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Abstract
Birds are one of the most diverse groups among terrestrial vertebrates. They evolved from theropod 
dinosaurs, are closely related to the sauropsid group and separated from crocodiles about 240 million 
years ago. According to the IUCN, 12% of bird populations are threatened with potential extinction. 
Classical cytogenetics remains a powerful tool for comparing bird genomes and plays a crucial role in 
the preservation populations of endangered species. It thus makes it possible to detect chromosomal 
abnormalities responsible for early embryonic mortalities. Thus, in this work, we have provided new 
information on part of the evolutionary history by analysing high-resolution GTG-banded chromosomes 
to detect inter- and intrachromosomal rearrangements in six species. Indeed, the first eight autosomal pairs 
and the sex chromosomes of the domestic fowl Gallus gallus domesticus Linnaeus, 1758 were compared 
with five species, four of which represent the order Galliformes (Common and Japanese quail, Gambras 
and Chukar partridge) and one Otidiformes species (Houbara bustard).
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Our findings suggest a high degree of conservation of the analysed ancestral chromosomes of the four 
Galliformes species, with the exception of (double, terminal, para and pericentric) inversions, deletion and 
the formation of neocentromeres (1, 2, 4, 7, 8, Z and W chromosomes). In addition to the detected rear-
rangements, reorganisation of the Houbara bustard chromosomes mainly included fusions and fissions 
involving both macro- and microchromosomes (especially on 2, 4 and Z chromosomes). We also found 
interchromosomal rearrangements involving shared microchromosomes (10, 11, 13, 14 and 19) between 
the two analysed avian orders. These rearrangements confirm that the structure of avian karyotypes will be 
more conserved at the interchromosomal but not at intrachromosomal scale.

The appearance ofa small number of inter- and intrachromosomal rearrangements that occurred dur-
ing evolution suggests a high degree of conservatism of genome organisation in these six species studied. 
A summary diagram of the rearrangements detected in this study is proposed to explain the chronology of 
the appearance of various evolutionary events starting from the ancestral karyotype.
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Introduction

Earth has experienced five major geoclimatic-induced extinctions, the last one was the 
disappearance of dinosaurs class from which only one family survived, represented 
by the birds. In fact, the Pseudosuchia (Crocodilians) and Ornithodira (dinosaurs, 
birds…) have a monophyletic origin in the same clade of Archosaurs (Archosauria). 
Birds evolved from theropod dinosaurs around 165 to 150 million years ago and sepa-
rated from crocodiles about 240 million years ago (Brusatte et al. 2015; Pritchard et al. 
2017; Benson 2018; Griffin et al. 2023; Olmo 2023). We are currently experiencing 
the irreversible sixth mass extinction, which could turn out to be, according to many 
parameters, more devastating than all others combined (Barlow et al. 2016; Maxwell 
et al. 2016; Betts et al. 2017; Ceballos et al. 2020).

There are approximately 11032 bird species worldwide, which represent the most 
diverse class of tetrapod amniote vertebrates. However, class Aves (birds) is particularly 
threatened by the impending mass extinction, and is also the least studied genetically com-
pared to the others (Kretschmer et al. 2018; Wink 2019; Donsker and Rasmussen 2022).

The analysis of karyotypes to establish the phylogenetic relationships in birds is 
not as advanced as that of in mammals and is limited to only a few orders (Kiasim et 
al. 2021; Kretschmer et al. 2021a, 2021c; Intarapat et al. 2023). With the exception 
of Psittaciformes, Caprimulgiformes, Cuculiformes, Passeriformes and Ciconiiformes, 
the “signature” avian karyotype has remained largely unchanged in most groups. This 
remarkable conservation may be due to the more large number of diploid chromo-
somes and/or an increase in the recombination rate (O’Connor et al. 2024). On the 
other hand, knowledge of bird phylogenetics has greatly improved over the last ten 
years, despite, the difficulties encountered in studying the complex evolutionary of 
Neoaves, due to their fast divergence (Prum et al. 2015).
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The domestic fowl Gallus gallus domesticus Linnaeus, 1758 (GGA) is considered as 
a model in phylogeny and comparative genomics and represents the only standardised 
bird karyotype (Ladjali-Mohammedi et al. 1999).

Domestic chicken chromosomes remain the best studied in birds. As this species 
shares several features with other avian species, it is considered the closest to the com-
mon ancestor of birds (Shibusawa et al. 2002, 2004; Derjusheva et al. 2004; Griffin 
et al. 2007).

Paradoxically, the sequencing and mapping of avian genomes are more developed 
than cytogenetic studies. The latter often remain partial in birds, despite their major 
contributions. Indeed, classical cytogenetics and banded cytogenetics have highlighted 
numerous characteristics of the avian karyotype, such as interchromosomal stabil-
ity (Tegelstrom and Ryttman 1981; Belterman and De Boer 1984; Christidis 1990; 
Shibusawa et al. 2004) and intrachromosomal rearrangement within macrochromo-
somes (Stock and Bunch 1982; Hooper and Price 2017; Kretschmer et al. 2020). 
Comparative chromosomal mapping makes it possible to establish multi-species analy-
sis in order to deduce the evolution of the karyotype, which is an essential element of 
phylogenomics (Graphodatsky et al. 2011; Seligmann et al. 2023; Ferreira et al. 2023; 
Nagao et al. 2023; O’Connor et al. 2024).

Cytogenetics has also allowed understanding of the chromosomal evolutionary 
process of plants (Liu et al. 2023), some mammal species (Di-Nizo et al. 2017; Rajičić 
2022), insects (Farsi et al. 2020; Gokhman 2022), fishes (Araya-Jaime et al. 2022), am-
phibia (Dominato et al. 2022; Dudzik et al. 2023) and birds (Shibusawa et al. 2004; 
Nishida et al. 2008; Degrandi et al. 2020; Kretschmer et al. 2021a; Slobodchikova et 
al. 2022; Seligmann et al. 2023; Flamio and Ramstad 2024; O’Connor et al. 2024).

This is the case of avian species belonging to Phasianidae, order Galliformes as 
Common and Japanese quail, Barbary and Chukar partridge (Ouchia-Benissad and 
Ladjali-Mohammedi 2018; Kartout-Benmessaoud and Ladjali-Mohammedi 2018) 
and Houbara bustard, an endangered Otidiformes (Mahiddine-Aoudjit et al. 2019), 
of which the chromosomes are here described for the first time.

Regarding these recently studied species, farmed quails are economically important 
thanks to the production of eggs and meat, which are highly valued for their unique 
flavor (Lukanov 2019). The Common quail Coturnix coturnix Linnaeus, 1758 (CCO) 
is listed in 2018 as Least Concern (LC) in global and in 2020 as Near Threatened (NT) 
in Europe (IUCN 2024; BirdLife 2021).

The sharp decline in migratory populations observed in Western Europe led 
to its double legal registration in the Bonn (CMS) and Bern (1979) International 
Conventions on the protection and conservation of wild species. Thus, the introgres-
sive hybridisation caused by the uncontrolled release of Japanese quails Coturnix ja-
ponica Temminck et Schlegel, 1849 (CJA) seems to induce a very worrying genetic 
shift (Guyomarc’h et al. 1998; Dérégnaucourt et al. 2005; Chazara et al. 2010; Pu-
igcerver et al. 2013; Sanchez-Donoso et al. 2016; Kartout-Benmessaoud and Ladjali-
Mohammedi 2018).
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Besides, the Barbary partridge Alectoris barbara Bonnaterre, 1790 (ABA) is an en-
demic partridge in Algeria. It is a nesting sedentary bird found in different ecosystems. 
This common game bird is overhunted which leads to declining population size in 
some areas (Isenmann and Moali 2000). Although the Barbary partridge is listed as 
Least Concern on the IUCN Red List (2024), it is also nevertheless protected by several 
conventions (CITES, Bern Convention). In addition, the introduction of the exotic 
Chukar partridge Alectoris chukar Gray, 1832 (ACH) could lead to introgression in 
the wild genome of native partridge, which could give rise to infertile descendants 
(Barbanera et al. 2011).

Regarding the Houbara bustard Chlamydotis undulata Jacquin, 1784 (CUN) 
it is an endangered wild species, which is classified as vulnerable by the IUCN 
(2024). This species has recorded over the past thirty years, a significant decline in 
these natural populations, particularly due to poaching (BirdLife 2017). Although 
protected by CITES Appendix I and legislation in Algeria, the bustard is still 
hunted (Azafzaf et al. 2005). Additionally, the revision of the bird phylogenetic 
tree introduced a new order Otidiformes, to which the Houbara bustard was affili-
ated (Jarvis et al. 2014).

In the present study, we carried out a comparative cytogenetic analysis of six spe-
cies belonging to the order Galliformes (GGA, CCO, CJA, ABA, ACH) and Otidi-
formes (CUN). The main aim of this work is to highlight inter or intrachromosomal 
rearrangements which would have occur during speciation. These results contribute to 
a better understanding of the phylogenetic relationships of these different species and 
the evolution of avian genome.

Material and methods

To carry out the comparison study, the same protocol was followed for the different 
species.

Biological material

For all species, embryos were collected during the laying period. Fertile eggs of Com-
mon quail (CCO) brought from the Tlemcen Hunting Centre, Algeria (34°53'24"N, 
1°19'12"W) and those of the Japanese quail (CJA), Barbary partridge (ABA) and 
Chukar (ACH) were obtained from the Centre Cynégétique de Zéralda Algeria 
(36°42'06"N, 2°51'47"E).

