird, Ardeola grayii (Pelecaniformes),
the W is larger than the Z chromosome [33,34].

The karyotypes of only a small percentage of birds have been studied by banding techniques.
However, G-banding is of poor quality in birds, and it is difficult to evaluate and understand
chromosomal rearrangements using this technique. Because of their small size, no G-banding patterns
are seen in the smallest macrochromosomes or in microchromosomes. Hence, other chromosomal
markers, based on the distribution of constitutive heterochomatin or on the sites of nucleolar
organization regions (NORs), have been important in studying evolutional relationships [35].

C-banding indicates that heterochromatic blocks are usually confined to centromeric regions
and are also found conspicuously in the W chromosome [36,37]. This scarcity of constitutive
heterochromatin may be related to the small amount of repetitive sequences, as discussed earlier.

Finally, the studies based on AgNOR staining, which reveal transcriptionally active nucleolar
organization regions, have shown that many species have only one NOR-bearering pair, usually a
microchromosome [32,38]. However, a number of species show more than one pair with NORs, such as
some birds of prey and Passerines [36,39,40]. As species of different groups, including basal ones
such as Ratites and Galloanserae (except Coturnix japonica, with three pairs) [41], show only one pair
of NOR-bearing microchromosomes, the occurrence of more than one pair must indicate a derived
characteristic, probably due to the duplication and transposition of ribosomal gene clusters.

4. Chromosomal Variation: Classical Cytogenetic Contributions

Most bird species have diploid numbers ranging from 74 to 86 chromosomes, most of which
are microchromosomes (Figure 1). However, there are some groups with interesting chromosomal
variations, not only in number, but also in chromosome morphology based on the centromere
position and due to pericentric inversions or centromere repositioning /neocentromere formation [42].
Extremes in diploid numbers are found in species such as Ceratogymna bucinator, with 2n = 40,
and Corythaixoides concolor, with 2n = 136-142 [30].
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Figure 1. Chromosomal diversity in birds: (A) the most typical formulae, with 2n close to 80, such as in
Vanellus chilensis (2n = 78); (B) an extreme high diploid number, such as Ramphastos tucanus (2n = 112),
an atypical low diploid numbers: (C) Myiopsitta monachus (2n = 48); and an example of bird of prey (D)
Spizaetus tyrannus (2n = 68). Scale bar: S5pm.

For instance, Palaeognathes have diploid numbers close to 80. Groups such as Tinamiformes [43]
and Strutioniformes [32] have similar karyotypes, some with small variations in chromosomal
morphology. Animportant feature to highlight in this group is the morphology of the sex chromosomes,
which are homomorphic in most species of Strutioniformes, except Rhea sp., which shows a slight
difference between the Z and W, the sixth largest pair in the species [44].

Conversely, birds of prey, currently including Falconiformes and Accipitriformes, have a variety
of rearranged karyotypes with species with diploid numbers close to 80, such as in Cathartidae,
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but also species with fewer chromosomes, or with only a few pairs of microchromosomes, as in
some hawks and eagles, and low diploid numbers, as in some falcons with 2n = 4042 [40,45-47].
Because of this, birds of prey have been the subject of many cytogenetic studies. Based on conventional
staining, the most usual explanation for the reduced number of microchromosomes was the occurrence
of fusions involving these elements [45], an idea that would be corrected only after the advent of
chromosome painting [40,48,49].

Between these two extremes, there are groups of birds that show that 2n = 80 may not be the rule.
Among Charadriiformes, with most species ranging from 2n = 78-82, genus Burrhinus includes species
with some of the lowest diploid numbers among birds: 2n = 42 [50] or, in Piciformes, with some species
of genus Ramphastus with diploid numbers of more than 100 [51].

Psittaciformes are an interesting order because of their variable karyotypes, which, although not
very different from 2n = 80, exhibit important differences in chromosomal morphology, which have
been used as criteria for phylogenetic proposals [52]. Recently, this group, which includes parrots,
macaws, parakeets, and alleys, has been shown to be of special interest. For example, the karyotype of
Muyiopsitta monachus, a South American species with 2n = 48, has the lowest diploid number among
Psittaciformes, and an exceptionally large W chromosome, due to the accumulation of microsatellite
sequences [53].

In summary, despite their usually conserved karyotypes, birds do show some interesting
chromosomal variability, both in diploid number and chromosomal morphology, although most
data are based only on macrochromosomes. Additionally, as we will discuss in the next section,
with the advent of molecular cytogenetics and DNA sequence data, the observed variation is an
underestimate of avian chromosomal reorganization, which is based mainly on intrachromosomal
rearrangements, such as pericentric and paracentric inversions [36,54,55].

