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 Reptiles are characterized by an astonishing variability 
of reproductive and sex-determining mechanisms. These 
include parthenogenesis, gonochorism, viviparity, ovi-
parity, genetic sex determination with XY ♂ /XX ♀  or ZZ ♂ /
ZW ♀  sex chromosomes, and temperature-dependent sex 
determination [for reviews, see Olmo, 1986; Ezaz et al., 
2009a; Gamble, 2010]. In the case of lizards (order Squa-
mata, suborder Sauria), cytogenetic data are available for 
29 of the 32 families [Olmo and Signorino, 2005; Ezaz et 
al., 2009a; Vidal and Hedges, 2009]. In 7 families (Di-
bamidae, Gymnophthalmidae, Iguanidae, Pygopodidae, 
Scincidae, Sphaerodactylidae, and Teiidae), 78 species 
have been found with XY ♂ /XX ♀  sex chromosomes and 
37 species with multiple sex chromosomes of the X 1 X 2 Y ♂ /
X 1 X 1 X 2 X 2  ♀  type. In 6 families (Agamidae, Bipedidae, 
Chamaeleonidae, Lacertidae, Phyllodactylidae, and Va-
ranidae), 61 species were detected with ZZ ♂ /ZW ♀  sex 
chromosomes and 4 species with multiple sex chromo-
somes of the Z 1 Z 1 Z 2 Z 2  ♂ /Z 1 Z 2 W ♀  type. Finally, in the 
family Gekkonidae, 2 species with XY ♂ /XX ♀  sex chro-
mosomes and 11 species with ZZ ♂ /ZW ♀  sex chromo-
somes were discovered so far [see data compilation by 
Ezaz et al., 2009a].

 Key Words 

 Gecko ·  Thecadactylus rapicauda  · ZW sex chromosomes 

 Abstract 

 The chromosomes of the turnip-tailed gecko  Thecadactylus 
rapicauda  from the Falcón State in northern Venezuela were 
examined by means of conventional staining, a variety of 
banding techniques and in situ hybridization with an 18S + 
28S rDNA probe. In female specimens, C-banding analyses 
detected a cryptic W sex chromosome-associated interstitial 
heterochromatic segment which is absent in the Z sex chro-
mosome. These ZW sex chromosomes are considered to be 
in a nascent stage of morphological differentiation and are 
absent in  T. rapicauda  collected in Guatemala. The amount, 
location and fluorochrome affinities of constitutive hetero-
chromatin, the position of the nucleolus organizer region, 
and the genome sizes of female and male individuals were 
determined. The previously published cytogenetic data on 
 T. rapicauda  are discussed.  © 2014 S. Karger AG, Basel 
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  Lizard sex chromosomes exhibit a notable diversity 
in morphology and differentiation. A variety of mecha-
nisms involved in the differentiation of heteromorphic 
sex chromosomes were found. These include inversions, 
centric fusions, accumulation of constitutive hetero-
chromatin, and translocations between autosomes and 
sex chromosomes [Cole et al., 1967; King, 1977, 1981; 
Bickham, 1984; Moritz, 1984; Olmo, 1986; Olmo et al., 
1987]. In many lizard species with genetic sex determi-
nation, homomorphic XY and ZW sex chromosomes 
seem to exist. However, as the present study on the neo-
tropical gecko  Thecadactylus rapicauda  shows, banding 
analyses can detect subtle but clear structural differenc-
es between the otherwise homomorphic sex chromo-
somes.

