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— ABSTRACT -

Snakes (Serpentes) are a group of squamate reptiles (Squamata) that represents
more than one third of the total reptile species diversity. Snake karyotype is generally
conserved with the most common chromosome number of 36 (16 macro- and 20
microchromosomes) in diploid state. It is believed that this karyotype was also present in
the common ancestor of all snakes. The majority of snake species belong to the group
Caenophidia and share homologous ZW sex chromosomes. Snakes from the groups
“Scolecophidia” and “Henophidia” have mostly poorly differentiated, homomorphic sex
chromosomes, which made them impossible to distinguish from the autosomes in the
past. These snakes were for many years assumed to have ZW sex chromosomes as well.
However, recent studies demonstrated not only ZW but also two non-homologous XY
sex chromosome systems in non-caenophidian snakes and thus the sex determination
systems in snakes are much more variable than previously thought. In this thesis, eight
species of henophidian snakes (representatives from the genera Eryx, Cylidrophis, Python
and Tropidophis) and one caenophidian species (Ophiophagus hannah) were examined
using conventional and molecular cytogenetic methods. However, sex chromosomes
were not detected in the henophidian species, only in Ophiophagus hannah, the single
studied caenophidian species. Ophiophagus hannah has highly heteromorphic ZW sex
chromosomes with extensive accumulation of interstitial telomeric repeats (ITRs) and
constitutive heterochromatin on its W chromosome. ITRs were also observed on one
autosomal pair in Ophiophagus hannah and on three chromosome pairs in Eryx muelleri,
one of the tested henophidian species, despite the shared chromosome number of 2n = 34
with the rest of the Eryx species. These results correspond with the growing evidence that
ITRs might be more common in snakes even with their generally conserved karyotypes.
Although the total chromosome number is shared in Erycinae and may be an apomorphy
of this subfamily, differences in chromosome morphology and heterochromatin locations

were found between some of its species.

Key words:
boas, evolution, FISH, heterochromatin, karyotypes, pythons, rDNA, sex chromosomes,

telomeres



— ABSTRAKT -

Hadi (Serpentes) jsou skupinou Supinatych plazti (Squamata), ktera predstavuje
vice nez tretinu druhové diverzity plaz. Karyotyp hadia je pomérné konzervativni a
nejcastéji ma v diploidnim stavu 36 chromozomt (16 makro- a 20 mikrochromozomi).
Predpoklada se, ze toto usporadani bylo pfitomno uz u spoleéného piedka vSech hadi.
Majoritni vétSina hadich druht patii do skupiny Caenophidia a sdili homologni ZW
pohlavni chromozomy. Hadi ze skupin “Scolecophidia” a “Henophidia” maji pievazné
nerozliSené, homomorfni pohlavni chromozomy, coz v minulosti znemoznilo jejich
podrobngjsi studium. Pfitomnost ZW pohlavnich chromozomii byla u téchto hadi po
desetileti tedy pouze predpokladana. Nové studie dolozily existenci nejen ZW, ale i dvou
nehomolognich systéml s XY pohlavnimi chromozomy mimo skupinu Caenophidia.
Dokézaly, ze systémy urCeni pohlavi jsou u hadi variabilnéj$i, nez se diive
predpokladalo. V této praci bylo studovano osm druhii hada ze skupiny “Henophidia”
(zéstupci rodd Eryx, Cylidrophis, Python a Tropidophis) a jeden druh ze skupiny
Caenophidia (Ophiophagus hannah) a to za pouziti konvencnich i molekularnich
cytogenetickych metod. Pohlavni chromozomy vSak nebyly nalezeny u Zadného ze
studovanych druhti skupiny “Henophidia”, nybrz pouze u Ophiophagus hannah ze
skupiny Caenophidia. Tento druh ma vyrazné heteromorfni pohlavni chromozomy,
pficemz W chromozom vykazuje rozsahlou akumulaci intersticialnich telomerickych
repetic (ITR) a konstitutivniho heterochromatinu. ITR byly nalezeny 1 na jednom paru
autozomi u Ophiophagus hannah a na ttech chromozomovych parech u Eryx muelleri ze
skupiny “Henophidia”, a to i pfestoze je celkovy pocet chromozomt (2n = 34) u vsech
zastupcl rodu Eryx stejny. Ackoliv maji hadi obecné konzervativni karyotypy, tyto
vysledky spolecné€ s mnohymi jinymi podporuji hypotézu, Ze ITR u nich mohou byt
Castgj$i, nez se diive predpokladalo. Stejny pocet chromozomi zéstupct Erycinae by
mohl byt apomorfii této skupiny, avSak mezi nékterymi druhy této podceledi byly zjiStény