5. Molecular Cytogenetics: Colorful Insights on Avian Cytogenetics

Comparative chromosome painting in Aves has helped to overcome the limitations of karyotype
analysis because of the poor quality of G-banding. So far, 77 species of birds have been analyzed
by chromosome painting in studies exploring evolutionary approaches such as chromosome
diversification mechanisms, differentiation of sex chromosomes, and chromosome homology.
In addition, different types of probes based on repetitive sequences have contributed to our
understanding of avian genome organisation.

However, it is important to emphasize that, despite the development of DNA markers that help
identify chicken microchromosomes [55-57], avian cytogenetics has not reached its full potential,
and most comparative data refer only to macrochromosomes.

6. Probes for Cross-Species Comparative Chromosome Painting

So far, chromosome painting sets of four different species have been used in Avian comparative
cytogenetics: G. gallus (GGA) (2n = 78), Burhinus oedicnemus (BOE) (2n = 40), Leucopternis albicollis (LAL)
(2n = 66), and Gyps fulvus (GFU) (2n = 66). Of these, most studies have used G. gallus probes, not only
for its economic importance and well-known genome, but also because this species has a chromosomal
organization similar to the putative avian ancestral karyotype, except for one rearrangement [31,56,58].

G. gallus probes have shown strong homology between macrochromosomes of many different
species, even in species phylogenetically distant. For each analyzed species, an average of two
different rearrangements was found, except for species with more derived karyotypes, such as birds of
prey [59-61]. For the latter, characterized by the small number of microchromosomes, at least 19 to 22
interchromosomal rearrangements per species have been described [40,61].

B. oedicnemus (Charadriiformes, Burrinidae) probes were described by Nie et al. [50] and applied
to eight species of six different orders [62,63]. Although B. oedicnemus probes do not add much
information on G. gallus macrochromosomes, because they are conserved in both species, the use
of B. oedicnemus paints indicates the involvement of some microchromosome pairs in evolutionary
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rearrangements. The results confirm that some ancestral pairs of microchromosomes fuse to form
metacentric chromosomes in B. oedicnemus while remaining as individual microchromosomes in most
Neognathes [62].

L. albicollis (Accipitriformes, Accipitridae) was the first bird of prey for which whole-chromosome
probes were produced, and these were described first in reciprocal cross-species painting with G. gallus
by de Oliveira et al. [49]. The most striking results show that although many fusions involving
microchromosomes contributed to the reduction of the diploid number to 2n = 66, the largest
ancestral macrochromosome pairs have undergone multiple fissions leading to 2 to 5 separate
pairs. This finding has made the set of L. albicollis probes especially useful for the detection of
intrachromosomal rearrangements, such as paracentric inversions, which cannot be identified by
G. gallus or B. oedcinemis probes. In fact, a series of intrachromosomal rearrangements were identified
in all species of Passeriformes analyzed with L. albicollis probes [36,37,64,65].

The most recent set of probes were developed from G. fulvus (Acciptriformes, Accipitridae) [63].
G. fulvus probes were used in Buteo buteo (2n = 68), G. gallus, Gyps himalayensis (3n = 66),
and B. oedcinemis, and the results, together with data from other reports, have been used in a cladistics
analysis of birds of prey.

7. Chromosome Painting and Avian Phylogeny

A sufficient number of species have been analyzed by chromosome painting in only a few orders to
allow firm phylogenetic proposals based on chromosomal events. It is noted that most species studied
showed similar chromosomal findings, with the exception of Accipitriformes and Falconiformes. Thus,
chromosomal rearrangements that were available for cladistic purposes are rare and mostly based on
fissions. Similar karyotypes based on homologies with G. gallus macrochromosomes were described in
species of Ratites, Galliformes, Anseriformes, and New World Vultures (Cathartidae) [47,48,58,66,67].
In Passeriformes, it was shown that all species studied shared a fission of GGA1 [36,37,59,60,64].
Because of this, a putative avian ancestral karyotype (PAK) was proposed in which the first 11
macrochromosome pairs corresponded to GGA1-GGA3, GGA4q, GGA5-GGA10, and GGA4p [31].

In 2005, the results of a comparative chromosome painting using G. gallus probes in the harpy eagle
were reported, showing that fission of some G. gallus macrochromosomes produced two to five separate
pairs [40]. Then, in 2010, a set of probes derived from an Accipitridae, L. albicollis, were described [49],
which revealed similar multiple fusions of L. albicollis in the G. gallus macrochromosomes. This showed
that LAL probes could be used as region-specific probes to identify intrachromosomal rearrangements
in the macrochromosomes of many other avian species. Firstly, they were applied to different species
of South American buteoninae, and this confirmed that the rearrangements observed by L. albicollis
probes constituted a cytogenetic signature for this group [68]. In Passeriformes, the probes allowed the
detection of a series of complex intrachromosomal rearrangements, both in Oscines and Suboscines,
confirming that these inversions had occurred early in the history of this group, before the split of
these two suborders [36,37,64,65,69]. Finally, different species of macaws (Psittaciformes) have been
analyzed by fluorescence in situ hybridization (FISH) experiments using both G. gallus and L. albicollis
probes, and the results allowed the authors to propose phylogenetic relationships and cytogenetic
signatures for this group [70].