  Turnip-tailed geckos of the genus  Thecadactylus  are 
distributed from southeastern Mexico across most of 
Central America and tropic South America, including 
the Lesser Antilles [Russel and Bauer, 2002]. Currently, 
3 species are recognized:  T. rapicauda, T. solimoensis  and 
 T. oskrobapreinorum  [Bergmann and Russell, 2007; 
Köhler and Vesely, 2011].  T. rapicauda  ( fig. 1 ) is a large 
(length up to 12 cm), relatively common, nocturnal, car-
nivorous and arboricolous gecko with heavily fringed 
digits and retractable claws. The dorsum is mottled gray, 
the venter cream colored. The vertically elliptical pupil is 
centered in a golden- or silver-colored iris. The thick 
conical tail may be lost easily, and the regenerated tail is 
anteriorly wider than the stump, resulting in the charac-
teristic turnip shape.  T. rapicauda  frequently inhabits 
human-modified environments. A synthesis of the natu-
ral history of this species was published by Avila-Pires 
[1995].

  Materials and Methods 

 Animals 
 Ten mature specimens of  T. rapicauda  (4  ♂ , 6  ♀ ) were collected 

in the Falcón State in northern Venezuela during 2 expeditions in 
1997 and 1998 ( table 1 ). All animals were collected during the day-
time from trunks and branches of trees or walls. The captured 
specimens were kept in humid cloth bags, air-filled plastic bags 
with wet leaf litter, or plastic boxes until they were processed for 
chromosomes and erythrocytes in a temporary cytogenetic labora-
tory established in the biological field station ‘Rancho Grande’ lo-
cated in the Henri Pittier National Park on the Cordillera de la 
Costa (Aragua State, Venezuela). Tissues obtained for chromo-
some preparations and determination of the nuclear DNA con-
tents were transferred to 1.8-ml plastic tubes (Nunc), stored at 4   °   C 
or –20   °   C and transported to the laboratories in Würzburg (Ger-
many) packed in dry ice. Additionally, 2 mature specimens (1  ♂ , 1 
 ♀ ) from an unknown collection site in Guatemala were purchased 
in 1997 from a specialized animal dealer, and their chromosomes 
were prepared in the laboratories in Würzburg. All procedures 
with the living animals strictly conformed to the guidelines estab-
lished by the Animal Care Committees.

  Chromosome Preparation and Banding Analyses 
 Mitotic metaphases were prepared directly from the bone mar-

row and intestines of all animals after in vivo colchicine treatment. 
Male meiotic chromosomes were obtained from testes. The tech-
niques used for the preparation of cell suspensions, hypotonic 
treatment and fixation of the cells have been described previously 
[Schmid et al., 2010]. C-banding of constitutive heterochromatin, 
AgNO 3  labeling of nucleolus organizer regions (NORs), direct 
staining of chromosomes with the fluorochromes quinacrine mus-
tard, DAPI and Hoechst 33258, and fluorescence counterstaining 
with distamycin A/DAPI and distamycin A/mithramycin ( table 1 ) 
were also performed according to Schmid et al. [2010].

  Localization of 18S + 28S Ribosomal DNA Sequences 
 The hybrid plasmid pXlr 101A, which contains inserted ribo-

somal RNA (rRNA) gene sequences from  Xenopus laevis , was used 
as a source of ribosomal DNA (rDNA). The plasmid pXlr 101A is 
a derivative of pBR322 (4.3 kb) into which 1 complete rRNA gene 
(12 kb) has been inserted. The inserted DNA sequence, obtained 

  Fig. 1.  Adult individual of  T. rapicauda  col-
lected in the Falcón State in northern Ven-
ezuela. 
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by digestion of whole  X. laevis  DNA with restriction endonuclease 
 Hin dIII, contains all of the nontranscribed spacer and the 40S 
rRNA precursor coding sequence [Morgan et al., 1980]. Only the 
conserved coding sequence of this  X. laevis  rDNA sample is ex-
pected to hybridize with the chromosomal rDNA. The pXlr 101A 
probe was labeled with biotin-16-dUTP by nick translation [Langer 
et al., 1981]. Size distribution of the labeled probe fragments was 
controlled as described by Lichter et al. [1988]. The biotinylated 
probe was separated from the unincorporated nucleotides by pas-
sage over a Sephadex G-50 column in the presence of 0.1% SDS. 
Chromosome preparations were denatured for 1–2 min in 70% 
formamide, 2× SSC (pH 7.0), and dehydrated by passage through 
an ice-cold ethanol series. Then, 25 μl hybridization mixture (50% 
formamide, 5% dextran sulfate and 20 ng biotinylated pXlr 101A 
probe in 2× SSC) was denatured for 5 min at 75   °   C and applied to 
the slides. In situ hybridization and detection of the hybridized 
probe, as well as the microscopic analysis were performed accord-
ing to Schmid et al. [2010].