Regarding the Houbara bustard (CUN) embryos, they were collected from 
Emirati Bird Breeding Centre for Conservation EBBCC (32°55'40.54"N, 
0°32'33.71"E) in the region of Abiodh Sidi Cheikh (Wilaya d’El-Bayadh, south 
of Algeria).

The eggs were incubated in a ventilated incubator where the conditions of hygrom-
etry (55%) and temperature (39.5 °C) are maintained in the Laboratoire de Génétique 
du Développement (Faculté des Sciences Biologiques, USTHB-Algeria).
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Cell cultures and double synchronisation

Primary cell cultures were performed on embryos aged 6 to 19 days. These were stripped of 
their appendages and fibroblasts were isolated from different fragments (lung, heart, liver, 
kidneys and muscles) following treatment with a trypsin solution (0.05%, Sigma). The cells 
were incubated at 41 °C in RPMI 1640 culture medium (GIBCO) supplemented with 20 
mM of HEPES, 1% of L-Glutamine (Gibco ref.: 22409-015, batch: 695608), 10% of foe-
tal calf serum (FCS, Gibco ref.: 10270-106, batch: 41Q4074K), Penicillin-Streptomycin 
1% and 1% of Fungizone (Gibco ref.: 15160-047, Batch: S25016D). Trypsinisation of 
cells was carried out to enhance division ability (Ladjali et al. 1995).

Cultures of fibroblasts were synchronised as described by Ladjali et al. (1995), using 
a double thymidine block during S phase in order to increase the yield of metaphase and 
early metaphase cells. The 5-bromo-2’-deoxyuridine (BrdU) (final concentration: 10 μg/
ml, Sigma) was added to prepare chromosomes to the RBG staining (Zakharov and Ego-
lina 1968; Ladjali et al. 1995). As a sufficient number of refractive mitotic cells was ob-
served (after 6–8 h), they were treated with colchicine (final concentration: 0.05 μg/ml, 
Sigma) for 5 min at 37 °C. Cells were harvested by the addition of 0.05% trypsin-EDTA 
(Gibco). Hypotonic treatment was performed. In fact, cells were suspended for 13 min 
at 37 °C in hypotonic solution 1:5 (FCS- distilled water). Fixation and spreading were 
performed using standard methods (Dutrillaux and Couturier 1981; Ladjali et al. 1995).

Chromosomes staining

GTG-banding was carried out according to the Seabright modified method (1971). Aged 
(3–10 days) slides were incubated for 8–14 seconds in a fresh trypsin solution (final con-
centration: 0.25%, sigma). Slides were rinsed twice in PBS- (Phosphate Buffered Solution, 
pH = 6.8) and stained with 6% Giemsa (Fluka) for 8–10 minutes (Ladjali et al. 1995).

Chromosome classification

Slides were first observed with an optical microscope at objective magnification of 10× 
to estimate the mitotic index (AxioZeiss Scope A1). Slides, showing a higher mitotic 
index, were analysed and prometaphases and metaphases with decondensed and dis-
persed chromosomes, were photographed (CoolCube1 Metasystems).

According to the International System of Standardised Avian Karyotypes (ISSAK) 
(Ladjali-Mohammedi et al. 1999), macrochromosomes pairs were classified in decreas-
ing size depending on the position of centromere (Shoffner 1974).

Comparative analysis

In order to highlight the similarities and divergences that occur during bird evolu-
tion, we proceeded to the comparison of the GTG bands obtained on macrochromo-
somes of the different species. Taking into consideration size of chromosomes, their 
morphology and GTG patterns.
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Results

Comparative analysis of macrochromosomes and ZW sex chromosomes of five bird 
species (ABA, ACH, CCO, CJA, CUN) is undertaken, referring to the common kary-
otype of birds which is represented by the standard chicken karyotype (GGA).

The comparative study is carried out for the first eight macrochromosomes as well 
as the ZW gonosomes. This is based on three criteria, notably the GTG band patterns, 
the morphology of the chromosomes and the q/p ratio (Table 1).

This comparative analysis allowed us to show the presence of strong homologies 
between the compared different chromosomes and to identify the presence of certain 
rearrangements that would have taken place during speciation (Table 2).

Chromosome 1

The analysis of chromosome 1 in the six species studied allowed us to observe, on the 
one hand, that all the chromosome 1s of the species studied are submetacentric show-
ing a great homology of GTG band patterns. On the other hand, differences in the 
ratio (q/p) are detected. Indeed, the size of the short arms (p) of chromosomes 1 of the 
Japanese quail and the Houbara bustard are smaller than in the other species (Fig. 1A). 
Arms ratios (q/p) are 2.15 and 2.46 respectively, whereas it is equal to 1.69 in chicken. 
On the other hand, the positions of the centromeres of the two species of partridge and 
of the common quail are similar to that of the chicken (Table 1).

Chromosome 2

There is a high conservation of CCO-2 and the two partridge species (ABA and ACH) in 
comparison with the ancestral chromosome 2. However, some rearrangements are detected 
in CJA and CUN. Indeed, the CJA-2 has a large region, whose GTG banding patterns are 
inverted. Also, with regard to CUN-2 we noted the absence of a terminal region on the long 
arm (q) showing the arm ratios (q/p) of 2.19 whereas it is equal to 1.94 in the chicken (Fig. 1B).

Chromosomes 3, 5 and 6

These chromosomes seem to be conserved in the all species analysed. They are morpho-
logically similar (acrocentric in six species) and show conservation of GTG banding 
patterns. No rearrangement was detected in this work.

Chromosome 4

The GGA-4 chromosome is telocentric (r = 3.86) whereas it is subtelocentric in the two 
species of quail (rCCO = 6.16 and rCJA = 5.31). It is acrocentric in CUN (r = 10.98) 
and the two species of partridge studied (rABA = 4.24 and rACH = 5.38) (Table 1).
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Moreover, a strong homology of G-banding patterns is observed on chromosomes 
4 of all Galliformes species in the present work. Nevertheless, the presence of a larger 
short arm (p) is found in GGA compared to both quail species. However, we noted a 
clear difference in the size of chromosome 4 of the CUN compared to the other chro-
mosomes. The CUN-4 correspond to the distal part of the long arm of chromosome 
4 of the other species studied (Fig. 1C). Indeed, the CUN-4 would correspond to the 
distal part (q 2.1 – q 2.7) of the long arm (q) of the CCO-4 of and CJA-4. It would 
also correspond to the distal region q 2.1 – q 3.4 of the ABA-4 and to the region q 
3.1 – q 4.7 of ACH-4.

Table 1. Summary of the morphology, the ratio and the GTG patterns of macrochromosomes and ZW 
in the studied species.

Species 
Chr

Morphology (r)
GGA CCO CJA ABA ACH CUN GGA CCO CJA ABA ACH CUN

1 SM SM SM SM SM SM 1,69 1.32 2.15 1.58 1.56 2.46
2 SM SM SM SM SM SM 1,94 1.32 1.32 1.62 1.76 2.19
3 AC AC AC AC AC AC 15,18 17.9 14.28 5.4 6.25 18.50
4 T ST ST AC AC AC 3,86 6.16 5.31 4.24 5.38 10.98
5 AC AC AC AC AC AC 9,39 8.25 7.4 3.8 6.28 13.37
6 AC AC AC AC AC AC 21,83 8.18 9.5 3.41 4.46 15.86
7 T T AC AC AC AC 3,18 4.38 6.6 2.42 4.28 41.89
8 SM SM SM AC AC AC 1,46 1.96 1.95 2.96 3.76 92.52
Z M M M SM SM SM 1,12 0.49 1.09 1.24 1.12 2.17
W SM ST ST SM SM SM 1,59 5 5.11 1.37 1.47 3.01

GGA: Gallus gallus domesticus, CCO: Coturnix coturnix, CJA : Coturnix japonica, ABA : Alectoris barbara, ACH : 
Alectoris chukar, CUN : Chlamydotis undulata, Chr :Chromosomes, M: Metacentric, SM: Submetacentric, AC : Acro-
centric, T : Telocentric, ST : Subtelocentric,(r) : Ratio (q/p).

Table 2. Chromosomal rearrangements that could have occur during speciation.

Studiedspecies Commonquail Japanesequail Gambra 
partridge

Choukarpartridge Houbarabustard
Domestic chicken
1 H NC H H NC 
2 H DPI H H TF
3 H H H H H
4 NC NC NC NC+ PI F
5 H H H H H
6 H H H H H
7 H D (p) / NC NC/Per. Inv. NC/Per. Inv. NC/Per. Inv.
8 Per. Inv. Per. Inv. NC/Per. Inv. NC/Per. Inv. NC/Per. Inv.
Z H H Ter. Inv. H Ter. Inv. + Int. 

Del. 
W NC NC H H H

H: Homology, NC: Neocentromere, Per. Inv.: Pericentric Inversion, Para. Inv.: Paracentric Inversion, DPI : Double 
Pericentric Inversion, Ter. Inv.: Terminal Inversion, Int.Del. : Interstitial Deletion, D (p) : Deletion of p arm, F : Fis-
sion, TF : Terminal Fission.
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Chromosome 7

The CCO-7 (r = 3,18) and GGA-7 (r = 4.38) chromosomes are telocentric. In con-
trast, chromosomes 7 in other species are acrocentric. Indeed, the measurable CCO-7 
p-arm looks more similar to its GGA homolog than to the CJA, ABA, ACH and CUN 
(Fig. 1D). However, the comparative analysis of the GTG banding patterns of the 
different chromosomes 7 has made it possible to highlight a significant conservation 
between these species.

