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Abstract

Bird chromosomes, which have been investigated scientifi-
cally for more than a century, present a number of unique
features. In general, bird karyotypes have a high diploid
number (2n) of typically around 80 chromosomes that are
divided into macro- and microchromosomes. In recent de-
cades, FISH studies using whole chromosome painting
probes have shown that the macrochromosomes evolved
through both inter- and intrachromosomal rearrangements.
However, chromosome painting data are available for only a
few bird species, which hinders a more systematic approach
to the understanding of the evolutionary history of the enig-
matic bird karyotype. Thus, we decided to create an innova-
tive database through compilation of the cytogenetic data
available for birds, including chromosome numbers and the
results of chromosome painting with chicken (Gallus gallus)
probes. The data were obtained through an extensive litera-
ture review, which focused on cytogenetic studies published

up to 2019. In the first version of the “Bird Chromosome Da-
tabase (BCD)” (https://sites.unipampa.edu.br/birdchromo-
somedatabase) we have compiled data on the chromosome
numbers of 1,067 bird species and chromosome painting
data on 96 species. We found considerable variation in the
diploid numbers, which ranged from 40 to 142, although
most (around 50%) of the species studied up to now have
between 78 and 82 chromosomes. Despite its importance
for cytogenetic research, chromosome painting has been
applied to less than 1% of all bird species. The BCD will en-
able researchers to identify the main knowledge gaps in bird
cytogenetics, including the most under-sampled groups,
and make inferences on chromosomal homologies in phylo-
genetic studies. ©2020 5. Karger AG, Basel

Databases present a valuable source of information for
research on a wide range of topics, including species in-
ventories, cytogenetics of some key groups, chromosom-
al mapping of rDNA, and even complete genomic se-
quences [Peruzzi and Bedini, 2014; Jarvis et al., 2015; Car-
doso et al., 2018; Gill and Donsker, 2018; Paresque et al.,
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2018; Sochorova et al., 2018; Perkins et al., 2019]. They
also provide researchers with an overview of these stud-
ies, helping to identify gaps and the need for the applica-
tion of new and complementary approaches.

The class Aves is an important and extremely diverse
biological group that includes more than 10,000 species
[Gill and Donsker, 2018]. Over the past decade, consider-
able efforts have been made to reconstruct the evolution-
ary history of this group, and one of the most important
advances has come from the sequencing of the entire ge-
nomes of 48 species [Jarvis et al., 2015]. This genomic
analysis permitted the review of the evolutionary rela-
tionships among the different avian orders and supports
an initial divergence of the birds into 2 groups, Paleog-
nathae and Neognathae [Jarvis et al., 2014; Prum et al,,
2015]. Despite these advances, genomic data are only
available for a very small proportion of the total number
of bird species [Kretschmer et al., 2018]. Thus, it is impor-
tant to encourage the application of alternative approach-
es, such as cytogenetics.

Avian chromosomes have been investigated scien-
tifically for more than a century and have unique char-
acteristics [Guyer, 1900]. Bird karyotypes are composed
of 2 groups of chromosomes that differ notably in size:
macro- and microchromosomes [Ellegren, 2010]. In
general, macrochromosomes are 2.5-6 um in length
and comprise the first 10 chromosome pairs, whereas
microchromosomes are more numerous and less than
2.5 pm long [Rodionov, 1996]. The diploid number
(2n) is high in most species, i.e., around 80 chromo-
somes [Griffin et al., 2007]. Concerning the sex chro-
mosome system, females are heterogametic (ZW) and
males are homogametic (ZZ) [Graves and Shetty, 2001;
Wang et al., 2014].

