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results show that the constitutive heterochromatin has a 
very diverse distribution pattern in these species revealing 
heterochromatic blocks in the centromeric region of all 
chromosomes and in most of the length of the W chromo-
some in  A. aestiva , while in  M. monachus  they were found 
in interstitial and telomeric regions. Concerning the micro-
satellites, only the sequence (CG) n  produced signals on the 
W chromosome of  A .  aestiva , in the distal region of both 
arms. However, in  M. monachus , (CAA) n , (CAG) n , and (CG) n  
probes were accumulated on the W chromosome, and, in 
addition, the sequence (CAG) n  also hybridized to hetero-
chromatic regions in macrochromosomes, as well as in mi-
crochromosomes. Based on these results, we suggest that 
the increase in length of the W chromosome in  M. mona-
chus  is due to the amplification of repetitive elements, 
which highlights their significant role in the evolutionary 
process of sex chromosome differentiation. 

 © 2017 S. Karger AG, Basel 
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 Abstract 

 Here, for the first time, we describe the karyotype of  Myiop-
sitta monachus  (Psittacidae, Arini). We found 2n = 48, cor-
responding to the lowest diploid number observed in Neo-
tropical Psittaciformes so far, with an uncommonly large W 
chromosome homomorphic to the Z. In order to better un-
derstand the evolution of the sex chromosomes in this spe-
cies, we applied several molecular cytogenetic approaches, 
including C-banding, FISH mapping of repetitive DNAs 
(several microsatellite repeats), and whole-chromosome 
painting on metaphases of  M. monachus . For comparison, 
another species belonging to the same tribe but with a 
smaller W chromosome (A. aestiva) was also analyzed. The 
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 Neotropical parrots (family Psittacidae) are one of the 
most threatened groups of birds in the world, due to en-
vironmental factors such as deforestation, resource ex-
traction, and also illegal trapping and nest poaching for 
the pet trade [Wright et al., 2001; Laurance et al., 2002]. 
However, little is known about many of their biological 
aspects, such as population genetic structure, genome 
evolution, and phylogenetic relationships [Wright et al., 
2001; Presti and Wasko, 2014]. Considering the scarce 
information about their genome organization, it is 
known that Neotropical Psittacidae have a very homoge-
neous diploid number, with 2n = 70 in most species, with 
only few exceptions, such as  Graydidascalus brachyurus  
(2n = 64) [Caparroz and Duarte, 2004]. Regarding the 
sex chromosomes, all species present the typical ZW sex 
chromosome system found among birds, where the Z 
chromosome usually is a metacentric element, corre-
sponding in size to the 3rd or 4th pair, while the W varies 
morphologically (metacentric, submetacentric, or telo-
centric) and has a size similar to the smallest macrochro-
mosome pairs [Francisco and Galetti, 2001; Santos and 
Gunski, 2006].

  Recently, a genomic-scale comparison of 48 bird spe-
cies revealed that avian genomes have only a small amount 
of repetitive DNAs (4–10%), a value smaller than that one 
found in other tetrapods (e.g., 34–52% in mammals) 
[Zhang et al., 2014]. Some authors suggested that the 
small size of the bird genomes represented an adaptation 
to the high rate of oxidative metabolism resulting primar-
ily from the demands of flight. Thus, nonflying birds have 
bigger genomes than flying ones [Wachtel and Tiersch, 
1993; Hughes and Hughes, 1995; Hughes, 1999; Venton, 
2012]. An exception to this rule was found in the downy 
woodpecker ( Picoides pubescens ), a species belonging to 
the order Piciformes, which has about 22% of repetitive 
DNA sequences, resulting from an accumulation of se-
quences like LINE (long interspersed elements) type CR1 
(chicken repeat 1) transposons [Zhang et al., 2014]. This 
may also be the case for Psittacidae species which show a 
higher content of repetitive DNAs evidenced by C-band-
ing, as in  Alisterus scapularis  [Christidis et al., 1991] and 

 G. brachyurus  [Caparroz and Duarte, 2004], which have 
an accumulation of heterochromatin in their enlarged W 
chromosomes. Hence, although repetitive sequences rep-
resent a small percentage of avian genomes, it seems that 
they play an important role in the differentiation of sex 
chromosomes, as observed in many other groups [Marchal 
et al., 2004; Kejnovsky et al., 2009; Cioffi et al., 2011a  ; 
Matsubara et al., 2016]. As an example, a recent analysis 
of sex chromosomes in Sauropsida (reptiles and birds) 
demonstrated that the amplification of microsatellite re-
peats was strongly associated with the process of differen-
tiation and heterochromatinization of sex-specific chro-
mosomes [Matsubara et al., 2016].