Chromosome 8

The chromosome CCO-8 is submetacentric (r = 1.96), CJA (r = 1.95) as in GGA (r 
= 1,46), while it is acrocentric in CUN, ABA and ACH (Fig. 1E). Despite significant 
conservation of the GTG banding pattern in quails and chicken, a rearranged region is 
observed which it is flanked by bands p 1.1 and q 1.2.

Chromosome Z

The chromosome Z is submetacentric in studied species except of CCO and CJA in 
which this gonosome is metacentric as for the chicken (Fig. 1F). However, a terminal 
inversion in the q arm is observed in each of CUN and ABA (corresponding to Zq2.1 
in ABA and to Zq1.3-2.4 in CUN). A loss of an interstitial segment in the p arm of 
CUN-Z is also observed in this study and would correspond to the p1.1 → p1.3 region 
in GGA-Z.

Chromosome W

The W chromosome of the Partridges and the Houbara bustard is submetacentric, 
while it is subtelocentric in the two quails. High conservation of the GTG banding 
pattern is observed in all species (Fig. 1G). The W chromosome is ranked in the sixth 
position in quails, in the seventh position in Houbara bustard and in the ninth posi-
tion in Barbary and Chukar partridges.

Discussion

In order to explore the chromosomal rearrangements that occurred in macrochromo-
somes during the evolution of the five species (CCO, CJA, ABA, ACH and CUN), 
a comparative analysis of the GTG morphological bands was carried out with chick-
en chromosomes, which represent the hypothetical ancestor of Neognathae. Indeed, 
we observed significant conservation between these species, but we also detected 
some rearrangements.
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Chromosomes 1

Chromosome 1 of the Gambra and Choukar partridges, as well as that of the Common 
quail and the Chicken are morphologically similar, showing strong homology of GTG 
banding profiles. On the other hand, the CJA-1 is identical to that of the CUN-1 and 
they have a shorter p arm. This result could be explained by the formation of an Evo-
lutionary Neocentromere (ENC) on the ancestral chromosome of the CJA-1 and the 
CUN-1, which appeared during evolution (Fig. 2A).

However, high-resolution analysis of meiotic CJA-1 suggests that the difference 
in position of the centromere with that of the Domestic chicken is not caused by a 
pericentric inversion, but by the formation of a de novo centromere, which it was not 
accompanied by a rearrangement of the order of chicken-specific molecular markers 
(Zlotina et al. 2012). Although the mechanisms of ENC formation are poorly under-
stood, they nevertheless seem to involve the inactivation of the old centromere and the 
formation of a new one in an euchromatic locus (Zlotina et al. 2012).
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Figure 1. Comparison of chromosome (A) 1, (B) 2, (C) 4, (D) 7, (E) 8, (F) Z, and (G) W in GTG 
bands between the six species studied. The dotted lines indicate similarities, the full ones and the red circls/
frames show the differences. GGA: Domestic chicken, CCO: Common quail, CJA: Japanese quail, ABA: 
Gambra partridge, ACH: Chukar partridge, CUN: Houbara bustard.
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This evolutionary phenomenon seems to be quite common. It has been reported in dif-
ferent taxonomic groups, particularly in birds. Indeed, it is thanks to the study carried out 
on red partridges that it was possible to show perfect conservation of the chicken Bacterial 
Artificial Chromosome (BAC) clones ordering themselves on chromosome 4 of Alectoris 
rufa and to introduce, for the first time in the class of birds, the term neocentromere (Kasai 
et al. 2003). This is also the case for pheasants (Phasianus colchicus, Chrysolophus pictus, 
Lophura nycthemera (Guttenbatch et al. 2003) and the Peking duck (Skinner et al. 2009).

This centromere repositioning is also reported in the ancestral CUN-1. The compara-
tive mapping of the macrochromosomes of eight avian species including the Houbara 

Figure 2. Representation of chromosomal rearrangements that could have occurred during the chromo-
somes formation of the six studied species A appearance of a neocentromere (NC) on the ancestral CJA1 and 
CUN1 B double inversion that could have occurred on chromosome 2 between GGA and CCO/CJA (left). 
Appearance of a possible terminal fission on ancestral GGA2, which would be at the origin of the formation 
of CUN2 and microchromosome CUN10 (right) C possible formation of a neocentromere during the evo-
lution of GGAW and CCOW D appearance of several fissions on the ancestral chromosome 4, which would 
be at the origin of the formation of chromosomes 4, 11, 14 and 19 of the Houbara bustard (left). Appearance 
of paracentric inversion between GGA4 and ACH4 (right) E formation of a neocentromere between GGA7 
and ABA7 (left) or the course of a pericentric inversion between GGA7 and CUN7 (in the middle), deletion 
of the short arm p of GGA7 and CJA7 could have occurred between during evolution (right) F pericentric 
inversion could have occurred between GGA8 and (CCO8, CJA8, CUN8) (left), possible formation of a NC 
between GGA8 and CUN8 as well as the both partridge species (right) G formation of CUNZ following a 
possible interstitial deletion (fragment corresponding to CUN13) occurring on the ancestral Z chromosome 
accompanied by a terminal inversion (left). A terminal inversion in Zq2.1 is observed in ABA (right).
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bustard, showed an almost total hybridisation of 17 BAC clones specific of GGA-1 (with 
the exception of the 5th marker which not found on the CUN-1). Nevertheless, it was not-
ed that 6th marker is located on the short p arm of GGA-1 whereas it is found on the q arm 
of CUN-1 (Kiazim et al. 2021). According to the latest classification of birds, the orders 
of Colombiformes and Cuculiformes are very close to Otidiformes (Prum et al. 2015).

A similar result was observed on chromosomes 1 of the Mallard Anas platyrhynchos 
and the Helmeted guineafowl Numida meleagris. In this study additional of evidence 
for centromere repositioning in birds was reported (Kiazim et al. 2021). The use of 
chromosome painting with chicken-specific probes in five Columbidae species showed 
significant conservation of chromosome 1 organisation, notably in Columbina talpa-
coti and Columbina passerina (Kretschmer et al. 2020).

Chromosome 2

With the exception of CUN-2 and CJA-2, the chromosome 2 is fairly conserved in the 
species studied. The CJA-2, which has a large region with an inverted GTG banding 
pattern, could be explained by the appearance of a double pericentric inversion on its 
ancestral chromosome 2 (Fig. 2B). The latter has already been reported by Kartout-
Benmessaoud and Ladjali-Mohammedi (2018). The identified inversions indicate the 
occurrence of double-stranded DNA breaks. Indeed, evolutionary breakpoint regions 
are fragile genomic regions favouring chromosomal rearrangements because they are 
found in genetically dense areas (Pevzner and Tesler 2003; Larkin et al. 2009).

This supports the result of previous studies which showed the presence of pericen-
tric inversions on GGA-2 and CJA-2 using BAC clones (Schmid et al. 2005; Kayang 
et al. 2006), PAC (P1-derived Artificial Chromosome) clones (Fillon et al. 2003) and 
Cosmid clones (Shibusawa et al. 2001). Comparative mapping of meiotic CJA-2 by 
combination of immunodetection and FISH confirmed the presence of a double peri-
centric inversion (Zlotina et al. 2010, 2012).

Also, this result corroborates the study which reported pericentric inversions of the 
ancestral chromosome 2 in other species of birds belonging to the order of Galliformes. 
Indeed, this is the case of the duck Anas platyrhynchos whose BAC clones WAG42G5 
and WAG9L1 were hybridised on GGA2q and APL2p, providing clear evidence of a 
pericentric inversion (Fillon et al. 2007; Skinner et al. 2009).

Furthermore, chromosome 2 of the bustard seems to have lost the terminal part 
of its long arm (q). Indeed, the end of the long arm (q) of CUN-2 is shorter than that 
of the Galliformes species studied and would be the consequence of terminal fission 
(Mahiddine-Aoudjit et al. 2019) (Fig. 2B).

The lost distal part could possibly be involved in another independent rearrange-
ment process (Furo et al. 2015) or could correspond to the formation of a microchro-
mosome. Deeper understanding of avian genomic structure permits the exploration 
of fundamental biological questions pertaining to the role of evolutionary breakpoint 
regions and homologous synteny blocks (O’Connor et al. 2024).

Thus, the comparison of the patterns of the GTG bands of the existing part in the 
chicken with the microchromosomes of the bustard allowed us to detect a similarity 
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with the microchromosome 10 (Fig. 2B). This leads us to consider the course of a 
terminal fission on the ancestral chromosome to give rise to macrochromosome 2 and 
microchromosome 10 of the Houbara bustard.

This hypothesis can only be confirmed by the hybridisation of molecular mark-
ers specific to the terminal (q) region of chromosome 2 of the Domestic chicken. 
Nevertheless, our result corroborates studies that have reported the fission of ancestral 
chromosome 2, particularly in Galliformes (Guttenbatch et al. 2003; Griffin et al. 
2008; Kretschmer et al. 2018), Columbidae (Kretschmer et al. 2020) and Cuculi-
formes (Santos et al. 2020). Also as observed in Psittaciforme (parrots), Suliformes and 
Piciformes, a loss of chromosomal sequence and Fissions was reported on chromosome 
2 (Huang et al. 2022; Barcellos et al. 2024).

Chromosome 4

The analysis of chromosome 4 in the species studied showed that it is acrocentric 
in CUN, ABA and ACH while it is telocentric in GGA and subtelocentric in CCO 
and CJA. The ratio q/p of chromosomes 4 of the both quails and chicken is different 
but we observed perfect conservation patterns in chromosome of the three species. 
This result could suggest repositioning of the centromere during the speciation event 
(Kartout-Benmessaoud and Ladjali-Mohammedi 2018). However, several hypotheses 
have been proposed to explain the differences between CJA-4 and GGA-4 (Shibusawa 
et al. 2001; Fillon et al. 2003; Schmid et al. 2005; Galkina et al. 2006).