rozdily v morfologii chromozomil a distribuci heterochromatinu.

Klicova slova:
evoluce, FISH, heterochromatin, hroznysi, karyotypy, krajty, pohlavni chromozomy,

rDNA, telomery



— INTRODUCTION —

Diversity and phylogeny of snakes

Snakes (Serpentes) are iconic reptiles with a characteristic legless body plan.
Their appearance and behavior are inducing fear as well as amazement in people for
centuries. Snakes are considered a monophylum and are part of the most diverse group
of reptiles, the order Squamata. Out of more than 10850 extant squamate species, roughly
3880 species are snakes (Uetz et al. 2020). With such a high species richness, it is not
surprising that snakes possess a wide variety of phenotypes ranging from small
insectivorous burrowing species to land-dwelling giants and from slim arboreal species
to aquatic and even fully pelagic species. These features enabled them to inhabit many

niches on all continents except for Antarctica.

Another well-known fact about many snake species is their ability to produce
complex and, in some cases, deadly venoms. Especially snakes from the families
Viperidae and Elapidaec mastered this ability and some of them belong to the most
venomous animals on the planet (Kocholaty ef al. 1971). The lesser known fact is that
not only snakes but also some of their other reptile relatives are able to produce venom.
This inspired taxonomists to create the group Toxicofera, which includes snakes and their
two sister groups Anguimorpha and Iguania (Vidal & Hedges 2005). These groups
include for example monitors, beaded lizards and anguids (Anguimorpha), and iguanas,

agamids and chameleons (Iguania).

Based on morphological data, the first ophidians (Pan-Serpentes) originated in
the Jurassic after the splitting from other toxicoferan reptiles with the oldest known fossils
dating back to roughly 170 million years ago (Caldwell et al. 2015; Hsiang et al. 2015).
Molecular data estimate that the divergence of the extant snake lineages is at least 40

million years younger (Zheng & Wiens 2016; Harrington & Reeder 2017).

Currently, there are recognized 25 snake families (Fig. 1). Phylogenetic
relationships between some of them are still poorly supported and the taxonomic position
of some species is still under debate (Pyron et al. 2013; Pyron & Wallach 2014; Zheng
& Wiens 2016). Snake families are traditionally divided into three groups:
“Scolecophidia” (606 species), “Henophidia” (222 species) and “Caenophidia” (3148



species) (Uetz et al. 2020). The most species-rich and the only monophyletic group is
Caenophidia. With almost 3150 species, it includes some of the most recognizable snakes
such as vipers, rattlesnakes, colubrids and cobras. Even though “Henophidia” does not
have so many species, they include almost half of all snake families (Uetz et al. 2020).
Let’s mention for example pythons and boas, the largest and heaviest squamates currently
in existence. In contrast, representatives of the group “Scolecophidia” are usually small
burrowing snakes living underground. It is hardly surprising that they are not given so
much attention by the public. They feed on insects, mainly their larvae and are generally
uniform in appearance. Both “Henophidia” and ‘“Scolecophidia” were proven
paraphyletic by molecular taxonomy (Pyron ef al. 2013; Pyron & Wallach 2014; Zheng
& Wiens 2016). However, these terms are still being used for historical reasons, and as
the phylogeny of these groups is still not fully resolved (but see Reynolds et al. 2014;
Miralles et al. 2018) and new terminology is yet to be suggested.