  It is assumed that sex chromosomes have evolved 
from a pair of homologous autosomes and, during this 
process, the reduced or absent recombination events 
were crucial for the accumulation of large amounts
of repetitive sequences in the Y or W chromosomes 
[Charlesworth et al., 2005; Zhou et al., 2014; Schartl et al., 
2016]. In addition, although W chromosomes are usu-
ally smaller than Zs in most ZW species, in some groups 
of vertebrates, the opposite scenario was observed, as in 
some lizards and fishes, due to a series of amplifications 
of repetitive elements [Galetti et al., 1995; Ezaz et al., 
2009; Schartl et al., 2016]. Indeed, the accumulation of 
repetitive sequences, like retrotransposons and micro-
satellites in sex chromosomes, has been reported in many 
species of plants and animals [Kraemer and Schmidt, 
1993; Hobza et al., 2006; Cioffi and Bertollo, 2012; Ezaz 
et al., 2013; Ezaz and Deakin, 2014].

  However, although the importance of repetitive se-
quences in sex chromosome evolution has been exten-
sively studied in fishes, as many species show the absence 
of heteromorphic sex chromosomes [Cioffi et al., 2011a, 
b], there is only 1 report concerning this topic in avian 
species in which the pattern of microsatellite distribution 
in chicken ( Gallus gallus ) chromosomes was compared 
to some lizard species [Matsubara et al., 2016]. Hence, 
the role of repetitive sequences in the process of sex chro-
mosome differentiation in avian species is still poorly un-
derstood.

Table 1.  Species and number of samples analyzed in this study

Species Individuals, n Sex Place of collection

Amazona aestiva 2 2 ♀ Museu Paraense Emílio Goeldi, Belém, Pará
Myiopsitta monachus 3 2 ♀, 1 ♂ Parque Zoológico do Rio Grande do Sul, Sapucaia, 

Rio Grande do Sul
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  Although the present study was conceived in order to 
describe the karyotype of the monk parakeet ( Myiopsitta 
monachus )   for the first time, the observation of a promi-
nent large W chromosome in this species prompted us to 
analyze the possible role of repetitive sequences in the 
differentiation process of this chromosome. Here, we 
compare the distribution of several microsatellite repeats 
in the genome of  M. monachus  with the results obtained 
in the blue-fronted amazon,  Amazona aestiva,  a species 
with a typical Psittacidae karyotype, with 2n = 70 and a 
smaller W chromosome. We applied several molecular 
cytogenetic approaches, including C-banding, FISH with 
repetitive DNA probes, and whole-chromosome paint-
ing. The results demonstrate that the increased length of 
the W chromosome in  M. monachus  is caused by the am-
plification of repetitive elements, highlighting their sig-
nificant role in the evolutionary process of sex chromo-
some differentiation.

  Materials and Methods 

 Samples and Tissue Cultures 
 Metaphases were obtained from fibroblast cultures of skin and 

feather pulp biopsies of 2 individuals of  A. aestiva  and 3 of  M. mo-
nachus  ( Table 1 ), following Sasaki et al. [1968] with modifications. 
Samples were fractionated mechanically in Petri dishes, and after-
wards incubated in collagenase solution (0.0186 g in 4 mL of 
DMEM medium), for 1 h at 37   °   C for cell dissociation. After cen-
trifugation and discarding the supernatant, 5 mL of DMEM sup-
plemented with antibiotics and fetal bovine serum (10%) were 
added, and the material was transferred to culture flasks. Chromo-
somes were obtained after adding 100 μL colcemid (0.05 μg/mL), 
followed by hypotonic treatment with 0.075  M  KCl for 15 min at 
37   °    C, and washes/fixation in Carnoy fixative (methanol:acetic 
acid 3:   1).