8. Distribution of Telomeric Sequences

As the most distal structures of eukaryotic chromosomes, telomeres play a critical role in
maintaining their stability and function [71]. The use of telomeric sequence probes has revealed
that, sometimes, these sequences may be found in interstitial positions (ITS, Interstitial Telomere
Sequences) and are usually interpreted as the remnants of previous chromosomal fusions [71,72].

In birds, the use of telomeric sequences as probes produces terminal signals, with the
interesting finding that much brighter signals are observed in microchromosomes compared to
macrochromosomes [37,69]. Additionally, ITS have been seen in different groups of birds, especially
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in more basal groups. For instance, many ITS are observed in Palaeognathae, due to ancestral
fusions, and their gradual disappearance has been noted during the divergence of Palaeognathae and
Neognathae [71].

Another example of ITS on the long arm of chromosome 3 in Falco columbarius was critical for
the identification of an ancestral fusion [72]. However, many cases of tandem chromosome fusions
or centric fusions do not have the expected ITS, probably due to loss of telomeric DNA during these
rearrangements [73-75].

On the other hand, in Passeriformes, while studies in species of four different families in both
Suborders, Suboscines (Tyrannidae), and Oscines (Thraupidae, Estrildidae and Fringillidae) did not
detect any ITS [37,65,69], other studies in Turdidae and Fringillidae (Fringilla coelebs) have detected
numerous ITS [60,71], which have not yet been explained phylogenetically.

9. Ribosomal DNA Clusters

As in most aspects of avian cytogenetics, information about the distribution of 18/28S and
55 ribosomic DNA (rDNA) are restricted to a few species, especially with the use of FISH probes.
However, the data collected from Ag-NOR staining reveals that most species including Ratites [32],
and Galloanserae [76] have only one pair of microchromosomes bearing these clusters. However, some
species showed a higher number of rDNA bearing chromosome pairs [36,64], and some birds of prey
have ribosomal gene clusters in macrochromosomes [68] (Figure 2).

Figure 2. Distribution of 18/285 rDNA (red signals, CY3) in Buteogallus meridionallis (Accipitriformes),
in the short arm of a medium pair of macrochromosomes. Chromosomes counterstained with DAPI
(blue). rDNA: ribosomic DNA. Scale bar: 5 pm.

Because Ratites and Galloanserae (except C. japonica, with three pairs) [41] have only one pair
of microchromosomes bearing 18/28 rDNA, this is accepted as ancestral. More than one pair of
microchromosomes bearing these clusters is regarded as the derived state, possibly due to translocation
following amplification of ribosomal genes [77].

Information on 55 rDNA is even more restricted. In six of only seven species of two different
orders, Galliformes and Passeriformes, 5SrDNA clusters are located in a pair of microchromosomes.
However, in the zebra finch (T. gutata), these clusters are found in the long arm of pair 1, in an interstitial
position [37,41,69,78]. As G. gallus painting did not detect any interchromosomal rearrangement
involving this segment (corresponding to GGA2) in T. gutata, transposition is a possible explanation [79].
Studies of these repetitive sequences should be extended to additional avian orders.
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10. Detailed Putative Avian Ancestral Karyotype

The presence of species with karyotypes similar to the putative avian ancestral karyotype in
virtually every group of birds has reinforced its authenticity. Additionally, current information using
different sets of FISH probes, especially those from L. albicollis, allows us to propose a more detailed
version of the PAK.

In many species of different orders, L. albicollis probes are found in the same arrangement as
in G. gallus [49]. This is the case in species of Cathartidae [47], Charadriiformes [80], Strigiformes,
Anseriformes, and Strutioniformes (unpublished data, Figure 3). These observations suggest to us
that the arrangement of L. albicollis probes detected in G. gallus macrochromosomes also reflects their
organization in the putative ancestral karyotype (Figure 3).