  Photography and Analysis of Banding Patterns 
 All the microscopic analyses were performed with Zeiss photo-

microscopes III and Zeiss Axiophot microscopes equipped with 
incident HBO 50W mercury lamp illumination. The filter combi-
nations necessary for the analyses of metaphases stained with the 
various fluorochromes or for the fluorescence in situ hybridiza-
tions (FISH) were described by Schmid et al. [2010]. At least 5 
karyotypes for each of the staining techniques applied were pre-
pared from each of the animals examined.

  DNA Flow Cytometry 
 Blood samples of 7  T. rapicauda  specimens (4  ♀ , 3  ♂ ) from 

Venezuela were obtained by cardiac puncture with a heparinized 
syringe and fixed immediately in 70% ethanol. The samples were 
centrifuged (10 min, 200  g ), and the erythrocyte pellets resuspend-
ed and incubated in 1 ml pepsin solution (0.5% in 0.1 N HCl) at 
room temperature for 15 min. After addition of 5 ml staining solu-
tion (2 μg/ml DAPI in 0.2  M  sodium citrate), the erythrocyte sus-
pensions were kept at room temperature for 3 h [Otto, 1994] and 

were then mixed with chicken erythrocytes. Flow cytometric anal-
yses were carried out with an epi-illumination flow system of con-
ventional design (Partec Cell Analyzer CA II) at 365 nm (filter 
combination KG1/BG38/UG1 for excitation, TK420 as dichroic 
mirror, and GG435 as barrier filter). The nuclear DNA contents 
were calibrated against the known genome size of chicken eryth-
rocytes (2.33 μg DNA/nucleus) used as internal standards.

  Results 

  Conventional Staining 
    The karyotypes of all  T. rapicauda  specimens collected 

in the 4 populations in the Falcón State of northern Ven-
ezuela consist of 2n = 44 telocentric chromosomes gradu-
ally decreasing in size ( fig. 2 ). The fundamental number 
is FN = 44. The chromosome pair 1 is distinctly larger 
than the other pairs. There are no microchromosomes 
present in this species. Secondary constrictions are not 
visible in the conventionally stained chromosomes. In the 
male karyotypes, the 44 chromosome pairs can be ar-
ranged in 22 homologous pairs ( fig. 2 c), whereas in the 
female karyotypes there is a clearly heteromorphic ZW 
sex chromosome pair ( fig. 2 a, b). The W chromosome is 
nearly twice the size of the Z chromosome. It should be 
noted that, due to the morphological similarity of the 
larger telocentric chromosomes, the heteromorphic ZW 
sex chromosomes can be easily overlooked in conven-
tionally stained preparations. Thus, in female karyotypes, 
it is possible to arrange the chromosomes into pairs where 
the ZW sex chromosomes are paired with autosomes of 
similar sizes.

Table 1.  Cytogenetic data available for T. rapicauda

Country Specimensa Locality of sampling 2n FN Sex 
chromosomesb

Techniquesc Study

Venezuela 1 ♀ Cerro Montecano, Península de Paraguaná, Falcón State 44 44 ZW♀ 1 – 9 present study
Venezuela 1 ♀, 1 ♂ Pueblo Nuevo, Península de Paraguaná, Falcón State 44 44 ZW♀/ZZ♂ 1 – 9 present study
Venezuela 3 ♀, 3 ♂ City of Coro, Falcón State 44 44 ZW♀/ZZ♂ 1 – 9 present study
Venezuela 1 ♀ Cataratas de Hueque, Sierra de San Luís, Falcón State 44 44 ZW♀ 1 – 9 present study
Guatemala 1 ♀, 1 ♂ unknown 44 44 no 1, 2 present study
Venezuela 1 ♀, 3 ♂ San Felipe, Yaracuy State 44 44 ? 1 Soma et al., 1975
Venezuela 2 ♂ 17 km NW Caripito, Monagas State 42 44 ? 1 McBee et al., 1984