  Conventional Cytogenetics: Giemsa Staining and Chromosome 
Banding 
 The distribution of heterochromatic blocks was analyzed by C-

banding [Sumner, 1972], with modifications. After incubation of 
the slides at 60   °   C for 1 h, they were treated with 0.2  N  HCl for 15 
min, 50% Ba(OH 2 ) for 15 min at 37   °   C, 0.01  N  HCl for 2 min, 2× 
SSC at 60   °   C for 1 h, and stained with Giemsa for 25 min. G-band-
ing followed the protocols of Seabright [1971] with modifications. 
3–4-day-old slides were used for G-banding. They were incubated 
in 0.25% trypsin for 5 s at room temperature, then briefly im-
mersed in 0.5× SSC at 60   °   C, and stained with Wright (Merck) for 
2 min and 30 s. Metaphases were analyzed and captured using
GenASIs software (Applied Spectral Imaging).

  Fluorescence in situ Hybridization 
 FISH experiments with microsatellites followed Kubat et al. 

[2008], with slight modifications, and probes were directly labeled 
with Streptavidin-Cy3. The sequences were d(CA) n , d(CAA) n , 
d(CAG) n , d(GC) n , and d(CAT) n . We also applied telomeric probes 

generated by PCR in the absence of a template, using (TTAGGG) 5  
and (CCCTAA) 5  as primers [Ijdo et al., 1991]. In addition, for the 
correct identification of the sex chromosomes, we used a whole-
chromosome painting probe of the chicken Z chromosome 
(GGAZ) following de Oliveira et al. [2005]. This probe was ob-

A
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  Fig. 2.  Partial G-banded karyotypes of a female  Myiopsitta mona-
chus  ( A ) and a female  Amazona aestiva  ( B ). 

  Fig. 1.  Giemsa-stained karyotypes of  Myiopsitta monachus , 2n = 
48 ( A ) and  Amazona aestiva , 2n = 70 ( B ). 
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tained according to Griffin et al. [1999]. Images were acquired us-
ing a 63× immersion objective on a Zeiss Imager2 fluorescent mi-
croscope and analyzed with AxioVision 4.8 software (Zeiss, Ger-
many).

  Microscopic Analyses 
 At least 30 metaphase spreads per individual were analyzed to 

confirm the 2n and the karyotype structure. Images were captured 
using a 100× objective (Leica DM1000) and GenASIs software. 
Chromosomes were classified as metacentric, submetacentric, ac-
rocentric, and telocentric according to their arm ratios [Guerra, 
2004].

  Results 

 Conventional Cytogenetics 
  M. monachus  revealed the lowest diploid chromosome 

number described for a South-American Psittacidae spe-
cies so far, 2n = 48, with 28 macrochromosomes, includ-
ing the sex pair, and 20 microchromosomes. Autosomes 
2 and 6 are metacentric, while the other macrochromo-
somes are submetacentric. Z and W sex chromosomes are 
submetacentric and of similar size, corresponding to the 
third largest pair ( Fig.  1 A). Concerning  A. aestiva,  the 
karyotype was similar to that previously described, with 
2n = 70. Autosomes 1, 5, 6, 7, and 8 are telocentric, pairs 
2 and 4 are submetacentric, 9 is metacentric, and 3 and 10 
are acrocentric. Z and W sex chromosomes are metacen-

tric and differ in size, corresponding to chromosomes 4 
and 9, respectively [Aquino and Ferrari, 1990; Duarte and 
Caparroz, 1995] ( Fig. 1 B). The G-banding patterns of the 
macrochromosomes and the sex chromosomes of both 
species are shown in  Figure 2 A and B.

  Blocks of constitutive heterochromatin were detected 
in the autosomes and sex chromosomes in  M. monachus . 
Autosomes 2, 3, 6, and the Z chromosome showed cen-
tromeric and telomeric blocks, while in pairs 1 and 4 in-
terstitial heterochromatic blocks were present. Chromo-
somes 5 had a large heterochromatin block in the long 
arms, and chromosome 7 displayed just an interstitial 
band in the long arms. Although Z and W chromosomes 
are homomorphic, their heterochromatic content is
different, with most of the W being heterochromatic 
( Fig. 3 A, C).