Nevertheless, during the evolution of Galliformes karyotypes, centromeres appear to 
be formed de novo (Kasai et al. 2003; Galkina et al. 2006; Skinner et al. 2009). The profile 
of the bands is however preserved in the Gambra partridge and the Domestic fowl, while 
in the Choukar partridge, the subcentromeric region presents a different profile evoking 
a paracentric inversion (Fig. 2D) (Ouchia-Benissad and Ladjali-Mohammedi 2018).

In addition, comparison of GTG banding patterns revealed that CUN-4 would cor-
respond entirely to the distal part (q 2.1 – q 2.7) of the long arm (q) of the CCO-4 of and 
CJA-4. It would also correspond to the distal region q 2.1 – q 3.4 of the ABA-4 and to the 
region q 3.1 – q 4.7 of ACH-4 (Ouchia-Benissad and Ladjali-Mohammedi 2018; Kartout-
Benmessaoud and Ladjali-Mohammedi 2018; Mahiddine-Aoudjit et al. 2019). This indi-
cates that the ancestral chromosome 4 may have lost its short arm and a part of the long 
arm during speciation. Similarly, we found that bustard microchromosome 14 (CUN-14) 
resembles the short arm (p) of GGA-4. While (CUN-11 and -19) microchromosomes 
would be similars to different regions of GGA-4 that are missing on CUN-4 (Fig. 2D).

Thus, CUN-4 seems to be derived from the fission of the ancestral chromosome 
4, and corresponds only to the distal part of the long arm of chromosome 4 of the 
other species. Indeed, this chromosome is the result of a fairly complex evolutionary 
history (Chowdhary and Raudsepp 2000; Schmid et al. 2000; Shibusawa et al. 2004). 
This was shwon by the hybridisation of GGA-4 on the metaphases of 9 different spe-
cies (Anseriformes, Gruiformes and Passeriformes) and revealed the existence of a par-
tial homology with three different chromosomes of Gruiformes. Indeed, a segment of 
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GGA-4 would correspond to the short arm (p) of chromosome 4 of the Coot FAT-4 
(Fulica atra, Gruiformes) while the other regions of GGA-4 are found on two other 
chromosomes (FAT-7 and FAT-13) (Nanda et al. 2011).

Hybridisation of chicken chromosome 4 on three different hummingbird chro-
mosomes (G. guira, Cuculidae) has been noted, which represents a sister phylogenetic 
group with the Otidiformes already mentioned (Jarvis et al. 2014; Santos et al. 2020).

These events fission of the ancestral chromosome 4 could be explained by the 
fact that the DNA regions involved in the breaks are particularly fragile (Damas et al. 
2019). Indeed, chromosomal regions likely to break have been identified and defined 
as being fragile (FS) and unstable sites (Sutherland 1979) and would be involved in 
chromosomal recombination events (Svetlova et al. 2001). This is also the case for 
Geese and the Collared dove (Shibusawa et al. 2002, 2004; Griffin et al. 2007).

Interchromosomal rearrangements involving microchromosomes are rare events in 
birds (Kretschmer et al. 2021a). The ancestral microchromosomal syntenies are con-
served in Piciformes and Trogoniformes but chromosome reorganisation is observed 
in Suliformes included fusions involving both macro- and microchromosomes 
(Kretschmer et al. 2021a).

Contrary to chromosomes 5 and 6 which seem to be morphologically similar in all 
the species studied, chromosomes 7 and 8 would show rearrangements:

Chromosome 7 is telocentric in the Common quail and the Domestic fowl, where-
as it is acrocentric in the other species analysed. It would seem that the deletion of 
the short arm (p) of the ancestral chromosome 7 would have occurred during evolu-
tion to give an acrocentric chromosome 7 like that of the Japanese quail (Kartout-
Benmessaoud and Ladjali-Mohammedi 2018). The same rearrangement was proposed 
through the localisation of chicken-specific BAC clones on CJA-7 (Shibusawa et al. 
2001; Fillon et al. 2003). Whereas, the formation of a neocentromere or the course 
of a pericentric inversion has been proposed to explain the current morphology of the 
CUN-7 and the two partridges (Fig. 2E) (Ouchia-Benissad and Ladjali-Mohammedi 
2018; Mahieddine-Aoudjit et al. 2019).

Several studies have shown that chromosomes 7 and 8 are quite conserved in Gal-
liformes (Kasai et al. 2003). While the hybridisation of specific probes of the GGA-7 
on the metaphases of the Guinea fowl Numida meleagris revealed the presence of a peri-
centric inversion (Shibusawa et al. 2002). It would also seem to be the case of CUN-7 
in which an inversion has been reported (Kiazim et al. 2021). Only molecular studies 
could elucidate such evolutionary events.

Chromosome 8

Comparison of GTG banding shows relatively conserved patterns in ABA-8, ACH-8 
and CUN-8. However, CJA-8, CCO-8 and GGA-8 share the same morphology but 
not the same bands distribution. In fact, chromosome 8 of ABA/ACH/CUN is acro-
centric while in CJA/CCO/GGA this chromosome is submetacentric (Fig. 2F). The 
morphological difference observed in these species could be explained by repositioning 
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of the centromere in common ancestor during divergence (Ouchia-Benissad and Lad-
jali-Mohammedi 2018; Mahieddine-Aoudjit et al. 2019).

In the other hand, double pericentric inversion may also have occured explaining 
differences in chromosomes morphology but the conservation of banding pattern is 
noted. In contrast, CCO-8 shows same morphology with GGA-8 but different disposi-
tion of GTG bands. This would be the result of a pericentric inversion in the region 8p 
1.1- q1.2 (Kartout-Benmessaoud and Ladjali-Mohammedi 2018) as it has been report-
ed in Japanese quail (Shibusawa et al. 2001; Fillon et al. 2003; Sasazaki et al. 2006).

Chromosome Z

The chromosome Z is submetacentric in the species ABA, ACH and CUN while it is 
metacentric in CCO and CJA, as in the chicken (Ouchia-Benissad and Ladjali-Mo-
hammedi 2018; Kartout-Benmessaoud and Ladjali-Mohammedi 2018; Mahieddine-
Aoudjit et al. 2019). Thus, a terminal inversion in the long arm is observed in each of 
CUN-Z and ABA-Z (corresponding to Zq2.1 in ABA) with loss of a region (p1.1–3) in 
the p arm of CUN-Z potentially corresponding to the microchromosome 13 (Fig. 2G) 
(Ouchia-Benissad and Ladjali-Mohammedi 2018; Mahieddine-Aoudjit et al. 2019). In 
addition, recurrent breakpoints evoking the presence of fragile sites have been detected 
on the Z chromosome of 15 species belonging to seven (07) different orders (Gerbault-
Seureau et al. 2019). In fact, chromosome Z in birds contains high number of break-
points and is particularly submitted to structural changes broadly represented by para 
or pericentric inversions (Fillon et al. 2007; Nanda et al. 2008; Skinner et al. 2009; Itoh 
et al. 2011) and rarely by Robertsonian translocation (Kretschmer et al. 2021b).

In addition, the Z chromosome presents a particularly high substitution rate in in-
trons (Wang et al. 2014). The evolution of avian sex chromosomes was characterised by 
a complex process of inversions likely related to both Z and W (and/or other processes) 
(Yazdi and Ellegren 2018; Okuno et al. 2021). These rearrangements could explain the 
early divergence of Z chromosome than other chromosomes (Yazdi and Ellegren 2018; 
Degrandi et al. 2020; Hayes et al. 2020; Hooper et al. 2020; Huang et al. 2022).

Chromosome W

In both partridges and Houbara bustard, the W chromosome is submetacentric while 
it is telocentric in both quails, wich could be explained by an evolutionary new cen-
tromere (ENC) (Fig. 2C) (Ouchia-Benissad and Ladjali-Mohammedi 2018; Kartout-
Benmessaoud and Ladjali-Mohammedi 2018; Mahieddine-Aoudjit et al. 2019).

The W chromosome is widely heterochromatic and contains high amounts of 
repetitive sequences, like that of Tataupa tinamou. In contrast, W chromosomes of 
Greater rhea and emu did not exhibit a significant buildup of either C-positive hetero-
chromatin or repetitive DNAs. This indicates their large undifferentiation both at mor-
phological and molecular levels (Setti et al. 2024). The W chromosome of birds, like 
that of snakes, seems to have degenerated during evolution, since it is morphologically 
small (Ellegren 2011). These repeats have been amplified in the pericentromeric region 
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of W chromosomes, which may have resulted from the disruption of meiotic recombi-
nation between the Z and W chromosomes at an early stage of sex chromosome differ-
entiation (Ishishita et al. 2014). Hence, microsatellite sequences may play significant 
role in sex chromosome differentiation (Barcellos et al. 2019).

However, it exhibits much conserved gene content despite their independent evo-
lution of recombination suppression (Graves 2014; Schartl et al. 2016; Xu and Zhou 
2020). The sequencing of chicken W chromosome shows preservation of ancestral 
genes enriched for expressed dosage-sensitive regulators (Bellott et al. 2017).