FISH studies using whole chromosome painting
probes (WCPs) have permitted the identification of
many chromosomal rearrangements in the avian karyo-
type [Kretschmer et al., 2018]. The domestic fowl, Gallus
gallus (GGA), 2n = 78, was the first bird species from
which WCPs were isolated [Griffin et al., 1999]. These
GGA probes have been used successfully to determine
the chromosomal homologies between distantly related
species such as ostrich (Struthio camelus), American rhea
(Rhea americana), canary (Serinus canaria), and zebra
finch (Taeniopygia guttata) [Nishida-Umehara et al.,
2007; dos Santos et al., 2017]. For example, chromosome
painting with GGA probes in eagles (Accipitridae) has
shown that the macrochromosomes of these birds
evolved through interchromosomal rearrangements
such as fusions, fissions, and chromosome transloca-
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tions, leading to a decrease in the diploid number to 58—
68 [de Oliveira et al., 2005]. Species-specific probes have
also been developed for other species, such as Burhinus
oedicnemus (Charadriiformes), Leucopternis albicollis
and Gyps fulvus (Accipitriformes), and Zenaida auricu-
lata (Columbiformes) [Nie et al., 2009, 2015; de Oliveira
et al., 2010; Kretschmer et al., 2018b]. The WCPs of L.
albicollis have proven especially important for the detec-
tion of intrachromosomal rearrangements that are not
detected by GGA probes [dos Santos et al., 2015; Degran-
dietal., 2017].

Considering the importance of the cytogenetic data for
the understanding of bird evolution, the present study
compiled the cytogenetic data available on birds to create
a database that covers the chromosome numbers and
chromosome painting data reported for the different bird
species to date (up to 2019). Access to these data will per-
mit researchers to identify the priority groups for new
studies, patterns of chromosomal homology, and the pro-
cesses involved in the evolution of karyotype structure,
and will provide important insights into the phylogeny of
these vertebrates.

Materials and Methods

In the present study, we compiled the data available for chro-
mosome numbers in bird species and chromosome painting with
GGA probes, published up to 2019. These data were used to create
the “Bird Chromosome Database.”

Initially, we examined the data presented in review studies,
such as those of Bloom [1969], Ray-Chaudhuri [1973], Shields
[1982], de Boer [1984], Capanna et al. [1987], Santos and Gunski
[2006], Griffin et al. [2007], Cuervo et al. [2011], and Kretschmer
et al. [2018a], verifying each paper cited by these authors. We also
conducted literature searches in the Web of Science and Google
Scholar databases to identify complementary material, using the
keywords “birds,” “2n,” “chromosome number,” “karyotype de-
scription,” “whole chromosome painting,” “GGA probes,” and
“FISH.” We compiled a total of 300 studies, which included con-
gress abstracts, theses, dissertations, and research papers. These
studies were allocated to one of 2 categories, according to the type
of data presented: (1) studies with data on chromosome numbers
and karyotype descriptions, and (2) studies that provide data on
chromosome painting with G. gallus probes.

The data were arranged in a table that includes a list of species
and the complete reference for each study. The scientific name of
each species was checked against the World Bird List v8.2 of the
International Community of Ornithologists [Gill and Donsker,
2018], and any synonyms were placed in a separate column to fa-
cilitate access by the user. Finally, for an overview of the cytoge-
netic data currently available in the database, we ran basic statisti-
cal analyses, including the percentage of bird species that have
been karyotyped and frequency and variation in the diploid num-
bers, using Libreoffice tools.
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Chromosome number data

Infra Class Order Family

Common name Species

Synonym Reference

PALEOGNATHAE  STRUTHIONIFORMES

Struthionidae Ostriches

Struthio camelus ltoh et al. 1969; Takagi et al.
1972; Nishida-Umehara et al.

2007

RHEIFORMES Rheidae Rheas

Chromosome painting data

Family Species Chr3

Chr4

Rhea americana Becak et al. 1973; Takagi et al.
1972; Takagi and Sasaki 1974;
Gunski and Giannoni 1998;
Guttenbach et al. 2003; Nishida-

Umehara et al. 2007

Rhea pennata  Pterocnemia pennata 80 Liotta and Gunski, 1998

Chr5 Chré Reference

Accipitridae  Harpia harpyja GGA2/GGAS

Buteo buteo GGA2/Mic

Asturina nitida GGA1/GGAB

GGA4
GGA7/Mic
GGA2

de Oliveira et al.
2005

Nie et al. 2015

de Oliveira et al.
2013

GGA1 GGA1

GGA9Mic  GGA1/GGA6

GGA5 GGA1

Fig. 1. Examples of cytogenetic data readouts from the Bird Chromosome Database. A Chromosome number
(2n) data for the orders Struthioniformes and Rheiformes. B Homologies between the chromosome pairs (Chrl,
...) of 3 accipitrids and G. gallus. When 2 or more GGA chromosomes are associated with the target chromo-
some, they are presented as first/second, as in the case of Chr3 of Harpia harpyja, which shows homologies with
GGA2/GGAS. Both tables present the current zoological classification of each species and the references from

which the data were obtained.