LAL1S LAL4
- LAL9

|LAL20 LAL13

LAL18 LAL26
LAL1
| LALS > <
LAL17 LAL3 LALS
LAL? LAL10 LAL12 . LAL16 ‘II AL19
PAK4 PAKS PAKG6 PAK7 PAKS PAKY9 PAK10 PAKI1

PAK1

cGa1 Mlccaz Mceas Mccas ccas Mccas Mcca7 Mccas Mccas Mccan

Figure 3. Refined putative avian ancestral karyotype, based on the homology with Leucopternis albicollis.
GGA: Gallus gallus; LAL: Leucopternis albicollis; PAK: Putative Avian Ancestral Karyotype.

This assumption has been made by different authors who have characterized the
sequence of intrachromosomal rearrangements observed in groups such as Passeriformes and
Psittaciformes [36,37,64,65,69,70,81]. Furthermore, the data enabled these authors to define certain
rearrangements as cytogenetic signatures of groups within these orders that corroborate phylogenetic
proposals [65,68,70,80,81].

11. Karyotypical Evolution Based on Chromosome Painting

As indicated above, and even in the absence of chromosomal signatures, some of the events
revealed by chromosome painting can act as important characters in phylogenetic analyses. We review
here the main findings that have been made in the following different groups of birds (Supplementary
Materials, Table S1).

11.1. Palaeognathae

Six different species of Struthioniformes and Tinamiformes have shown 2n = 80, except for the
cassowary (Casuarius casuarius), which has 92 chromosomes. Despite this, the results of G. gallus probes
show the conservation of all syntenic groups corresponding to the macrochromosomes of PAK [32,59].
It can be inferred that fissions involving the microchromosomes must have been involved in the
origin of the highest diploid number found in the cassowary, as already postulated for the C. coscoroba,
with 98 chromosomes and conserved macrochromosomes [67]. Although there are no reports of
L. albicollis probes applied to Paleognathae birds, it has been observed that at least Rhea americana
shows that pairs 1, 2, and 3 have the same sequence observed in PAK/GGA (Figure 4) [82].
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Figure 4. Result of comparative chromosome painting using probe, corresponding to LAL26, labeled
in red (CY3), on metaphases of Rhea americana. These probes hybridize on the same position as in
Gallus gallus, confirming that the organization of Ratites and Gallus are similar and might correspond
to the ancestral organization found in PAK. Scale bar: 5um.

11.2. Galloanseres (Galliformes and Anseriformes)

Thirteen species of Galliformes have been analyzed by FISH [59,66]. Fusions and fissions seem
to be the most common rearrangements in this order. Coturnix c. japonica has the same fusion
observed in GGA4 (PAK4/PAK10). Fission of ancestral chromosome 2 (PAK2) occurs in seven species
(Phasianus colchicus, Chrysolophus pictus, Lophura nycthemera, Chrysolophus amherstiae, Meleagris gallopavo,
Tetrao urogallus, and Callipepla californica). The rearrangement seems to have occurred at the centromere
in all of them, although only G. gallus probes were used. Associations PAK6/PAK7, PAK6/PAKS,
and PAK8/PAKO9 are observed in Numida meleagris, Tetrao urogallus, and Pavo cristatus, respectively.
Finally, Bambusicola thoracica, Ortalis vetula, and Coturnix chinensis have karyotypes similar to PAK.

In Anseriformes, even though some species are common, only three have been hybridized with
G. gallus probes: Anser anser, 2n = 80 [59], Aix sponsa, 2n = 80 [83], and C. coscoroba, 2n = 98 [67].
Interestingly, all show conserved macrochromosomes corresponding to PAK1-PAK10, except A. anser
that has the same fusion found in GGA4 (PAK4/PAK10), and C. coscoroba, whose high diploid number,
as already mentioned, is probably due to rearrangements involving microchromosomes.

11.3. Neoaves

Neoaves includes almost 95% (30 orders) of all bird species, comprising all contemporary
avian lineages except Palaeognathae (ratites and tinamous) and the Galloanserae (chicken and
ducks). Despite this great diversity, species of only ten orders have been studied by chromosome
painting: Columbiformes, Gruiformes, Eurypygiformes, Charadriiformes, Strigiformes, Trogoniformes,
Falconiformes, Accipitriformes, Psitaciformes, and Passeriformes. Of them, the most striking
chromosomal rearrangements are found in birds of prey (Falconiformes and Accipitriformes),
Psittaciformes and Passeriformes, although other taxa such as Burrhinus oedicnemus (Charadriiformes),
with 2n = 42 [50], have extremely rearranged karyotypes.

Two species of Columbiformes have been analyzed with G. gallus probes. Columba livia (2n = 80)
shows the same organization as PAK [31,60], while Streptopelia roseogrisea (2n = 78) has a derived
karyotype, with PAK4 and PAK10 fused as in GGA4, and paints GGA6-9 hybridizing to the long arms
of biarmed pairs 4-7 [59].