 a The 2 specimens from an unknown collection site in Guatemala were purchased from a specialized animal dealer. The 2 specimens examined by McBee 
et al. [1984] are deposited in the Texas Cooperative Wildlife Collection (TCWC), Texas A&M University, as Nos. 59723 and 59724.

b Small heteromorphism in the ZW sex chromosomes only recognizable by C-banding.
c 1 = Conventional staining; 2 = C-banding of constitutive heterochromatin; 3 = Ag-staining of NORs; 4 = quinacrine fluorescence; 5 = distamycin

A/mithramycin fluorescence; 6 = DAPI fluorescence; 7 = distamycin A/DAPI fluorescence; 8 = Hoechst 33258 fluorescence; 9 = FISH with 18S + 28S rDNA 
probe.
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  Banding Analyses 
 C-banding unequivocally demonstrates heteromor-

phic ZW sex chromosomes in the female karyotypes of  T. 
rapicauda  ( fig. 3 a–f). The length difference between the 
Z and W chromosomes is caused by a large heterochro-
matic segment inserted in the distal third of the W chro-
mosome. The Z chromosome shows no specific C-band-
ing patterns. The euchromatic segments in the ZW chro-
mosomes are still of the same size. In most chromosomes 
of  T. rapicauda , constitutive heterochromatin is located 
at the pericentromeric and telomeric regions ( fig. 3 a–d, g, 
h). In preparations over-denatured by the Ba(OH) 2  treat-
ment, the pericentromeric and telomeric heterochroma-
tin disappears, whereas the W chromosome-specific in-
terstitial heterochromatin persists ( fig. 3 e, f). This differ-
ing sensitivity of constitutive heterochromatin against 
prolonged alkaline pretreatment was also observed in the 
chromosomes of amphibians [Schmid, 1978] and mam-
mals [Hsu and Arrighi, 1971] and is indicative of the 
structural heterogeneity of constitutive heterochromatin. 
In metaphases showing a high degree of chromosome 
condensation, the W chromosome-specific interstitial 
heterochromatin appears to be in a terminal position 
( fig. 3 j).

  Staining of  T. rapicauda  chromosomes with the GC 
base pair-specific mithramycin results in a distinct dull 
fluorescence of the W chromosome-specific interstitial 
heterochromatin ( fig.  4 a, e). Conversely, the AT base 
pair-specific fluorochromes quinacrine, DAPI and 
Hoechst 33258 induce a somewhat brighter fluorescence 
in the W-specific heterochromatin than in the rest of the 
chromosome ( figs. 4 b, c, f, g,  5 a). Counterstaining the 
chromosomes with distamycin A/DAPI reveals no spe-
cific bright fluorescence in the W chromosome ( fig. 5 b).

  FISH with the 18S + 28S rDNA probe shows 2 signals 
in the telomeric regions of autosome pair 11 ( fig. 4 c, d). 
Correspondingly, silver staining reveals the NOR in the 
same chromosome site ( fig. 4 d ′ ).

  The 2 specimens of  T. rapicauda  from an unknown 
wild population in Guatemala have a diploid chromo-
some number 2n = 44 and FN = 44 ( fig. 6 a, c). All chro-
mosomes have a telocentric morphology, and again the 
chromosomes 1 are distinctly larger than the remaining 
chromosomes. However, in contrast to the specimens 
from the Falcón State in northern Venezuela, the female 
does not possess heteromorphic ZW sex chromosomes 
( fig. 6 a). The C-banding pattern in the chromosomes of 
both animals is the same as in the karyotypes of the Ven-
ezuelan species, except for the presence of the W-specific 
heterochromatin ( fig. 6 b, d).