The chameleons of the genus Paroedura, are considered excellent models for stud-
ies of convergent and divergent evolution of sex chromosomes (Rovatsos et al. 2023).
We compared GTG-banded chromosomes of the species studied to trace the evolution 
of macrochromosomes. This type of analysis allows the identification of regions that 
have undergone possible events of neocentromere formation, deletions, inversions and 
fissions all of which contribute to rearrangements that influence speciation and phy-
logenetic relationships. A synthetic diagram is proposed to explain the chronology of 
appearance of the different evolutionary events since the ancestral karyotype (Fig. 3).

This study made it to highlight rearrangements linked to changes in morphology and 
profiles of GTG bands. Appearance of few inter- and intrachromosomal rearrangements 

Figure 3. Evolutionary representation of partial karyotypes of some galliforms and of an otidiform as 
well as the inter and intrachromosomal rearrangements that would have occured during speciation, com-
pared to the presumed ancestral avian karyotype.
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that occurred during evolution suggests that the organisation of the genome is highly 
conserved between these six species studied. Of note, the Houbara bustard karyotype 
has the highest number of intrachromosomal and interchromosomal rearrangements 
(including fissions) compared to the ancestral avian karyotype. Also, found interchro-
mosomal rearrangements involving shared microchromosomes between the two avian 
orders analysed. These rearrangements confirm that the structure of avian karyotypes 
would be more conserved at the interchromosomal but not intrachromosomal scale.

However, a comparison with phylogenetic species close to the bustard such as Cuculidae, 
Musophagiformes and Columbiformes would be interesting. Indeed, most Columbidae 
species showed at least one interchromosomal rearrangement (notably fissions). Neverthe-
less, intrachromosomal rearrangement remains the main driver of chromosome evolution in 
Columbidae. It is therefore fundamental to carry out interspecific hybridisations of chicken 
BAC clones to elucidate and confirm chromosomal rearrangements observed during this work.

Nevertheless, the conservation of endangered avian species is facilitated through 
the application of preservation and analysis of genomic data. The storage of chromo-
somes and nucleotides sequences is so a form of biobanking. Therefore, an analysis of 
sequence can identify genetically important individuals for breeding. Finally, avian 
genomics and stem cell approaches could not only offer hope of saving endangered 
species, such as the green peafowl but also other birds threatened with extinction.
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Farsi F, Eroğlu HE, Nozari J, Hosseininaveh V (2020) Karyotype Analysis of Trichogramma 
embryophagum Htg. (Hymenoptera: Trichogrammatidae) Using a New Method and 
Estimate Its Karyotype Symmetry. Caryologia 73: 65–70. https://doi.org/10.13128/caryo-
logia-203

Ferreira PVdM, Ribas TF, Griffin DK, Correa LAR, Pinheiro MLS, Kiazim LG, O’Connor 
RE, Nagamachi CY, Pieczarka JC (2023) A conserved karyotype? Chromosomal rear-
rangements in Charadrius collaris detected by BAC-FISH. PLoS ONE 18(1): e0280164. 
https://doi.org/10.1371/journal.pone.0280164

https://doi.org/10.1007/978-3-030-16477-5_4
https://doi.org/10.1159/000507768
https://doi.org/10.1016/j.applanim.2005.03.002
https://doi.org/10.1023/B:CHRO.0000045779.50641.00
https://doi.org/10.1023/B:CHRO.0000045779.50641.00
https://doi.org/10.3897/CompCytogen.v11i4.19925
https://doi.org/10.3897/compcytogen.v16.i3.82641
https://doi.org/10.3897/compcytogen.v16.i3.82641
https://doi.org/10.14344/IOC.ML.14.1
https://doi.org/10.14344/IOC.ML.14.1
https://doi.org/10.1371/journal.pone.0232509
https://doi.org/10.1093/gbe/evad215
https://doi.org/10.1038/nrg2948
https://doi.org/10.1038/nrg2948
https://doi.org/10.13128/caryologia-203
https://doi.org/10.13128/caryologia-203
https://doi.org/10.1371/journal.pone.0280164


Chromosomal rearrangements of some Galliformes and an endangered Otidiforme 231

Fillon V (1998) The chicken as a model to study microchromosomes in birds: a review. Genet-
ics Selection Evolution 30(3): 209–19. https://doi.org/10.1186/1297-9686-30-3-209

Fillon V, Vignoles M, Garrigues A, Frédérique P, Mireille M, Crooijmans R, Groenen M, Gel-
lin J, Vignal A (2003) La carte cytogénétique du poulet : un moyen pour identifier les 
microchromosomes et pour comparer les génomes aviaires. 5ème Journée de la Recherche 
Avicole, Tours.

Flamio R, Ramstad K (2024) Chromosome-level genome of the wood stork (Mycteria ameri-
cana) provides insight into avian chromosome evolution. Journal of Heredity 115(2): 
230–239. https://doi.org/10.1093/jhered/esad077

Furo de Oliveira I, Kretschmer R, O’Brien PC, Ferguson-Smith MA, de Oliveira EHC 
(2015) Chromosomal Diversity and Karyotype Evolution in South American Macaws 
(Psittaciformes, Psittacidae). PLoS ONE 10(6): e0130157. https://doi.org/10.1371/jour-
nal.pone.0130157

Galkina S, Deryusheva S, Fillon V, Vignal A, Crooijmans R, Groenen M, Rodionov A, Gagins-
kaya E (2006) FISH on avian lampbrush chromosomes produces higher resolution gene 
mapping. Genetica 128: 241–251. https://doi.org/10.1007/s10709005-5776-7

Gerbault-Seureau M, Fuchs J, Dutrillaux B (2019) High BrdU Sensitivity of Passeriformes 
Chromosomes : Conservation of BrdU-Sensitive Fragile Sites on Their Z Chromosomes 
during Evolution. Cytogenetetics Genome Research 157(3): 158–165. https://doi.
org/10.1159/000499590

Gokhman VE (2022) Comparative Karyotype Analysis of Parasitoid Hymenoptera (Insecta): 
Major Approaches, Techniques, and Results. Genes 13(5): 751. https://doi.org/10.3390/
genes13050751

Graphodatsky AS, Trifonov VA, Stanyon R (2011) The genome diversity and karyotype evolu-
tion of mammals. Molecular Cytogenetics 12(4): 22. https://doi.org/10.1186/1755-8166-
4-22

Gray JE (1832) Otis macqueenii – Hardwicke’s illustration. Indian Zoology 2, London, 220 pp. 
https://doi.org/10.5962/bhl.title.95127

Griffin DK, Robertson LB, Tempest HG, Skinner BM (2007) The evolution of the avian ge-
nome as revealed by comparative molecular cytogenetics. Cytogenetic and Genome Re-
search 117(4): 64–77. https://doi.org/10.1159/000103166

Griffin D, Robertson LB, Tempest H, Vignal A, Fillon V, Crooijmans RPMA, Groenen M, 
Deryusheva S, Gaginskaya E, Carre W, Waddington D, Talbot R, Völker M, Masabanda 
J, Burt D (2008) Whole genome comparative studies between chicken and turkey and 
their implications for avian genome evolution. BMC Genomics 9: 168. https://doi.
org/10.1186/1471-2164-9-168

Griffin DK, Larkin DM, O’Connor RE, Romanov MN (2023) Dinosaurs Comparative Cytog-
enomics of Their Reptile Cousins and Avian Descendants. Animals 13: 106. https://doi.
org/10.3390/books978-3-0365-8171-2

Guttenbach M, Nanda I, Feichtinger W, Masabanda JS, Griffin DK, Schmid M (2003) 
Comparative chromosome painting of chicken autosomal paints 1–9 in nine differ-
ent bird species. Cytogenetic and genome research 103(1–2): 173–184. https://doi.
org/10.1159/000076309

https://doi.org/10.1186/1297-9686-30-3-209
https://doi.org/10.1093/jhered/esad077
https://doi.org/10.1371/journal.pone.0130157
https://doi.org/10.1371/journal.pone.0130157
https://doi.org/10.1007/s10709005-5776-7
https://doi.org/10.1159/000499590
https://doi.org/10.1159/000499590
https://doi.org/10.3390/genes13050751
https://doi.org/10.3390/genes13050751
https://doi.org/10.1186/1755-8166-4-22
https://doi.org/10.1186/1755-8166-4-22
https://doi.org/10.5962/bhl.title.95127
https://doi.org/10.1159/000103166
https://doi.org/10.1186/1471-2164-9-168
https://doi.org/10.1186/1471-2164-9-168
https://doi.org/10.3390/books978-3-0365-8171-2
https://doi.org/10.3390/books978-3-0365-8171-2
https://doi.org/10.1159/000076309
https://doi.org/10.1159/000076309


Yasmine Kartout-Benmessaoud et al.  /  Comparative Cytogenetics 18: 213–237 (2024)232

Guyomarc’h JC, Belhamra M (1998) Effets de la sélection sur l’expression des tendances sex-
uelles et migratoires chez une population captive de caille des blés Coturnix coturnix. Ca-
hiers d’Ethologie 18: 1–16.  http://popups.uliege.be/2984-0317/index.php?id=1428

Hayes K, Barton H, Zeng K (2020) A Study of Faster-Z Evolution in the Great Tit (Parus major). 
Genome Biology and Evolution 12(3): 210–222. https://doi.org/10.1093/gbe/evaa044

Hooper DM, Price TD (2017) Chromosomal inversion differences correlate with range overlap 
in passerine birds. Nature Ecology and Evolution 1: 1526–1534. https://doi.org/10.1038/
s41559-017-0284-6

Huang Z, Furo I, Liu J, Peona V, Gomes A, Cen W, Huang H, Zhang Y, Chen D, Xue T, 
Zhang Q, Yue Z, Wang Q, Yu L, Chen Y, Suh A, de Oliveira EHC, Xu L (2022) Recurrent 
chromosome reshuffling and the evolution of neo-sex chromosomes in parrots. Nature 
Communications 13: 944. https://doi.org/10.1038/s41467-022-28585-1

Intarapat S, Sukparangsi W, Gusev O, Sheng G (2023) A Bird’s-Eye View of Endangered Spe-
cies Conservation: Avian Genomics and Stem Cell Approaches for Green Peafowl (Pavo 
muticus). Genes (Basel) 14(11): 2040. https://doi.org/10.3390/genes14112040

Isenmann P, Moali A (2000) Oiseaux d’Algérie/Birds of Algeria. Edition Société d’Etudes Or-
nithologiques de France (SEOF) 134: 136 -336. 