In Gruiformes, two species were analyzed with G. gallus probes—Fulica atra and
Gallinula chloropus [83]. Fulica atra and G. chloropus share associations PAK 4/5 and PAK 6/7, as well as
fissions of PAK 4 and 5. The fission of PAK 5 may be a synapomorphy for this order.
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Although formely a member of Gruiformes, Eurypyga helias (EHE) is now included in the
order Eurypygiformes [4]. This species has been analyzed by both G. gallus and L. albicollis probes,
and showed the association PAK 2/5, followed by an inversion, and fissions in PAK 1, 2, and 5 [81].
Additionally, L. albicollis were arranged in the same order as observed in G. gallus in chromosomes of
E. helias corresponding to PAK1 (EHE 2 and 5) and PAK 3 (EHE 3). It also presented the fission of PAK
5, which could reinforce its close relationship with Gruiformes.

Charadriiformes have very heterogeneous karyotypes. Burhinus oedicnemus has been analyzed
with both GGA and Gyps fulvus probes [50,63], Vanellus chilensis with GGA and LAL probes [80],
and Larus argentatus with Burhinus oedicnemus probes [63]. The low diploid number observed in
B. oedicnemus (2n = 42) was shown to be a result of multiple fusions involving microchromosomes [50].
In L. argentatus, chromosomes corresponding to PAK 5-9 are fused with other undefined elements [62],
while in V. chilensis the association PAK8 /PAK9 was detected. Additionally, L. albicollis probes revealed
that their arrangement was identical to that observed in GGA macrochromosomes.

Three species of owl (Strigiformes) have already given a glimpse of the interesting chromosomal
variation in this order. Bubo bubo has the association PAK4 /2, while Strix nebulosa shows the association
PAK4/5 [60,63]. Pulsatrix perspicillata reveals the most impressive karyotype with the associations
PAK1/2, PAK5/4, PAK6/7, PAK9/4, and PAK5/8 [74]. As possible synapomorphies, these three
species share the fission of PAK5, while the centromeric fission of PAK1 is shared by B. bubo and
S. perspicillata. Despite these rearrangements, P. perpicillata shows a similar arrangement of L. albicollis
probes as G. gallus (Figure 5), reinforcing this sequence as ancestral for birds.

Figure 5. Result of comparative chromosome painting using corresponding to LAL18, labeled in red
(CY3), on metaphases of Pulsatrix perspicillata. These probes hybridize on the same position as in
G. gallus, confirming that despite the reorganization of owl’s chromosomes, they retained the ancestral
organization found in PAK. Scale bar: 5 um.

In Trogoniformes, only Trogon surrucura surrucura has been studied by comparative chromosome
painting, and this reveals the association PAK 6/7, and fission of PAK2 and PAKS5 [38].

Birds of prey that have been subject to numerous cytogenetic analyses since the advent of
conventional staining fall into two different orders: Falconiformes, which embrace the former
Falconidae family, and Accipitriformes, which include the Accipitridae and Cathartidae families [2,4,5].
Within Falconiformes, diploid numbers range from 2n = 40 in F. columbaris (the lowest diploid number
found in birds) to 2n = 92 in Polyborus plancus [72,84]. However, only three species of genus Falco have
been analyzed with G. gallus probes: F. columbaris (2n = 40), F. peregrinus (2n = 50), and F. tinnunculus
(2n = 52) [72]. The latter two species share the associations PAK2/m, PAK4/m, PAK5/m, PAK6/m,
and PAK7/m (in which m corresponds to microchromosome). F. columbarius has a lower diploid
number due to additional rearrangements involving associations PAK2/5/m, PAK3/2/m, PAK3/4/m,
PAK4/m, PAK7/m/5/m, and PAK8/6/m. Fissions of PAK 2, 3, and 5, together with the associations
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observed in F. peregrinus and F. tinnunculus, must have been present in the ancestral karyotype of these
three species.

Fourteen species of Accipitriformes have been analyzed by comparative chromosome painting,
ranging from species with karyotypes resembling the putative ancestral karyotype to hawks and
eagles with many rearrangements. Only one of the families of Accipitriformes (Sagitariidae) has
not been analyzed. For Cathatidae, two species have been studied: Gymmnogyps californianus and
Cathartes aura, both with 2n = 80, and similar to G. gallus. Additionally, the latter has been analyzed
by L. albicollis probes, showing that the segments are found in the same order as G. gallus, indicating
no additional intrachromosomal rearrangements [47,48]. Pandion haliaetus, the only species of the
family Pandionidae, was analyzed by Nishida et al. [85], and this shows the fission of PAK1 into
different segments, (PAKlseg/9, PAK1seg/m, PAKl1seg/4, and PAK1seg/6). Fission of PAK5 was
also observed.