  Genome Sizes 
 The genome size of  T. rapicauda  was determined using 

DNA flow cytometry of DAPI-stained erythrocytes of 4 
females and 3 males collected in Venezuela. The mean 
genome size measured in female erythrocytes is 4.01 pg 
DNA/nucleus, whereas in male erythrocytes it is 3.9 pg 
DNA/nucleus. As an example of these measurements, the 
histograms obtained for 1 male and 1 female each are 
shown in  figure 7 . It is necessary to note that the erythro-
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  Fig. 2.  Conventionally stained karyotypes of female ( a ,  b ) and male 
( c )  T. rapicauda  from the Falcón State in northern Venezuela. The 
sex chromosomes are framed. 

  Fig. 3.   a  C-banded metaphase of a female      T. rapicauda  from the 
Falcón State in northern Venezuela. Note the heteromorphic ZW 
sex chromosomes and the prominent interstitial heterochromatic 
segment located in the W chromosome.  b  Female karyotype con-
structed from the chromosomes shown in  a .  c–h  C-banded karyo-
types of female ( c–f ) and male ( g ,  h )  T. rapicauda . The chromo-
somes in  e  and  f  were over-denatured.  i  Selected ZW sex chromo-
some pairs.  j  Over-condensed ZW sex chromosome pairs from late 
metaphase. Bars = 10 μm. (For figure see next page.)
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cytes were stained with the AT base pair-specific DAPI 
and not with ethidium bromide which anneals to double-
stranded DNA regardless of its base pair composition. 
Therefore, the erythrocyte nuclei of female  T. rapicauda  

with the large W chromosome-specific heterochromatin 
containing high amounts of AT-rich repetitive DNA will 
be more intensively labeled than the erythrocyte nuclei of 
males containing 2 Z chromosomes. This can lead to bi-
ased DNA values for the female erythrocyte nuclei. Using 
Feulgen densitometry, Soma et al. [1975] determined the 
genome size of  T. rapicauda  with 4.20 pg DNA/erythro-
cyte nucleus, which is very close to the values measured 
in the present study.

  Discussion 

 Evidence for the existence of heteromorphic sex chro-
mosomes in the family Phyllodactylidae was found so far 
only in  Phyllodactylus lanei  from the Guerrero State in 
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  Fig. 4.   a–c  Karyotypes of female      T. rapicauda  from the Falcón State 
in northern Venezuela.  a  Distamycin A/mithramycin staining.
 b  Quinacrine mustard staining.  c  Direct DAPI staining (above) 
and FISH with an 18S + 28S rDNA probe (below). The ZW sex 
chromosomes are framed.  d  Selected autosome pairs 11 showing 
the terminal location of the 18S + 28S rDNA.  d ′   Selected autosome 
pairs 11 from Ag-stained metaphases showing the terminal loca-
tion of the NORs.  e–g  Selected ZW sex chromosome pairs showing 
distamycin A/mithramycin ( e ), quinacrine mustard ( f ) and direct 
DAPI ( g ) staining.           
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  Fig. 5.  Karyotypes of female    T. rapicauda  from the Falcón State in 
northern Venezuela.  a  Hoechst 33258 staining.  b  Distamycin
A/DAPI counterstaining.                           
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western Mexico [King, 1981]. However, Castiglia et al. 
[2009] could not confirm such sex chromosomes in spec-
imens collected in the Jalisco State, Mexico. Therefore, 
either the heteromorphic sex chromosomes are geo-
graphically restricted in  P. lanei , or 2 different  Phyllodac-
tylus  species were examined in these 2 studies [Gamble, 
2010].