Ishishita S, Tsuruta Y, Uno Y, Nakamura A, Nishida C, Griffin DK, Tsudzuki M, Ono T, Mat-
suda Y (2014) Chromosome size-correlated and chromosome size-uncorrelated homogeni-
zation of centromeric repetitive sequences in New World quails. Chromosome Research 
22(1): 15–34. https://doi.org/10.1007/s10577-014-9402-3

Itoh Y, Kampf K, Arnold AP (2011) Possible differences in the two Z chromosomes in 
male chickens and evolution of MHM sequences in Galliformes. Chromosoma 120(6): 
587–598. https://doi.org/10.1007/s00412-011-0333-x

IUCN (2024) The IUCN Red List of Threatened Species. Version 2023-1. https://www.iucn-
redlist.org

Jacquin JF (1784) Psophia undulata. Beyträge zur Geschichte der Vögel 24: 1–9. https://doi.
org/10.5962/bhl.title.49548

Jarvis ED, Mirarab S, Aberer AJ, Li B, Houde P, Li C, Ho SY, Faircloth BC, Nabholz B, How-
ard JT, Suh A, Weber CC, da Fonseca RR, Li J, Zhang F, Li H, Zhou L, Narula N, Liu L, 
Ganapathy G, Boussau B, Bayzid MS, Zavidovych V, Subramanian S, Gabaldón T, Capella-
Gutiérrez S, Huerta-Cepas J, Rekepalli B, Munch K, Schierup M, Lindow B, Warren WC, 
Ray D, Green RE, Bruford MW, Zhan X, Dixon A, Li S, Li N, Huang Y, Derryberry EP, 
Bertelsen MF, Sheldon FH, Brumfield RT, Mello CV, Lovell PV, Wirthlin M, Schneider MP, 
Prosdocimi F, Samaniego JA, Vargas Velazquez AM, Alfaro-Núñez A, Campos PF, Petersen 
B, Sicheritz-Ponten T, Pas A, Bailey T, Scofield P, Bunce M, Lambert DM, Zhou Q, Perel-
man P, Driskell AC, Shapiro B, Xiong Z, Zeng Y, Liu S, Li Z, Liu B, Wu K, Xiao J, Yinqi X, 
Zheng Q, Zhang Y, Yang H, Wang J, Smeds L, Rheindt FE, Braun M, Fjeldsa J, Orlando L, 
Barker FK, Jønsson KA, Johnson W, Koepfli KP, O’Brien S, Haussler D, Ryder OA, Rahbek 
C, Willerslev E, Graves GR, Glenn TC, McCormack J, Burt D, Ellegren H, Alström P, Ed-
wards SV, Stamatakis A, Mindell DP, Cracraft J, Braun EL, Warnow T, Jun W, Gilbert MT, 
Zhang G (2014) Whole-genome analyses resolve early branches in the tree of life of modern 
birds. Science 346(6215): 1320–1331. https://doi.org/10.1126/science.1253451

http://popups.uliege.be/2984-0317/index.php?id=1428
https://doi.org/10.1093/gbe/evaa044
https://doi.org/10.1038/s41559-017-0284-6
https://doi.org/10.1038/s41559-017-0284-6
https://doi.org/10.1038/s41467-022-28585-1
https://doi.org/10.3390/genes14112040
https://doi.org/10.1007/s10577-014-9402-3
https://doi.org/10.1007/s00412-011-0333-x
https://www.iucnredlist.org
https://www.iucnredlist.org
https://doi.org/10.5962/bhl.title.49548
https://doi.org/10.5962/bhl.title.49548
https://doi.org/10.1126/science.1253451


Chromosomal rearrangements of some Galliformes and an endangered Otidiforme 233

Kartout-Benmessaoud Y, Ladjali-Mohammedi K (2018) Banding cytogenetics of chimeric hy-
brids coturnix coturnix × coturnix japonica and comparative analysis with the domestic 
fowl. Comparative cytogenetics 12(4): 445–470.  https://doi.org/10.3897/CompCytogen.
v12i4.27341

Kasai F, Garcia C, Arruga MV, Ferguson-Smith MA (2003) Chromosome homology between 
chicken (Gallus gallus domesticus) and the red-legged partridge (Alectoris rufa); evidence of 
the occurrence of a neocentromere during evolution. Cytogenetic Genome Research 102: 
326–330. https://doi.org/10.1159/000075770

Kayang BB, Fillon V, Inoue-Murayama M, Miwa M, Leroux S, Fève K, Monvoisin JL, Pitel F, 
Vignoles M, Mouilhayrat C, Beaumont C, Ito S, Minvielle F, Vignal A (2006) Integrated 
maps in quail Coturnix japonica confirm the high degree of synteny conservation with 
chicken Gallus gallus despite 35 million years of divergence. BioMedical Central Genomics 
7(101): 4–18. https://doi.org/10.1186/1471-2164-7-101

Kiazim LG, O’Connor RE, Larkin DM, Romanov MN, Narushin VG, Brazhnik EA, Griffin 
DK (2021) Comparative Mapping of the Macrochromosomes of Eight Avian Species Pro-
vides Further Insight into Their Phylogenetic Relationships and Avian Karyotype Evolu-
tion. Cells 10: 362. https://doi.org/10.3390/cells10020362

Kretschmer R, Ferguson-Smith MA, Herculano E, De Oliveira C (2018) Karyotype evolu-
tion in birds: from conventional staining to chromosome painting. Genes 9(181): 1–19. 
https://doi.org/10.3390/genes9040181

Kretschmer R, de Souza MS, Barcellos SA, Degrandi TM, Pereira JC, O’Brien PCM, Ferguson-
Smith MA, Gunski RJ, Garnero ADV, de Oliveira EHC, de Freitas TRO (2020) Novel 
insights into chromosome evolution of Charadriiformes: Extensive genomic reshuffling in 
the wattled jacana (Jacana jacana, Charadriiformes, Jacanidae). Genetics Molecular Biol-
ogy 43: e20190236. https://doi.org/10.1590/1678-4685-GMB-2019-0236

Kretschmer R, de Souza MS, Furo IO, Romanov MN, Gunski RJ, Garnero ADV, de Freitas 
TRO, de Oliveira EHC, O’Connor RE, Griffin DK (2021a) Interspecies chromosome 
mapping in Caprimulgiformes, Piciformes, Suliformes, and Trogoniformes (Aves): cytog-
enomic insight into microchromosome organization and karyotype evolution in birds. 
Cells 10: 826. https://doi.org/10.3390/cells10040826

Kretschmer R, Gunski RJ, Garnero ADV, de Freitas TRO, Toma GA, Cioffifi MB, de Oliveira 
EHC, O’Connor RE, Griffin DK (2021b) Chromosomal analysis in Crotophaga ani (Aves, 
Cuculiformes) reveals extensive genomic reorganization and an unusual Z-autosome Rob-
ertsonian translocation. Cells 10: 4. https://doi.org/10.3390/cells10010004

Kretschmer R, Franz I, de Souza MS, Garnero ADV, Gunski RJ, de Oliveira EHC, O’Connor 
RE, Griffin DK, de Freitas TRO (2021c) Cytogenetic Evidence Clarifies the Phylog-
eny of the Family Rhynchocyclidae (Aves: Passeriformes). Cells 10: 2650. https://doi.
org/10.3390/cells10102650

Ladjali K, Tixier-Boichard M, Cribiu P (1995) High-Resolution Chromosome Preparation for 
G- and R- Banding in (Gallus domesticus). Journal of Heredity 86: 136–139. https://doi.
org/10.1093/oxfordjournals.jhered.a111543

Ladjali-Mohammedi K, Bitgood JJ, Tixier-Boichard M, Ponce De Leon FA (1999) Internation-
al System for Standardized Avian Karyotypes (ISSAK): Standardized banded karyotypes 

https://doi.org/10.3897/CompCytogen.v12i4.27341
https://doi.org/10.3897/CompCytogen.v12i4.27341
https://doi.org/10.1159/000075770
https://doi.org/10.1186/1471-2164-7-101
https://doi.org/10.3390/cells10020362
https://doi.org/10.3390/genes9040181
https://doi.org/10.1590/1678-4685-GMB-2019-0236
https://doi.org/10.3390/cells10040826
https://doi.org/10.3390/cells10010004
https://doi.org/10.3390/cells10102650
https://doi.org/10.3390/cells10102650
https://doi.org/10.1093/oxfordjournals.jhered.a111543
https://doi.org/10.1093/oxfordjournals.jhered.a111543


Yasmine Kartout-Benmessaoud et al.  /  Comparative Cytogenetics 18: 213–237 (2024)234

of the domestic fowl (Gallus domesticus). Cytogenetic and Cell Genetics 86: 271–276. 
https://doi.org/10.1159/000015318

Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA, McWilliam H, Valentin 
F, Wallace IM, Wilm A, Lopez R, Thompson JD, Gibson TJ, Higgins DG (2009) Clustal 
W and Clustal X version 2.0. Bioinformatics 23: 2947–2948. https://doi.org/10.1093/
bioinformatics/btm404

Liu ZW, Liu J, Liu F, Zhong X (2023) Depositing centromere repeats induces heritable in-
tragenic heterochromatin establishment and spreading in Arabidopsis. Nucleic Acids Re-
search 51: 6039–6054. https://doi.org/10.1093/nar/gkad306

Linnaeus C (1758) Tomus I. Systema naturae per regna tria naturae, secundum classes, ordines, 
genera, species, cum characteribus, differentiis, synonymis, locis. Editio decima, reformata. 
Holmiae (Laurentii Salvii) (1–4) 1: 824. https://doi.org/10.5962/bhl.title.542

Lukanov H (2019) Domestic quail (Coturnix japonica domestica), is there such farm animal? 
World’s Poultry Science Journal (75): 1–11. https://doi.org/10.1017/S0043933919000631

Mahiddine-Aoudjit L, Boucekkine O, Ladjali-Mohammedi K (2019) Banding cytogenetics of 
the vulnerable species Houbara bustard (Otidiformes) and comparative analysis with the 
Domestic fowl. Comparative Cytogenetics 13(1): 1–17. https://doi.org/10.3897/Comp-
Cytogen.v13i1.30660

Maxwell S, Fuller R, Brooks TM, Watson JEM (2016) Biodiversity: The ravages of guns, nets 
and bulldozers. Nature 536: 143–145. https://doi.org/10.1038/536143a

Nagao K, Tanaka Y, Kajitani R, Toyoda A, Itoh T, Kubota S, Goto Y (2023) Bioinformatic 
and fine-scale chromosomal mapping reveal the nature and evolution of eliminated chro-
mosomes in the Japanese hagfish, Eptatretus burgeri, through analysis of repetitive DNA 
families. PLoS ONE 18(8): e0286941. https://doi.org/10.1371/journal.pone.0286941

Nanda I, Schlegelmilch K, Haaf T, Schartl M, Schmid M (2008) Synteny conservation of 
the Z chromosome in 14 avian species (11 families) supports a role for Z dosage in avi-
an sex determination. Cytogenetic and Genome Research 122: 150–156. https://doi.
org/10.1159/000163092

Nanda I, Benisch P, Fetting D, Haaf T, Schmid M (2011) Synteny conservation of chick-
en macrochromosomes 1–10 in different avian lineages revealed by cross-species chro-
mosome painting. Cytogenetic and Genome Research 132: 165–181. https://doi.
org/10.1159/000322358

Nishida C, Ishijima J, Kosaka A, Tanabe H, Habermann FA, Griffin DK, Matsuda Y (2008) Char
acterization of chromosome structures of Falconinae (Falconidae, Falconiformes, Aves) by chro-
mosome painting and delineation of chromosome rearrangements during their differentiation. 
Chromosome Research 16(1): 171–181. https://doi.org/10.1007/s10577-007-1210-6

O’Connor R, Kretschmer R, Romanov MN, Griffin DK (2024) A Bird’s-Eye View of Chromo-
somic Evolution in the Class Aves. Cells 13: 310. https://doi.org/10.3390/cells13040310

Okuno M, Mizushima S, Kuroiwa A, Itoh T (2021) Analysis of Sex Chromosome Evolution in 
the Clade Palaeognathae from Phased Genome Assembly. Genome Biology and Evolution 
13(11): evab242. https://doi.org/10.1093/gbe/evab242

Olmo E (2023) Reptile Evolution and Genetics: An Overview. Animals 13(12): 1924. 
https://doi.org/10.3390/ani13121924

https://doi.org/10.1159/000015318
https://doi.org/10.1093/bioinformatics/btm404
https://doi.org/10.1093/bioinformatics/btm404
https://doi.org/10.1093/nar/gkad306
https://doi.org/10.5962/bhl.title.542
https://doi.org/10.1017/S0043933919000631
https://doi.org/10.3897/CompCytogen.v13i1.30660
https://doi.org/10.3897/CompCytogen.v13i1.30660
https://doi.org/10.1038/536143a
https://doi.org/10.1371/journal.pone.0286941
https://doi.org/10.1159/000163092
https://doi.org/10.1159/000163092
https://doi.org/10.1159/000322358
https://doi.org/10.1159/000322358
https://doi.org/10.1007/s10577-007-1210-6
https://doi.org/10.3390/cells13040310
https://doi.org/10.1093/gbe/evab242
https://doi.org/10.3390/ani13121924


Chromosomal rearrangements of some Galliformes and an endangered Otidiforme 235

Ouchia-Benissad S, Ladjali-Mohammedi K (2018) Banding cytogenetics of the Barbary par-
tridge Alectoris barbara and the Chukar partridge Alectoris chukar (Phasianidae): a large 
conservation with Domestic fowl Gallus domesticus revealed by high-resolution chromo-
somes. Comparative Cytogenetics 12(2): 171–199.https://doi.org/10.3897/CompCyto-
gen.v12i2.23743

Pevzner P, Tesler G (2003) Human and mouse genomic sequences reveal extensive break-
point reuse in mammalian evolution. Proceedings of the National Academy of Sci-
ences of the United States of America 24 100(13): 7672-7.Y. https://doi.org/10.1073/
pnas.1330369100

Pritchard AC, Nesbit SJA (2017) Bird-like Skull in a Triassic Diapsid Reptile Increases Het-
erogeneity of Morphologival and Phylogenetic Radiation of Diapsida. Royal Society Open 
Science 4: 170499. https://doi.org/10.1098/rsos.170499

Prum OR, Berv JS, Dornburg A, Field DJ, Towsend JP, Lemmon EM, Lemmon AR (2015) A 
comprehensive phylogeny of birds (Aves) using targeted next generation DNA sequencing. 
Nature 526: 569–572. https://doi.org/10.1038/nature15697

Puigcerver M, Sanchez-Donoso I, Vilà C, Sardà-Palomera F, Morales-Rodríguez PA, De la 
Calle R, Rodriguez-Teijeiro J, Vilà I, Rodríguez M, Calle C, Rodríguez J (2013) Hy-
bridization between the common quail (Coturnix coturnix) and farm-reared quails: state 
of the art of a conservation problem. Ecosistemas 22: 48–53. https://doi.org/10.7818/
ECOS.2013.22-2.08

Rajičić M, Budinski I, Miljević M, Bajić B, Paunović M, Vujošević M, Blagojević J (2022) 
The new highest number of B chromosomes (Bs) in Leisler’s bat Nyctalus leisleri (Kuhl, 
1817). Comparative Cytogenetics 16(3): 173–184. https://doi.org/10.3897/CompCyto-
gen.v16i3.89911

Rovatsos M, Mazzoleni S, Augstenova B, Altmanová M, Velensky P, Glaw F, Sanchez A, 
Kratochvil L (2024) Heteromorphic ZZ/ZW sex chromosomes sharing gene content 
with mammalian XX/XY are conserved in Madagascan chameleons of the genus Furcifer. 
Scientific Reports 14: 4898. https://doi.org/10.1038/s41598-024-55431-9

Sanchez-Donoso I, Morales-Rodriguez PA, Puigcerver M, Caballero de la Calle JR, Vilà C, 
Rodríguez-Teijeiro JD (2016) Postcopulatory sexual selection favors fertilization success 
of restocking hybrid quails over native Common quails (Coturnix coturnix). Journal of 
Ornithology 157: 33–42. https://doi.org/10.1007/s10336-015-1242-1

Sasazaki S, Hinenoya T, Lin B, Fujiwara A, Mannen H (2006) A comparative map of macro-
chromosomes between chicken and Japanese quail based on orthologous genes. Animal 
Genetics 37(4): 316–320. https://doi.org/10.1111/j.1365-2052.2006.01454.x

Schartl M, Schmid M, Nanda I (2016) Dynamics of vertebrate sex chromosome evolution: from 
equal size to giants and dwarfs. Chromosoma 125(3): 553–571. https://doi.org/10.1007/
s00412-015-0569-y

Schmid M, Nanda I, Hoehn H, Schartl M, Haaf T, Buerstedde JM, Arakawa H, Caldwell RB, 
Weigend S, Burt DW, Smith J, Griffin DK, Masabanda JS, Groenen MA, Crooijmans RP, 
Vignal A, Fillon V, Morisson M, Pitel F, Vignoles M, Garrigues A, Gellin J, Rodionov AV, 
Galkina SA, Lukina NA, Ben-Ari G, Blum S, Hillel J, Twito T, Lavi U, David L, Feldman 
MW, Delany ME, Conley CA, Fowler VM, Hedges SB, Godbout R, Katyal S, Smith C, 

https://doi.org/10.3897/CompCytogen.v12i2.23743
https://doi.org/10.3897/CompCytogen.v12i2.23743
https://doi.org/10.1073/pnas.1330369100
https://doi.org/10.1073/pnas.1330369100
https://doi.org/10.1098/rsos.170499
https://doi.org/10.1038/nature15697
https://doi.org/10.7818/ECOS.2013.22-2.08
https://doi.org/10.7818/ECOS.2013.22-2.08
https://doi.org/10.3897/CompCytogen.v16i3.89911
https://doi.org/10.3897/CompCytogen.v16i3.89911
https://doi.org/10.1038/s41598-024-55431-9
https://doi.org/10.1007/s10336-015-1242-1
https://doi.org/10.1111/j.1365-2052.2006.01454.x
https://doi.org/10.1007/s00412-015-0569-y
https://doi.org/10.1007/s00412-015-0569-y