Eleven species of Accipitridae were analyzed by chromosome painting: Harpia harpyja, Rupornis
magnirostris, Asturina nitida, Buteogallus meridionallis, Leucopternis albicollis, Buteo buteo, Gyps himalayensis,
Nisaetus nipalensis orientalis, Gyps rueppelli, Gyps fulvus, and Gypaetus barbatus [40,49,61,63,68,75]. All of
them are characterized by the fission of ancestral chromosomes PAK1-3 and 5, and fusions involving
macrochromosomes (or segments of macrochronosomes) and microchromosomes, which have led
to lower diploid numbers (despite the numerous macrochromosome fissions), a low number of
microchromosome pairs, and a high number of biarmed chromosomes. Some chromosomal signatures
have been described, such as fusion PAK1seg/6 in South American Buteoninae [68]. However, due to
this high chromosomal variability, more species must be analyzed to detect possible synapomorphies
that could help in understanding the phylogeny of this group.

Although only seven species of Psittaciformes have been analyzed by comparative chromosome
painting, the results have been more promising and have helped to trace aspects of the chromosomal
evolution of this order: Agapornis roseicollis, Nymphicus hollandicus and Melopsittacus undulatus [73],
Ara macao [86], Ara chloropterus and Anodorhynchus hyacinthinus [70], and Psittacus erithacus [87]. Firstly,
all the species had a fission of PAK1 into two separate pairs (except for Ara macao, which had two
fissions leading to three distinct segments). Associations PAK1/4q, PAK6/7, PAKS8/9, or others derived
from them are present in most species, and probably in their common ancestor. For instance, Ara macao,
Ara chloropterus, Anodorhynchus hyacinthinus, and Psittacus erithacus share the associations PAK1/4q,
PAK6/7, and PAKS8/9, as well as the fission of PAK1. Fission in PAK1 and fusion of PAK6/7 were
found in Nymphicus hollandicus, while PAK 8/9 had a further fusion, becoming PAK4/8/9. In a similar
manner, Melopsittacus undulatus has the associations PAK5/6/7 and PAK4/8/9, as well as fission
in PAK1 and 6. Agapornis roseicollis, with 2n = 48, is a species with many associations (PAK6q/7,
PAK1/4, PAK8/9, and PAK2/9) and fissions (PAK1, 2, and 9). Although centric fissions tend to
produce homoplasic characters, it is interesting to note that the fission found in PAK1 in all species
of Psittaciformes so far has also been detected in all Passeriformes studied by FISH, corroborating a
recent proposal that Passeriformes and Psittaciformes are sister-groups [2,4,5].

Fifteen species of Passeriformes, most belonging to suborder Oscines, are the subject of different
reports [36,37,59,60,69,83,88]. Although most of them share the same organization of PAK, plus the
fission of PAK1, the results of L. albicollis probes reveal a complex set of paracentric and pericentric
inversions in PAK1q. These rearrangements must have occurred before the split of Oscines and
Suboscines, as both suborders share some of the same inversions [65].

12. Structure and Evolution of the Avian Sex Chromosomes

The largely homomorphic and euchromatic Z and W chromosomes of paleognathous birds are
regarded as the ancestral state of avian sex chromosomes, characterized by a large pseudoautosomal
region of the W chromosome [32]. In contrast, the Z and W chromosomes of the Neognathes generally
show significant differences in size and morphology [89,90], although the Z chromosome initially was
considered to be highly conserved in all birds.
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Based on the uniform size and morphology of the Z chromosome in various avian species,
Ohno [91] first proposed that the Z was highly conserved throughout avian lineages, and this
seemed to be confirmed by comparative FISH mapping [32,90]. More recently, the mapping of
microsatellites by FISH in different species of birds has shown that the Z chromosome of birds
exhibits some variability in the accumulation of repetitive sequences. While in Myiopsitta monachus
(Psittaciformes) the microsatellite probes revealed the accumulation of CAG sequences, the use of
11 different microsatellite probes did not produce any signals in the Z chromosome of nine species of
Columbidae [53,92]. In addition, in three species of woodpeckers (Piciformes), a large accumulation of
microsatellite sequences is present in the Z chromosome, which, in consequence, is the largest element
in the karyotype [29].

Recent molecular analysis reveals that degeneration of the W chromosome occurs at different
rates among neognathous birds, and that each species may lose different amounts of the
differential/non-recombining region [7]. While in G. gallus the W chromosome is punctiform,
in some species of Accipitriformes the W is a larger, sometimes biarmed chromosome [40,68].
However, independent of its size, the W chromosome tends to be largely heterochromatic and may
be identified by C-banding. The homomorphic pair of sex chromosomes in Myiopsitta monachus
(Psittaciformes) is of special interest due to the accumulation of three different microsatellite sequences
in the W chromosome, whereas the Z chromosome of this species accumulated only one of these
sequences [53].