Gekkota
Scincoidea
Lacertoidea
Anguimorpha
Iguania

Leptotyphlopidae
Gerrhopilidae
Typhlopidae
Xenotyphlopidae
Anomalepididae @
Tropidophiidae

Aniliidae

Uropeltidae
Cylindrophiidae+Anomochilidae
Xenopeltiadae

Pythonidae

Loxocemidae

Xenophidiidae

- Bolyeriidae

Calabariidae

Boidaee @ __
Acrochordidae
Xenodermatidae
Pareatidae
Lamprophiidae+Elaphidae
Viperidae

Homalopsidae

Colubridae

Scolecophidia

Henophidia
Toxicofera

Caenophidia

Fig. 1: Phylogeny of snake families and other squamate lineages. Data extracted from

Zheng & Wiens (2016).



Evolution of snake karyotypes

Chromosomes in reptile karyotypes, birds included, can be divided into two
major categories according to their size: microchromosomes and macrochromosomes.
This organization is thought to reflect the ancestral state, although microchromosomes
are missing in some reptile species or even lineages (Cohen & Gans 1970; Becak & Begak
1969; Srikulnath et al. 2015). This is most likely due to their fusions with
macrochromosomes or other microchromosomes, but the karyotype evolution may vary
in each lineage. In the past, microchromosomes were often overlooked and were believed
to be an unimportant part of the reptile genome. However, latter studies declared that
microchromosomes are essential in many species, as some proved to be gene-rich, and in
some cases are even carrying the sex determining locus and thus have the role of sex
chromosomes (Smith et al. 2000; Ezaz et al. 2005; 2006; Badenhorst et al. 2013;
Matsubara et al. 2014).

The diploid chromosome number can be variable in snakes and it ranges
between 2n = 24 and 2n = 52, possibly up to 2n = 56 (Begak & Becak 1969; Becak et al.
1990; Olmo & Signorino 2005). However, the most common karyotype found in the
majority of snake species has 36 chromosomes out of which are 16 macrochromosomes
and 20 microchromosomes (Olmo & Signorino 2005; Oguiura et al. 2009). It is feasible
that this karyotype was already present in the common ancestor of all snakes. There are
no visible trends for reduction or increase of total chromosome number through the snake
phylogeny. Yet, the most diverse snake subfamily Dipsadinae (Colubridae, Caenophidia)
shows striking variability in chromosome numbers, relative to other snake lineages, even
at the generic level (Oguiura et al. 2009). Both above-mentioned extremes belong to this
group: Hydrodynastes gigas with 24 chromosomes and Sordellina punctata with 52
chromosomes. It is plausible that chromosomal rearrangements and subsequent changes

in chromosome numbers contributed to the species diversification in this subfamily.

Past chromosomal rearrangements can be detected by the presence of interstitial
telomeric repeats (ITRs). Telomeres normally provide protective caps at the terminal
parts of each chromosome. In the case of vertebrates, they consist of telosome or shelterin
protein complex and (TTAGGG). repeats (Blackbum 1991; Liu et al. 2004). Telomeres
prevent the ends of chromosomes from losing genetic material during replication and

from unintentional recombination or fusion (O'sullivan & Karlseder 2010). Although it
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was proposed, that in some cases, ITRs might just be the products of high telomerase
activity or transposon relocation, they are usually viewed as remnants of chromosomal
rearrangements, such as chromosome fusions or inversions (Bolzdn & Bianchi 2006;
Rovatsos et al. 2015a). Just as telomeres themselves, they consist of the same repetitive
hexamer motif. ITRs were observed in a few species of snakes but the data coverage is
still poor. On autosomes, they are often located around the pericentromeric region but
also in other, interstitial parts of the chromosome (Viana et al. 2016; Augstenova et al.
2019). Their distribution on sex chromosomes is variable between species and may differ
greatly between Z and W (Rovatsos ef al. 2015b; Augstenova et al. 2018a; Singchat et al.
2019).