  In  A .  aestiva , heterochromatin is present in the cen-
tromeric regions of the macrochromosomes and in the
Z chromosome. In addition, almost all microchromo-
somes were strongly stained by C-banding. The W chro-
mosome stood out from the other macrochromosomes 
by showing a larger amount of constitutive heterochro-
matin ( Fig. 3, 5 ).

  Fluorescence in situ Hybridization 
 Two of the 5 microsatellite sequences used, (CAT) n  

and (CA) n , did not produce signals in any of the species. 
The (GC) n  sequence showed signals only in the telomeric 

A

C

B

  Fig. 3.  C-banded metaphases of a male  My-
iopsitta monachus  ( A ) and a female  Ama-
zona aestiva  ( B ).  C  Idiogram of C-banded 
 M. monachus  chromosomes showing het-
erochromatin regions in autosomes 1–9 
and the sex chromosomes. 
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region of Wq in  A .  aestiva  ( Fig. 4 D). In  M .  monachus , the 
(CAG) n  sequence hybridized in many regions of the mac-
rochromosomes, corresponding to C-positive hetero-
chromatin, and in all microchromosomes. In addition, 
this sequence hybridized in the sex chromosomes – in the 
long arm of the W chromosome and in the short arm of 
the Z ( Fig. 4 C). (GC) n  and (CAA) n  probes also hybridized 
in the long arm of the W chromosome ( Fig. 4 A, B). Inter-
estingly, the heterochromatin blocks correspond to the 
hybridization pattern of (CAG) n  in  M .  monachus  ( Fig. 4 E). 

The identification of the Z sex chromosome was con-
firmed by FISH using the GGAZ painting probe, which 
hybridized only on the Z chromosome in both species 
( Fig. 5 ). However, there were no signals in the distal re-
gion of Zp of both species ( Fig. 5 ).

  Telomeric repeats (TTAGGG) n  produced signals at 
the ends of the chromosome arms in both species. More-
over, the existence of interstitial telomeric sequences 
(ITSs) in the Z chromosome and in pair 2 of  A. aestiva  
became obvious ( Fig. 6 ).

A B

C D

E

  Fig. 4.  FISH of microsatellite sequences on chromosomes of  Myiopsitta monachus  ( A–C ) and  Amazona aestiva 
 ( D ).  A ,  D  (GC) n .  B  (CAA) n .  C  (CAG) n .  E  Heterochromatin blocks which correspond to sequence (CAG) n  in  M. 
monachus . Scale bar, 5 μm. 
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  Discussion 

 Karyotype Description 
 Although most Neotropical Psittacidae exhibit a similar 

karyotype, both in diploid number (2n = 70) and chromo-
some morphology [Van Dongen and Boer, 1984], cytotax-
onomic analysis suggests a dichotomy among the repre-
sentatives of the tribe Arini [Lunardi et al., 2003]. The
species of this tribe show 2 basic karyotype patterns: pre-
dominantly metacentric and submetacentric macrochro-
mosomes in the genera  Ara ,  Cyanopsitta ,  Propyrrhura , 
 Aratinga ,  Pionites ,  Pionopsitta ,  Nandayus , and  Guaruba  

[de Lucca and de Marcod, 1983; Duarte and Giannoni, 
1990; Goldschmidt et al., 1997; Lunardi et al., 2003], where-
as in the genus  Amazona , chromosomes 1, 5, 6, and 7 are 
telocentric, pairs 2 and 3 vary from submetacentric to ac-
rocentric, pair 4 is submetacentric, pair 8 telocentric or 
metacentric, and pair 9 metacentric [Duarte and Caparroz, 
1995], exactly as observed in  A. aestiva  analyzed here.

  In  M .  monachus , we found a chromosome comple-
ment differing from the Neotropical species already ana-
lyzed so far, with an extremely low diploid number (2n = 
48). Concerning the morphology of the macrochromo-
somes, in  M .  monachus,  the presence of biarmed macro-

  Fig. 5.  Summary of Giemsa-staining, C- and G-band patterns, and chromosome painting with GGAZ in the sex chromosomes, and the 
location of 3 microsatellite sequences on the W chromosomes of  Myiopsitta monachus  (MMO) and  Amazona aestiva  (AAE).                           