The first case of a multiple sex chromosome system in birds was described recently in the
penguin Pygoscelis adeliae (Sphenisciformes), in which males have Z1Z,Z,7Z, and females Z;Z,W [93].
This finding indicates that sex chromosomes in birds can follow different paths of evolution, and that
these differences represent distinct stages of differentiation in each of their lineages.

13. Avian Cytotaxonomy

Despite the strong conservation of karyotypes in birds compared to mammals and fish,
chromosomal data have been used in many cytotaxonomic and phylogenetic studies. With the
introduction of FISH technology, cross-species homology and changes in chromosome size and
morphology have been characterized more precisely, and this has contributed to a better understanding
of avian phylogenetic relationships (Figure 6).

As an example, Rodrigues et al. [67] were able to support the close phylogenetic relationship
of two species of Anseriformes, C. coscoroba and Cereopsis novaehollandiae, first suggested by
molecular phylogenetic analysis [94]. It was observed that the C. coscoroba had 2n = 98,
the highest among Anseriformes, so far, and close to C. novachollandiae (2n = 92). Additionally,
ancestral macrochromosomes PAK1-PAK10 were conserved and were similar in size and shape
to other Anseriformes, including C. novaehollandiae. Hence, the authors suggested that fissions in
microchromosomes are responsible for the high diploid number in these two species.

As in Anseriformes, FISH studies in Gruiformes species suggest that PAK5q fission might
be a synapomorphy for Gruiformes and that fissions in PAK1 and PAK2 that are found only in
Eurypygyformes (in only one species, Eurypyga helias) might also occur in Rynochetidae (only
one species, Rhynochetos jubatus) because of the similar chromosomal morphology of E. helias and
R. jubatus [81]. A close phylogenetic relationship between Eurypigidae and Rynochetidae is suggested,
indicating their separation from a common ancestor by the Gondwana vicariancy in South America
and New Caledonia.

Birds of prey still have a confusing phylogeny, and from the traditional proposals in which
they were included in one order, Falconiformes, they have been reassigned to a group within
Ciconiiformes [95] and more recently separated into two different orders—Falconiformes and
Accipitriformes [2,4,5]. In order to search for cytogenetic signatures in different lineages within
Accipitriformes, Nie et al. [63] performed a cladistic analysis using chromosomal characters.
Their chromosomal phylogeny suggests that Falconiformes have unique chromosomal rearrangements,
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differing from those of Accipitriformes species. In addition, they suggest that Pandion haliaetus
(Pandionidae) may well be a member of Accipitridae and that Buteo buteo, a supposed buteoninae
species, is much closer to other accipitrids than to the Neotropical buteoninae species. In addition,
species in Cathartidae (the New World vultures) have typical avian karyotypes and show a high
degree of conservation in chromosomal synteny with G. gallus, thus differing from other species in
Accipitriformes and Falconiformes.

Passeriformes (Oscines)

_l Passeriformes (Suboscines

1 Passeriformes (New Zealand Wrens)

6+7, 8+9 Psittaciformes (Parrots)

2.3,5 micro fusions  Falconiformes (Falcons)

Cariamiformes (Seriemas)
20 -

Coraciiformes (Bee-caters)
_I 1-5  Piciformes (Woodpeckers)

Bucerotiformes (Hornbills)

2,5, 6+7 Trogoniformes (Trogons)

Leptosomiformes (Cuckoo-roller)

Coliiformes (Mousebirds)

5 Strigiformes (Owls)
1-3.5, micro fusions  Accipitriformes (Eagles)
Accipitriformes (New World Vultures)

- Pelecaniformes (Pelicans)

Pelecaniformes (Herons)

Pelecaniformes (Fulmars)

Pelecaniformes (Cormorants)

Procellariiformes (Fulmars)

Sphenisciformes (Penguins)

Gaviiformes (Loons)

Phaethontiformes (Tropcbirds)
1,2,5, 29+5  Eurypygiformes (Sunbittern)

Charadriiformes (Plovers)
" Ifl 4,5, 49+5 Gruiformes (Cranes)

Opisthocomiformes (Hoatzin)

Caprimulgiformes (Hummingbirds)

—I ('zprimulgitbrmcs (Swifts)
Caprimulgiformes (Nightjars)

NEOAVES Otidiformes (Bustards)

Evolution of Musophagiformes (Turacos)
heterochomatic
and heteromorphic
ZW

Cuculiformes (Cuckoos)