Evolution of sex determination in snakes

The sex of a reptile can be determined either by environmental factors affecting
the embryo during prenatal development or by inherited sex determining locus (Bull
1980). Snakes are reptiles with genotypic sex determination (GSD). This means, that the
sex of an individual is determined at the zygote formation. It is so by the presence/absence
or dose of inherited master sex determining gene or genes. Therefore, there is a genetic
difference between males and females of species with GSD. In contrast, an animal with
environmental sex determination (ESD) starts its development with the potential to
become either male or female. The sex is determined by the intensity of an environmental
factor, in reptiles usually temperature, during a sensitive period in prenatal development

(Janzen & Paukstis 1991).

The presence of GSD in a species can be proved for example by equal sex ratio
of the offspring across different incubation temperatures or by the presence of sex
chromosomes. There is not a single known snake species with ESD, but a good portion
of the total snake diversity remains unstudied. This holds especially for scolecophidian

snakes, because they are not often bred in captivity.

It is believed that GSD evolves from ESD or another GSD when a pair of
autosomes acquires a sex determining locus (Ohno 1967; Pokorna & Kratochvil 2016).
The mechanism then works on the principle of heterozygosity. When it is the male, who

is heterozygous for the sex determining locus, we speak about male heterogamety with
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XX and XY sex chromosome combinations. Correspondingly, there is also female
heterogamety with ZZ or ZW sex chromosomes. Recombination between these newly
established sex chromosomes or their parts might be suppressed, which leads to their
eventual divergence. In such a case, heteromorphic sex chromosomes evolve (Ohno
1967). These usually differ in size and morphology. The non-pairing chromosome often
loses most of its original genes and accumulates heterochromatin, mostly different kinds

of repetitive elements. This process is called degeneration (Bachtrog 2006).

When one of the sex chromosomes fuses with an autosome or when one sex
chromosome splits, multiple neo-sex chromosomes evolve (Toder et al. 1997; Rovatsos
et al. 2016). Six such cases are known in the caenophidian family Elapidae and each of
them is thought to have an independent origin (Pokorna et al. 2014). Let’s mention for
example Bungarus caeruleus with Z17Z17272/7\Z2W or Enhydrina schistosa with

727/ZW1W sex chromosomes (Singh ef al. 1970; Singh 1972b).

Among all snakes, sex chromosomes and sex determination systems are best
known in the group Caenophidia. Multiple species from all Caenophidian families were
proved to have homologous heteromorphic ZW sex chromosomes (Rovatsos et al.
2015¢). The level of degeneration of W chromosomes, and the difference in size and
morphology between Z and W sex chromosomes as well as the amount and nature of
accumulated repetitive elements, vary across the snake phylogeny (Begak & Begak 1969;
Singh 1972a; Vicoso ef al. 2013; Augstenova et al. 2018a; Singchat ef al. 2019). Many
microsatellite motifs are accumulating on the caenophidian Ws (Matsubara et al. 2016).
Some of the most common and well-studied are the Bkm repeats, IDNA repeats and
already mentioned ITRs. Ribosomal DNA (rDNA) are sequences coding for ribosomal
RNA and have thus an important role in ribosome biogenesis. rDNA sequences form
large tandem repeats that amplify extensively when located on the caenophidian W
(O’Meally et al. 2010). Although both ITRs and rDNA loci accumulate also on
autosomes, their potentially unequal distribution on sex chromosomes can help
characterize or even uncover cryptic sex chromosomes. Bkm repeats are enriched in
(GATA), and (GACA), motifs and their distribution is often species-specific. They are
found in all so far tested species of caenophidian snakes, with the exception of the family
Acrochordidae (Singh et al. 1980; Rovatsos et al. 2015b; Matsubara et al. 2016;

Augstenova et al. 2018a). As this family is sister to all other caenophidian snakes, it was
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proposed that Bkm repeats started accumulating on the W chromosome of caenophidian
snakes after the splitting of the family Acrochordidae from other caenophidian lineages
(Rovatsos et al. 2018a). However, it is possible that these repeats were lost from the W

in this family.