A B

  Fig. 6.  FISH with telomeric probes in meta-
phases of  Amazona aestiva  (   A ) and  Myiop-
sitta monachus  ( B ). Scale bars, 5 μm.                     
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chromosomes resembles the patterns observed in some 
Neotropical Psittacidae, although pairs 1, 2, and 6 are 
metacentric, submetacentric, and acrocentric, respective-
ly, in the long-tailed species analyzed so far, while in  M. 
monachus  pair 1 is submetacentric, and pairs 2 and 6 are 
metacentric ( Fig. 1 A).

  The diploid number of  M. monachus  represents the 
lowest one for Neotropical Psittacidae analyzed so far. 
However, there is an African Psittacidae species,  Agapor-
nis roseicollis  with the same 2n, but with some differences 
in chromosome morphology. For instance, in  A. roseicol-
lis,  autosomes 1–7 vary from metacentric to submetacen-

A

B

  Fig. 7.  Evolution of the W chromosome in  Amazona aestiva  and  Myiopsitta monachus , inferred from the data 
obtained by FISH with microsatellite sequences.  A  Early stage of sex chromosome differentiation in Aves, show-
ing the importance of recombination suppression in the degeneration and accumulation of repetitive sequences 
on the W chromosome of Neoaves.  B  Hypothesis for the size variation of the W chromosome between the 2 spe-
cies of Neotropical Psittacidae.                         
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tric, and pairs 9–11 are telocentric [Nanda et al., 2007], 
while in  M. monachus,  pairs 1–11 are all biarmed. Besides, 
the predominance of biarmed elements in  M. monachus  
suggests that fusions may have played an important role 
in the divergence of this karyotype in relation to other 
Neotropical Psittacidae. However, this type of rearrange-
ment was not considered in the proposal of Christidis et 
al. [1991], who postulated only inversions and transloca-
tions as the main rearrangements in the karyotype evolu-
tion of Psittaciformes.

  Heterochromatin Distribution and Telomeric 
Sequences 
 Like the majority of birds, Neotropical Psittacidae 

demonstrate a pattern of heterochromatin distribution 
limited to the centromeric regions, according to data ob-
tained in the genera  Aratinga ,  Forpus ,  Pionus ,  Graydidas-
calus , and  Amazona  [Aquino and Ferrari, 1990; de Luc-
ca et al., 1991; Goldschmidt et al., 1997; Caparroz and 
Duarte, 2004]. On the other hand, the distribution of 
heterochromatic blocks in  M .  monachus  differs from 
that in other members of the tribe Arini, since C-posi-
tive heterochromatic bands were detected in telomeric, 
interstitial, and centromeric regions in this species. This 
unique characteristic resembles the results observed in 
some Cacatuidae species, in which heterochromatic 
blocks were found also in interstitial regions [Christidis 
et al., 1991].

  Furthermore, the microsatellite repeat (CAG) n  hy-
bridized in many heterochromatin blocks in  M .  mona-
chus , corroborating the view that repetitive DNAs tend to 
concentrate in those genome areas of many organisms 
[Guerra, 2004]. However, the sequences used here did not 
show any hybridization signals in the heterochromatic 
regions of  A .  aestiva . It is important to mention that  A .  
aestiva  exhibited heterochromatic blocks in its micro-
chromosomes, a feature similar to what was described in 
some Cacatuidae like  Cacatua roseicapilla  and  C. galerita , 
for example [Christidis et al., 1991].

  Hybridization with telomeric sequences did not reveal 
ITSs in  M. monachus . On the other hand, pair 2 and the 
Z chromosome of  A. aestiva  presented ITSs in the peri-
centromeric regions ( Fig. 6 A), which correspond to large 
heterochromatin blocks in both chromosomes, accord-
ing to C-banding, probably because repetitive sequences 
of these regions are similar to telomeric ones, as proposed 
by Nanda et al. [2007], based on similar results observed 
in  Nymphicus hollandicus .

  Evolution of Sex Chromosomes 
 Another peculiarity of the  M .  monachus  karyotype is 

that the W chromosome is similar in size and morphol-
ogy to the Z. This is an uncommon feature in the Cari-
nata group, with only a few exceptions like  Neochmia 
phaeton  (Passeriformes) [Christidis, 1986] and  Nyctibius 
griseus  (Caprimulgiformes) [Nieto et al., 2012]. Nonethe-
less, this scenario is common in ratite birds, in which both 
Z and W sex chromosomes are morphologically very sim-
ilar in size [Ansari et al., 1988; Griffiths et al., 1998]. How-
ever, there is a notable difference between the W chromo-
some in  M .  monachus  and in ratites by Zoo-FISH mo-
lecular data and C-banding.