Mesitornithiformes (Mesites)

chromosomes

NEOGNATHAE Pterocliformes (Sandgrouse)

Columbiformes (Doves)
Phoenicopteriformes (Flumingos
Podicipediformes (Grebes)
Galliformes (Landfowl)

—I Anseriformes (Waterfowl)

GALLOANSERES

Tinamiformes (Tinamous)

_I Struthioniformes (Ostrich)

PALAEOGNATHAE

Figure 6. Chromosomal rearrangements based on PAK plotted in a current avian phylogeny
(Jarvis et al.) [4]. Rearrangements are represented by fissions (red) and fusions (blue). Orders in
red represent those without chromosomal data up to now, while the blue ones represent groups
currently without chromosomal synapomorphies.

Despite having the highest number of avian species analyzed by FISH, comparative chromosome
painting has revealed a low degree of chromosomal variation within Passeriformes, although these
species share a complex pattern of paracentric and pericentric inversions. Additionally, as this pattern
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has been observed both in Oscines and Suboscines, the rearrangements must have occurred before the
separation of these two groups [36,64,65].

Chromosome painting in Passeriformes supports the proposal that Psittaciformes is their
sister-group (Psittacopasserae) [96], with which they share the PAK1 centric fission in all their
species [2,4,5]. Similarly, previous studies have suggested that Piciformes may be closely related
to Passeriformes [97,98]. However, Piciformes are characterized by high diploid numbers, probably
due to multiple fissions involving macrochromosomes, leading to a karyotype quite distinct from
Passeriformes. Indeed, our preliminary studies show that fission of PAK1-PK5 generates 2-6 different
pairs in Ramphastos tucannus (2n = 112) [99].

Studies in Psittaciformes using conventional staining have been used in a citotaxonomic analysis
of Neotropical parrots [52]. However, a number of species have been analyzed by comparative
chromosome painting, which provides important information, not only concerning their phylogeny,
but also their biogeography and karyotypical evolution [53,70,73,81]. Recent studies in two different
genera of macaws show that fusions and fissions also have an important role in the karyotypical
diversification of Neotropical Psittacidae [70,86]. A fusion of PAK6/PAK7 was observed in all the
Psittaciformes analyzed so far, and in most of them the newly formed chromosome has undergone
a paracentric inversion. This is the situation in Neotropical parrots and macaws and in the African
Psittacus erithacus and A. roseicollis [70,73,86,87], indicating that PAK6/PAKY7 could represent a
synapomorphy for this group. This fusion was also reported in Australian species, but without
any apparent inversion, as in Melopsyttacus undulates, or showing a different pattern of inversion, as
in Agapornis roseicollis [73]. Based on this, it was suggested the PAK6/PAK? fusion must represent
a synapomorphy for Psittaciformes, but the different patterns of inversion and fusion still need to
be clarified.

14. Conclusions: Current State of Avian Cytogenomics

The examples discussed here show that the increasing chromosomal data provide important
information on phylogenetic relationships in many different groups of birds, despite the apparent
conservation of karyotypes. Additionally, the progress of avian cytogenomics has been rapid.
Until recently, whole genome sequence assessment was limited to three species, the chicken
(Gallus gallus), domestic turkey (Meleagris gallopavo), and zebra finch (Taeniopygia guttata). These studies
have inspired plans for sequencing projects of thousands of species (8100). For example, the Genome
10K Project biospecimen list includes specimens from approximately 50% of the 10,500 species of
birds [100]. However, even the best-assembled genomes (using contemporary technologies) consist of
subchromosomal-sized scaffolds [57]. The biggest challenge is to assemble scaffolds into chromosomes.
The difficulties are due mostly due to gaps associated with heterochromatin and the presence of
numerous microchromosomes [8]. Recently, Damas et al. [57] combined computational algorithms
for ordering scaffolds into predicted chromosome fragments, retaining local structures of the target
genome after verification of a limited number of scaffolds and physical mapping of PCFs directly
to chromosomes using a universal set of avian bacterial artificial chromosome probes. In this study,
they developed an approach to upgrade fragmented genome assemblies (pigeon and falcon) to the
chromosome level, allowing them to be used to address novel biological questions related to avian
genome evolution. Hence, the assembly of scaffolds into chromosomes of more bird species, and the
merging of chromosomal and sequencing data will expand our knowledge of avian genome evolution,
helping to identify intrachromosomal rearrangements and leading to improved understanding of the
phylogenies discussed in this review.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4425/9/4/181/s1,
Table S1: The diploid number, associations, and fissions in chicken homologous segments (GGA1-10) in avian
genomes using chicken and White Hawk probes. Seg = segment; M = microchromosome.
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