So far, studied snakes outside Caenophidia have homomorphic sex
chromosomes, except for two species (Mengden & Stock 1980; Augstenova et al. 2018b;
Matsubara et al. 2019). This means that they are identical in size, morphology and content
- with the exception of the sex determining region. It was shown in a fish species that the
sex determining region can be as small as a single nucleotide polymorphism (Kamiya et
al. 2012). Homomorphic sex chromosomes retained the ability to recombine across most
of their length which prevents degeneration (Ohno 1967; Charlesworth et al. 2005). On
the other hand, degeneration of the W enables in Caenophidia the “fast Z” effect (Vicoso
et al. 2013). Because of this phenomenon, genes on the Z chromosome evolve faster than
genes on autosomes and it may be one of the reasons, why caenophidian snakes are so

diversified in contrast to the other snake lineages (Rovatsos et al. 2015c).

For a long time, it was widely accepted, that not only cachophidian, but all
snakes share homologous ZZ/ZW sex determination (e.g. Becak & Becak 1969;
Matsubara et al. 2006; Booth et al. 2011; Vicoso et al. 2013). Before the era of molecular
genetics and advanced cytogenetics, scientists were restricted to use conventional
cytogenetic methods for sex chromosome research. These methods are only capable of
uncovering heteromorphic sex chromosomes as they rely on different morphology of the
chromosomes or unequal distribution of heterochromatin. Thus, it is not possible to
distinguish homomorphic sex chromosomes using these techniques. Because of this,
many henophidian and scolecophidian snakes were just assumed to have ZW sex
chromosomes, that were thought to represent the ancestral or at least the more primitive

state of sex chromosome evolution.

This view was however challenged many times by the results of facultative
parthenogenesis in some pythons and boas. The offspring of such events were
“hemiclonal” females, which is not consistent with female heterogamety (Groot et al.
2003; Booth et al. 2011, Kinney et al. 2013; Shibata et al. 2017). Finally, in 2017 a study
using RAD sequencing proved the existence of male heterogamety in a python (Python

bivittatus) and two species of boas (Boa constrictor, B. imperator) (Gamble et al. 2017).
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Interestingly, these two systems proved to be non-homologous. Instead, python XY sex
chromosomes are surprisingly homologous to caenophidian ZW. It remains unclear,
whether this homology is due to shared ancestral sex chromosome system or independent
co-option of this chromosome pair for the role of sex chromosomes, possibly due to yet

unknown predispositions.

There are only two other species of non-caenophidian snakes with known sex
chromosomes. One of them is Acrantophis sp. ct. dumerili from the family Boidae with
heteromorphic ZW sex chromosomes (Mengden & Stock 1980). Heteromorphic nature
of its sex chromosomes seems to be fairly young as it is not shared with its sister species
and is probably an outcome of pericentromeric inversion (Augstenova et al. 2018b).
Recently, heteromorphic ZW chromosomes were identified in the scolecophidian snake
Myriopholis macrorhyncha, a species from the family Leptotyphlopidae (Matsubara et
al. 2019). It is also suggested that these sex chromosomes might not be homologous to

the ones of Caenophidia and Python bivittatus.
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— AIMS OF THE STUDY -

For a better understanding of the karyotype evolution and sex determination
systems in snakes, we decided to study mostly species from the group “Henophidia”.
Recent studies proved that sex determination systems in this group are much more
variable than previously thought (Gamble ef al. 2017; Augstenova et al. 2018b). Yet, a
good portion of the total species diversity remains cytologically unstudied. Snakes from
this group are often kept as pets or display animals at zoos, which makes them more

accessible for research, relative to scolecophidian snakes.