Yasmine Kartout-Benmessaoud et al.  /  Comparative Cytogenetics 18: 213–237 (2024)236

Hudson Q, Sinclair A, Mizuno S (2005) Second report on chicken genes and chromosomes. 
Cytogenetics and Genome Research 109(4): 415–479. https://doi.org/10.1159/000084205

Schmid M, Nanda I, Guttenbach M, Steinlein C, Hoehn M, Schartl M, Haaf T, Weigend S, 
Fries R, Buerstedde JM, Wimmers K, Burt DW, Smith J, A’Hara S, Law A, Griffin DK, 
Bumstead N, Kaufman J, Thomson PA, Burke T, Groenen MA, Crooijmans RP, Vignal 
A, Fillon V, Morisson M, Pitel F, Tixier-Boichard M, Ladjali-Mohammedi K, Hillel J, 
Maki-Tanila A, Cheng HH, Delany ME, Burnside J, Mizuno S (2000) First Report on 
Chicken Genes and Chromosomes. Cytogenetics and Cell Genetics 90: 169–218. https://
doi.org/10.1159/000056772

Schulte P, Alegret L, Arenillas I, Arz J, Barton P, Bown P, Bralower T, Christeson G, Claeys 
P, Cockell C, Collins G, Deutsch A, Goldin T, Goto K, Grajales-Nishimura J, Grieve R, 
Gulick S, Johnson K, Kiessling W, Willumsen P (2010) The chicxulub asteroid impact and 
mass extinction at the cretaceous-paleogene boundary. Science 327: 1214–1218. https://
doi.org/10.1126/science.1177265

Setti PG, Deon GA, dos Santos RZ, Gomes Goes CA, Garnero AdV, Gunski RJ, de Oliveira 
EHC, Porto-Foresti F, de Freitas TRO, Silva FAO, Liehr T, Utsunomia R, Kretschmer R, 
de Bello Cioffi M (2024) Evolution of bird sex chromosomes: a cytogenomic approach 
in Palaeognathae species. BMC Ecology and Evolution 24: 51. https://doi.org/10.1186/
s12862-024-02230-5

Seabright M (1971) A rapid banding technique for human chromosomes. Lancet 2: 971–972. 
https://doi.org/10.1016/s0140-6736(71)90287-x

Shibusawa M, Minai S, Nishida-Umehara C, Suzuki T, Mano T, Yamada K, Namikawa T, 
Matsuda YA (2001) A comparative cytogenetic study of chromosome homology between 
chicken and Japanese quail. Cytogenetic and Cell Genetics 95(1–2): 103–109. https://doi.
org/10.1159/000057026

Shibusawa M, Nishibori M, Nishida-Umehara C, Tsudzuki M, Masabanda J, Griffin DK, 
Matsuda Y (2004) Karyotypic evolution in the Galliformes : an examination of the pro-
cess of karyotypic evolution by comparison of the molecular cytogenetic findings with 
the molecular phylogeny. Cytogenetic and Genome Research 106: 111–119. https://doi.
org/10.1159/000078570

Shibusawa M, Nishida-Umehara C, Masabanda J, Griffin DK, Isobeb T, Matsuda Y (2002) 
Chromosome rearrangements between chicken and guinea fowl defined by comparative 
chromosome painting and FISH mapping of DNA clones. Cytogenetic and Genome 
Research 98: 225–230. https://doi.org/10.1159/000069813

Shoffner RN (1974) Chromosomes in birds. In: Busch H (Ed). The cell nucleus Academic, San 
Diego, 223–261. https://doi.org/10.1016/B978-0-12-147602-1.50015-5

Skinner BM, Robertson LB, Tempest HG, Langley EJ, Ioannou D, Fowler KE, Crooijmans 
RP, Hall AD, Griffin DK, Völker M (2009) Comparative genomics in chicken and Pekin 
duck using FISH mapping and microarray analysis. BioMed Central Genomics 10: 357. 
https://doi.org/10.1186/1471-2164-10-357

Slobodchikova AY, Malinovskaya LP, Grishko EO, Pristyazhnyuk IE, Torgasheva AA, 
Borodin PM (2022) Pachytene karyotypes of 17 species of birds. BioRxiv 01.01.473627. 
https://doi.org/10.1101/2022.01.01.473627

https://doi.org/10.1159/000084205
https://doi.org/10.1159/000056772
https://doi.org/10.1159/000056772
https://doi.org/10.1126/science.1177265
https://doi.org/10.1126/science.1177265
https://doi.org/10.1186/s12862-024-02230-5
https://doi.org/10.1186/s12862-024-02230-5
https://doi.org/10.1016/s0140-6736(71)90287-x
https://doi.org/10.1159/000057026
https://doi.org/10.1159/000057026
https://doi.org/10.1159/000078570
https://doi.org/10.1159/000078570
https://doi.org/10.1159/000069813
https://doi.org/10.1016/B978-0-12-147602-1.50015-5
https://doi.org/10.1186/1471-2164-10-357
https://doi.org/10.1101/2022.01.01.473627


Chromosomal rearrangements of some Galliformes and an endangered Otidiforme 237

Stock AD, Bunch TD (1982) The evolutionary implications of chromosome banding pattern 
homologies in the bird order Galliformes. Cytogenetics and Cell Genetics 34: 136–148. 
https://doi.org/10.1159/000131802

Sutherland GR (1979) Heritable fragile sites on human chromosomes I. Factors affecting ex-
pression in lymphocyte culture. American Journal of Human Genetic 31(2): 125–135.

Svetlova M, Solovjeva L, NishibIgor K, Siino J, Tomilin N (2001) Elimination of radiation-
induced γ-H2AX foci in mammalian nucleus can occur by histone exchange. Biochemical 
and Biophysical Research Communications 358(2): 650–654. https://doi.org/10.1016/j.
bbrc.2007.04.188

Tegelström H, Ryttman H (1981) Chromosomes in birds (Aves): evolutionary implications of 
macro- and microchromosome numbers and lengths. Hereditas 94: 225–233. https://doi.
org/10.1111/j.1601-5223.1981.tb01757.x

Wang Z, Zhang J, Yang W, An N, Zhang P, Zhang G, Zhou Q (2014) Temporal genomic 
evolution of bird sex chromosomes. BMC Evolutionary Biology 14: 1–12.  https://doi.
org/10.1186/s12862-014-0250-8

Wink M (2019) A historical perspective of avian genomics. Avian Genomics in Ecology and 
Evolution 6: 7–19. https://doi.org/10.1007/978-3-030-16477-5_2

Xu L, Zhou Q (2020) The female-specific W chromosomes of birds have conserved gene 
contents but are not feminized. Genes (Basel) 11(10): 1126. https://doi.org/10.3390/
genes11101126

Yazdi HP, Ellegren HA (2018) Genetic Map of Ostrich Z Chromosome and the Role of In-
versions in Avian Sex Chromosome Evolution. Genome Biology and Evolution 10(8): 
2049–2060. https://doi.org/10.1093/gbe/evy163

Zakharov AF, Egolina NA (1968) Asynchrony of DNA replication and mitotic spiralisation 
along heterochromatic portions of Chinese hamster chromosomes. Chromosoma 23: 
365–385. https://doi.org/10.1007/BF00625285

Zlotina A, Galkina S, Krasikova A, Crooijmans RP, Groenen MAM, Gaginskaya ER, Deryush-
eva S (2010) Precise centromere positioning on chicken chromosome 3. Cytogenetic and 
Genome Research 129: 310–313. https://doi.org/10.1159/000314923

Zlotina A, Galkina S, Krasikova A, Crooijmans RP, Groenen MAM, Gaginskaya ER, Dery-
usheva S (2012) Centromere positions in chicken and Japanese quail chromosomes: de 
novo centromere formation versus pericentric inversions. Chromosome Research 20(8): 
1017–1032. https://doi.org/10.1007/s10577-012-9319-7

ORCID

Yasmine Kartout-Benmessaoud https://orcid.org/0009-0007-2658-2503

https://doi.org/10.1159/000131802
https://doi.org/10.1016/j.bbrc.2007.04.188
https://doi.org/10.1016/j.bbrc.2007.04.188
https://doi.org/10.1111/j.1601-5223.1981.tb01757.x
https://doi.org/10.1111/j.1601-5223.1981.tb01757.x
https://doi.org/10.1186/s12862-014-0250-8
https://doi.org/10.1186/s12862-014-0250-8
https://doi.org/10.1007/978-3-030-16477-5_2
https://doi.org/10.3390/genes11101126
https://doi.org/10.3390/genes11101126
https://doi.org/10.1093/gbe/evy163
https://doi.org/10.1007/BF00625285
https://doi.org/10.1159/000314923
https://doi.org/10.1007/s10577-012-9319-7
https://orcid.org/0009-0007-2658-2503

	Highlighting chromosomal rearrangements of five species of Galliformes (Domestic fowl, Common and Japanese quail, Barbary and Chukar partridge) and the Houbara bustard, an endangered Otidiformes: banding cytogenetic is a powerful tool
	Abstract
	Introduction
	Material and methods
	Biological material
	Cell cultures and double synchronisation
	Chromosomes staining
	Chromosome classification
	Comparative analysis

	Results
	Chromosome 1
	Chromosome 2
	Chromosomes 3, 5 and 6
	Chromosome 4
	Chromosome 7
	Chromosome 8
	Chromosome Z
	Chromosome W

	Discussion
	Chromosomes 1
	Chromosome 2
	Chromosome 4
	Chromosome 8
	Chromosome Z
	Chromosome W

	Acknowledgments
	References
	ORCID