Results and Discussion

Given the historical advances in birds cytogenetics, a
number of review studies and compilations of the species
with known chromosome numbers have been published
over the years, including the reports of Bloom [1969],
Ray-Chaudhuri [1973], Shields [1982], de Boer [1984],
Capanna et al. [1987], Christidis [1990], Santos and Gun-
ski [2006], and Cuervo et al. [2011]. In addition, other
important studies compare chromosome painting data,
e.g., Griffin et al. [2007] and Kretschmer et al. [2018a].
These studies provided an overview of the diversity of
bird karyotypes and the principal mechanisms through
which karyotypes evolve. To facilitate access to the avail-
able cytogenetic data, we created the Bird Chromosome
Database (BCD) available at https://sites.unipampa.edu.
br/birdchromosomedatabase. This database provides an
important new source of information for researchers, al-
lowing them to identify priority groups for future studies.

In its first version, the BCD includes 2 datasets: the
first contains a list of 1,067 species with known chromo-
some numbers, and the second comprises chromosome
painting data for 96 species, analyzed with the G. gallus

Bird Chromosome Database

WCPs. To access these data, the user has to download the
files in ODS format by using one of the tabs “Chromo-
some Number Data” or “Chromosome Painting Data.”
Examples of the results of this procedure are shown in
Figure 1.

The analysis of the data available in the BCD indicates
that karyotypes have been described for 9.83% of the total
number of bird species found worldwide [Gill and Don-
sker, 2018], representing 37 of the 40 current orders and
138 of the 248 families. The most complete study of this
type was that of Christidis [1990], which includes the
karyotypes of 800 species.

In some orders, i.e., the Rheiformes, Eurypygiformes,
Cariamiformes, and Opisthocomiformes, karyotypes are
available for all (100%) species (Table 1), followed by the
Ciconiiformes with 73.68% of species karyotyped, and the
Struthioniformes, Casuariiformes, and Phoenicopteri-
formes, with 50% of the species karyotyped. Other orders,
such as the Accipitriformes (26% of species karyotyped),
Falconiformes (21%), Psittaciformes (21%), and Passeri-
formes (7%), are less well represented, although they in-
clude large numbers of species. By contrast, no records on
the karyotypes of the orders Phaethontiformes, Mesitor-
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nithiformes, and Leptosomiformes were identified, which
highlights these taxa as important targets for future re-
search.

Considering all the bird species karyotyped to date, we
found an extraordinary diversity in the number of chromo-
somes (Fig. 2), ranging from 2n = 40 in Falco columbarius
(Falconiformes) to 142 in Corythaixoides concolor (Mu-
sophagiformes). Similar variation has been observed in oth-
er groups, such as in amphibians, where diploid numbers
range from 2n = 14 to 2n = 108 [Perkins et al., 2019], or in
ants (Formicidae), in which haploid numbers (n) range
fromn = 1ton =60 [Cardoso et al., 2018]. Despite the am-
ple variation found here, most birds (50.7% of the BCD re-
cords) have diploid numbers between 78 and 82, and 21.7%
have 2n = 80 (Fig. 2). Griffin et al. [2007] proposed a puta-
tive ancestral bird karyotype of 2n = 80, which has provided
an excellent model for the comparative analysis of the de-
gree of conservation of bird karyotypes.

We also analyzed the variation in the chromosome num-
bers among orders (Fig. 3), with considerable variation be-
ing found among species in some orders. In the Coraci-
iformes, diploid numbers range from 40 to 132 and from 68
to 126 in the Bucerotiformes. In the Charadriiformes 42-94
chromosomes were observed, 62-114 in the Piciformes,
40-92 in the Falconiformes, and 46-92 in the Psittaci-
formes. Negligible variation was found in some other or-
ders, however. In the Tinamiformes, the diploid numbers
of the 6 known karyotypes ranged from 78 to 80 (Fig. 3).