As the main lineage for this thesis, we selected the subfamily Erycinae (sand
boas) from the family Boidae. There are 12 species in this subfamily, out of which 5 were
used for this study. This group of snakes was selected, as it is poorly studied and is
phylogenetically nested between species of boas with XY (Boa constrictor, B. imperator)
and ZW (Acrantophis sp. cf. dumerili) sex chromosomes. Sand boas are burrowing
snakes living mostly in the loose substrate in arid areas. All sand boa species display
remarkable sexual dimorphism in size with females being up to ten times larger than
males. There are two species of sand boas that are believed to re-evolved oviparity and
might be an example of breaking the Dollo’s law (Lynch & Wagner 2010). Additional
three henophidian and one caenophidian species were added to the thesis. These are
Cylindrophis ruffus (Cylindrophiidae), Tropidophis melanurus (Tropidophiidae), Python
regius (Pythonidae) and Ophiophagus hannah (Elapidae), respectively. XY sex
chromosomes are highly expected in P. regius due to the observed pattern of inheritance
of a sex-linked phenotypic trait. This pattern is best explained by male heterogamety, yet
direct evidence is missing (Mallery Jr. et al. 2016).

The first main goal of this thesis was to explore the karyotype evolution and the
distribution of repetitive elements in selected species of snakes. Despite the apparent
karyotype conservatism in snakes, the examination of repetitive elements distribution
might uncover cryptic chromosomal rearrangements and help to better understand the

karyotype evolution in snakes.

The second main goal was to explore the presence of differentiated sex
chromosomes by conventional and molecular cytogenetic methods. All selected species

represent an interesting position in the snake phylogeny and discovery of sex
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chromosomes in any of them would greatly improve current knowledge about snake sex

determination systems.
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— MATERIALS & METHODS -

The following methods were selected to characterize cytogenetically and to
uncover sex chromosomes and sex determination systems in previously unstudied species
of snakes. Animals were provided for this thesis from private breeders and collaborators,
but also from our collection. Fresh blood was taken from the tail vein, which is one of
the less invasive methods of blood taking in reptiles. The blood was then used for DNA

isolation and to obtain chromosome suspensions.

Staining with Giemsa solution is commonly used in cytogenetics to visualize the
chromosomes. Giemsa stained metaphases are used for karyotype reconstruction and in
case of heteromorphic sex chromosomes, also for the description of sex determination.
To add further characterization for the karyotype, C-banding is used to visualize the
constitutive heterochromatin, which often accumulates near centromeric regions and on
degenerated sex chromosomes. Unequal distribution of heterochromatin in both sexes

might help uncover sex chromosomes, that are otherwise similar in size and morphology.

Fluorescence in situ hybridization was used to localize the distribution of
telomeric repeats and rDNA loci. Both were shown to amplify on reptile sex
chromosomes (O’Meally et al. 2010; Literman et al. 2014; Augstenova et al. 2018a; Lee
et al. 2019; Singchat ef al. 2019; Mazzoleni et al. 2020). Distribution of telomeric repeats

might also uncover potential past chromosomal rearrangements.

Sequences of mitochondrial genes cytochrome b (CYTB) and cytochrome c
oxidase subunit I (COI) were obtained from each individual. These sequences serve not
only for species verification but also for a specimen-specific barcode. As cryptic species
are common in reptiles, this method will ensure that the following results will remain

valid even in case of future species splitting.
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Blood taking

Blood was taken from selected individuals from the tail vein using U-100 1ml
insulin syringes with approximately 10 pl of heparin. The amount of taken blood varied
between individuals and was dependent on the size of each animal. The list of examined

snakes per species are presented at Table 1.