  Hybridization with the GGAZ probe shows little ho-
mology between Z and W chromosomes in  M .  monachus , 
since the corresponding probe did not produce any signal 
in the latter, being restricted to the Z chromosome. By 
contrast, in ratites, both Z and W were hybridized by 
GGAZ [Shetty et al., 1999], because both sex chromo-
somes are virtually homologous in ratites, representing a 
ZW sex system in an early stage of differentiation [Stiglec 
et al., 2007]. Additionally, in ratite birds ( Rhea pennata  
and  R. americana ) constitutive heterochromatin in sex 
chromosomes is limited to the centromeric region and 
the short arms of the W chromosome [Pigozzi and Solari, 
1997, 1999]. On the other hand, C-banding demonstrates 
that most of the W chromosome of  M. monachus  consists 
of constitutive heterochromatin, just like in the rest of 
Neognathae birds.

  The use of microsatellite sequence probes provided ev-
idence concerning the evolution of the sex chromosomes 
in Psittacidae. For instance, the sequence (CG) n  was de-
tected in the Z of both species, but in  A. aestiva , it was 
present only in the telomeric regions, while in  M. mona-
chus , it was found interstitially in the long arms, confirm-
ing a possible amplification of this sequence. Moreover, 
 M. monachus  also presented blocks of the (CAA) n  and 
(CAG) n  microsatellite sequences on the W chromosome, 
different from the scenario observed in  A. aestiva . In ad-
dition, the sequence (CAG) n  was also widely distributed 
through the genome of  M. monachus,  generally corre-
sponding to heterochromatin regions and microchromo-
somes ( Fig. 4 C, E). Hybridizations with GGAZ also re-
vealed that a small region of one of the arms of the Z 
chromosome did not show a signal in both species. This 
could be due to the accumulation of repetitive sequences, 
even though no signal was detected with any of the mic-
rosatellite probes in this specific region.

  So, taking into consideration the assumptions con-
cerning the evolution of sex chromosomes, and consider-
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ing that Neognathae usually show a pattern in which the 
W chromosome is smaller than the Z, we propose that the 
accumulation and amplification of repetitive sequenc-
es that occurred in the W chromosome of  M. monachus  
led to the increase in its size. This corroborates the idea 
that, with lack of recombination, repetitive sequences are 
amplified in the nonrecombining region, resulting in
the heterochromatinization of sex-specific chromosomes 
[Charlesworth et al., 1994; Schartl et al., 2016] ( Fig. 7 ). 
Supporting this idea, recent studies of repetitive sequence 
mapping in Sauropsida (reptiles and birds) demonstrated 
that microsatellite amplification is associated with differ-
entiation of sex chromosomes in different reptilian spe-
cies [Matsubara et al., 2016].

  This wide distribution of certain sequences can also be 
the result of transposable elements that have the capacity 
to copy and transpose themselves into nonhomologous 
regions in the genome [Kidwell, 2005; Bhargava and 
Fuentes, 2010]. These DNA segments play a crucial role 
in the genome evolution of several organisms [Biémont 
and Vieira, 2006], which could explain the wide distribu-
tion of the (CAG) n  sequence in  M .  monachus  and the in-
tense reorganization of its genome regarding other Psit-
tacidae species. However, it is important to keep in mind 
the existence of other mechanisms that may act in the 
formation and expansion of microsatellite accumulation, 
like replication slippage and the insertion or deletion of 
one or more repeats [Levinson and Gutman, 1987; El-
legren, 2000].

  In conclusion, the results obtained by mapping of mi-
crosatellite sequences, C-banding, and whole-chromo-

some painting corroborate previous studies that show the 
importance of the accumulation/amplification of repeti-
tive sequences in tandem in the morphological differen-
tiation of sex chromosomes in birds, similar to what has 
been already well documented in other vertebrate groups. 
Further studies using next-generation sequencing data 
could bring a better elucidation about sex chromosome 
(ZW) evolution in birds.
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