Comparative chromosome painting is especially im-
portant for the understanding of the processes determin-
ing the variation in chromosome number and karyotype
structure. The karyotype of G. gallus is an excellent model
for this comparison, permitting the identification of chro-
mosome homologies between birds of different orders, in-
cluding those from the Paleognathae and Neognathae
clades [de Oliveira et al., 2005; Nishida-Umehara et al.,
2007; dos Santos et al., 2017]. The BCD dataset includes the
chromosomal homologies of 96 bird species, representing
36 families and 18 orders (Table 1), and corresponding to
less than 1% of all avian diversity. The orders with the most
species analyzed are Falconiformes, Accipitriformes, Gal-
liformes, and Passeriformes (Table 1). In a recent review,
Kretschmer et al. [2018a] identified the chromosomal rear-
rangements occurring in the bird evolution, such as the
chromosome fission of GGAL1 in all Passeriformes species
and the fusion of GGA6 + 7 and GGA8 + 9 in Psittaci-
formes. Similar results would be expected in other groups,
such as the Piciformes and Coraciiformes, which have yet
to be analyzed by WCP, but present considerable interspe-
cific variation in chromosome numbers.
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Table 1. Total number of bird species per order and numbers and
percentages of species karyotyped and analyzed with chicken
painting probes

Order Total Species Species studied by
number of  karyotyped chicken WCPs
H a
species?, N " % » %

Struthioniformes 2 1 50.00 1 50.00
Rheiformes 2 2 100.00 2 100.00
Apterygiformes 5 1 20.00 - -
Casuariiformes 4 2 50.00 2 50.00
Tinamiformes 47 6 12.77 1 2.13
Anseriformes 177 46 25.99 8 4.52
Galliformes 300 54 18.00 16 5.33
Gaviiformes 5 1 20.00 - -
Sphenisciformes 18 8 4444 - -
Eurypygiformes 2 2 100.00 1 50.00
Procellariiformes 147 5 340 - -
Podicipediformes 23 4 1739 - -
Phoenicopteriformes 6 3 50.00 - -
Phaethontiformes 3 - - -
Ciconiiformes 19 14 73.68 2 10.53
Pelecaniformes 118 35 29.66 - -
Suliformes 61 5 820 - -
Accipitriformes 266 68 2556 11 4.14
Otidiformes 26 1 385 - -
Mesitornithiformes 3 - - - -
Cariamiformes 2 2 100.00 - -
Gruiformes 189 30 15.87 2 1.06
Charadriiformes 383 64 16.71 3 0.78
Pterocliformes 16 1 6.25 - -
Opisthocomiformes 1 1 100.00 1 100.00
Columbiformes 344 32 930 5 1.45
Musophagiformes 23 3 13.04 - -
Cuculiformes 149 12 8.05 - -
Strigiformes 243 32 13.17 3 1.23
Caprimulgiformes 122 10 820 - -
Apodiformes 481 11 229 - -
Coliiformes 6 16.67 - -
Trogoniformes 43 2 465 1 2.33
Leptosomiformes 1 - - - -
Coraciiformes 177 13 734 - -
Bucerotiformes 74 6 8.11 - -
Piciformes 445 32 7.19 - -
Falconiformes 67 14 2090 6 8.96
Psittaciformes 398 83 20.85 9 2.26
Passeriformes 6,459 460 7.12 22 0.34
Total entries 10,857 1,067 9.83 96 0.88

® According to Gill and Donsker [2018]. WCPs, whole chromosome
painting probes; —, no records found.
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Fig. 2. Frequencies of the different diploid chromosome numbers found in birds.

Fig. 3. Range of variation in diploid chro-
mosome numbers in different bird orders.
In 50% of the species, 2n ranges from 78
(blue dotted line) to 82 (yellow dotted line).
This figure is modified from the review of
Shields [1982].
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Conclusion

Although a large number of bird species have been
karyotyped, only a few or no cytogenetic data whatsoever
are available for the vast majority of species. The scenario
is even bleaker in the case of the chromosome painting
data, which are available for less than 1% of all known
bird diversity. Given this, we hope that our database will
help researchers to identify knowledge gaps in the cyto-
genetics of birds and the priority groups for research, and
call forth feedback for the improvement of the dataset and
the website. The species list and cytogenetic data will be
updated at the beginning of each year and any contribu-
tions or suggestions are encouraged. They can be sent to
birdschromosome @gmail.com.
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