Table 1: List of species used in current study and the number of tested individuals

Species Family = Sex

i o
Cylidrophis ruffis Cylindrophiidae 0 1
Evyx colubrinus Boidae 2 1
Evyx conicus Boidae 1 1
Evyx miliaris Boidae 1 1
Evyx muelleri Boidae 1 1
Evyx tataricus Boidae 1 1
Python regius Pythonidae 2 2
Tropidophis melanurus | Tropidophiidae 0 1
Ophiophagus hannah Elapidae 1 1

DNA isolation

DNA was isolated using DNeasy Blood and Tissue Kit (Qiagen). 3 drops of
fresh blood, 180 pl of sterile PBS, 20 pl of proteinase K and 4 pl of RNase A (100 mg/ml)
was added into 1.5 ml Eppendorf tube. The tubes were vortexed and incubated at room
temperature for 2 min. Then, 200 pl of AL buffer was added, the tubes were vortexed
again and incubated at 56 °C for 1 hour. Sequentially, 200 pl of 96% ethanol was added
and the tubes were vortexed. The liquid part of the sample was transferred to DNeasy
Mini spin column and centrifuged at 8000 rpm for 2 min. The tube was removed, and the
column was transferred to a clean tube. 500 pl of AW1 buffer was added and the samples
were centrifuged at 8000 rpm for 1 min. The tube was removed, and the column was
transferred to a clean tube. 500 pl of AW2 buffer was added and the tubes were
centrifuged at 13300 rpm for 3 min. The tube was removed, the column was transferred
to a clean tube and centrifuged at 8000 rpm for 1 min. The tube was removed, the column
was transferred to a clean 1.5 ml Eppendorf tube, 60 ul of AE buffer was added and the
tubes were centrifuged at 8000 rpm for 1 min. The concentration of the DNA of the
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sample was measured using the Thermo Scientific NanoDrop 1000 Spectrophotometer.

The DNA samples were stored at -20 °C for future use.

Species verification

For species identification, sequences of two mitochondrial genes, cytochrome b
and cytochrome c oxidase subunit I, were used. Master mix for one sample was prepared
as: 18.5 ul of sterile milliQ H2O, 2.5 ul of PCR buffer, 1.25 pl of MgCl, 1 ul of
deoxynucleotides (dATP, dCTP, dGTP, dTTP), 0.25 pl of Taq polymerase and 0.5 pl of
both forward and reverse primer (Table 1). 0.7 pul of DNA was used for each such

prepared mix.

The PCR started with 3 min long denaturation phase at 94 °C, followed by 35
cycles of 40 seconds of denaturation at 94 °C, 40 seconds of annealing at 47 °C and 1
minute of extension at 72 °C. The extension step in the last cycle was prolonged to 5 min,
followed by cooling to 4 °C. The results of the PCR were verified by electrophoresis

using 1% agarose gel and sent for sequencing to Macrogen in South Korea.

Table 2: Primers used for species verification

Gene | Primer name Primer sequence from 5' to 3' Direction Reference
REPCOIR ACTTCTGGRTGKCCAAARAATCA reverse Nagy et al. 2012
COI
REPCOIF TNTTMTCAACNAACCACAAAGA forward Nagy et al. 2012

H16064 CTTTGGTTTACAAGAACAATGCTTTA reverse Burbrink ef al. 2000

CYTB
L14919 AACCACCGTTGTTATTCAACT forward de Queiroz ef al. 2002

Cell cultures and chromosome harvesting

Leukocyte cultivation from fresh whole blood samples was used to obtain
chromosome suspensions. The medium as well as the cell cultures were prepared in
sterile laminar flow-box. For 100 ml of the final medium, was used 90 ml of D-MEM
medium (Sigma-Aldrich; M2154) and 10 ml of fetal bovine serum (Baria; S 0125). To
initiate mitosis of the leukocytes, 3 ml of phytohemagglutinin M (GIBCO; 10576-015)
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was added to the mix, alongside with 1 ml of penicillin/streptomycin (Sigma-Aldrich;
AS5955), 1 ml of L- glutamine (Sigma-Aldrich; K1377) and 1 ml of lipopolysaccharide
(Sigma-Aldrich; L4005). The medium was then evenly distributed into 15 ml falcon tubes
to have approximately 5 ml in each one. After that, 100-300 pl of fresh blood was added
to each tube. The cell cultures were left to incubate for one week at 30 °C without CO>

supplementation.