  The heteromorphic ZW sex chromosomes found in 
the present study in  T. rapicauda  from several popula-
tions in the Falcón State in Northern Venezuela are in a 
nascent stage of differentiation. The only morphological 
difference between the Z and W chromosomes seems to 
be the inserted prominent heterochromatic band in the 
W chromosome. In a study on sex chromosomes and W 
interphase chromatin in snakes, Ray-Chaudhuri et al. 
[1971] concluded, for the first time, that heterochroma-
tinization of the W chromosome can be the primary step 
in the evolution of heteromorphic ZW sex chromo-
somes. This was later confirmed in investigations on 
constitutive heterochromatin and a W chromosome-as-
sociated repetitive satellite DNA in snakes [Singh et al., 
1976; Jones and Singh, 1981; Jones, 1983a, b, 1984]. Thus, 
analytical density gradient centrifugation of DNA and in 

situ hybridization on metaphase chromosomes revealed 
a specific satellite DNA that is located in the highly dif-
ferentiated W chromosomes of advanced snake families. 
The same W-associated DNA was also demonstrated in 
those highly evolved snake species that still possess un-
differentiated (homomorphic) ZW sex chromosomes. 
Also in amphibians, a number of the known sex chromo-
somes support the assertion that one of the initial steps 
in the evolution of sex chromosomes was an accumula-
tion of repetitive DNA in the original W and Y chromo-
somes [for reviews, see Schmid et al., 2010, 2012]. In con-
trast to mammals, birds and snakes, the W and Y chro-
mosomes found in lizards are larger than the Z and X 
chromosomes. This is caused by the amplification of the 
W- and Y-associated constitutive heterochromatin [Ezaz 
et al., 2009a].

  Sex chromosomes in reptiles are not derived from the 
same ancient chromosome pair but originated indepen-
dently from one another. Thus, comparative gene map-
ping studies have shown that the ZW sex chromosomes 
of snakes, the turtle  Pelodiscus sinensis , the gecko  Gekko 
hokouensis , and the dragon lizard  Pogona vitticeps  are not 
homeologous [Matsuda et al., 2005; Matsubara et al., 
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  Fig. 6.  Karyotypes of female ( a ,  b ) and male ( c ,  d )  T. rapicauda  collected from an unknown locality in Guate-
mala.  a ,  c  Conventional staining.  b ,  d  C-banding. The presumed homomorphic sex chromosomes are framed. 
Compare with figures 2 and 3.                       
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2006; Kawai et al., 2007, 2009; Ezaz et al., 2009b; Kawa-
goshi et al., 2009].

  Since the W chromosome in the  T. rapicauda  from the 
Falcón State is still in a primitive stage of differentiation, 
it is conceivable that it has a relatively recent origin and 
is restricted to this region. Thus, in the C-banded prepa-
rations from the single female  T. rapicauda  specimen col-
lected in an unknown wild population in Guatemala, no 
heteromorphic ZW sex chromosomes were detected.

  McBee et al. [1984] analyzed the karyotypes of 2 male 
 T. rapicauda  specimens from Caripito in the Monagas 

State in northeastern Venezuela. This population is ap-
proximately 800 km (beeline) apart from the Falcón pop-
ulations examined in the present study. In both males, 
they found a diploid chromosome number 2n = 42 and 
FN = 44 ( table 1 ) with 1 large pair of submetacentric and 
20 pairs of telocentric chromosomes gradually decreasing 
in size. Obviously this karyotype is derived from the 2n = 
44 and FN = 44 by a centric fusion between the largest and 
one of the medium-sized autosomes. Centric (Robertso-
nian) fusions were also found in heterozygous and homo-
zygous conditions in another phyllodactylid species, 
 Gymnodactylus amarali  from central Brazil [Pellegrino et 
al., 2009], and are not infrequent among reptiles [Olmo, 
1986].

  Given the very broad geographic distribution of  T. ra-
picauda  from southeastern Mexico through Central 
America to South America (Colombia, Venezuela, Guy-
ana, Surinam, French Guiana, and northern Brazil) in-
cluding many Lesser Antillean Islands, further extensive 
cytogenetic studies can be performed on the karyotype 
variability of this lizard species.
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