After one week, 35 ul of colcemid solution (Roche; 10295892001) was added
to the cultures to stop mitosis. The samples were left to incubate for additional 3.5 hours
but were mixed after the first 2 hours of incubation. After 3.5 hours, the tubes were
centrifuged at 1200 rpm at room temperature for 10 min. The supernatant was then
removed using a glass pipette and 5 ml of pre-wormed 0.075M KCI were added to each
tube. The samples were left at 37 °C for 30 min. After that, fresh fixation solution was
prepared as 3:1 methanol:acetic acid and 500 pl was added to each tube. Here, the first
fixation round started. The tubes were centrifuged at 1200 rpm at 4 °C for 10 min. The
supernatant was then removed using glass pipette, 5 ml of fixation solution was added,
and the samples were left at 4 °C for 20 min. Additional two fixation rounds were
performed. After the third round of fixation, the tubes were centrifuged at 1200 rpm at 4
°C for 10 min, the supernatant was removed, and up to 500 pl of fixation solution was
added. The volume of added fixation solution was adjusted according to the amount of
chromosomal material. Such prepared chromosome suspensions were stored at -20 °C for

future use.

Karyotype reconstruction

Microscope slides were cleaned in 96% ethanol. Once dry, two drops of
chromosomal material were dropped to each slide. After they dried, the slides were
stained in 3% Giemsa in phosphate buffer (4.5 g KH,PO4 + 4.7 g Na,HPO4 in 1 1 of
distilled water, pH = 6.8) solution for 15 min. The slides were then washed in distilled

water and left to dry in a vertical position.

The pictures of Giemsa-stained metaphases were taken on Zeiss Axiolmager Z2
with automatic slide scanning system Metafer-MSearch (MetaSystems). Karyograms

were reconstructed using the Ikaros karyotyping system (MetaSystems).
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C-banding

Constitutive heterochromatin was visualized using standard C-banding protocol
by Sumner (1972). Microscope slides were cleaned in 96% ethanol. Once dry, two drops
of chromosomal material were dropped to each slide. The slides were aged overnight at
37 °C or 1 hour at 60 °C, then treated with 0.2N HCI at room temperature for 30 min and
washed in distilled water. Subsequently, the slides were treated with 5% Ba(OH)>
solution at 45 °C for 5-18 min (Table 2), depending on the species, and washed in
distilled water again. One-hour long incubation in 2xSSC (saline-sodium citrate) at 60
°C followed and then quick wash in distilled water. The slides were left to dry in a vertical
position. Fluoroshield with DAPI (Vector Laboratories) was added to each slide and

covered with a cover slide.

Table 3: Ba(OH): treatment time for each tested species

Species Ba(OH); treatment time
Evyx colubrinus 5 min
Eryx conicus 15 min
Evyx miliaris 8 min
Eryx muellert 18 min
Eryx tataricus 10 min
Cylindrophis ruffus 5 min
Ophiophagus hannah 5 min
Python regius 8 min

Fluorescence in situ hybridization (FISH)

For rDNA probe preparation, plasmid (pDmr.a 51#1) with an 11.5-kb insert
encoding the 18S and 28S ribosomal units of Drosophila melanogaster (Endow 1982)
was used to obtain replicated rDNA loci. The DNA was isolated and only samples with
concentration 44 ng/ul or higher were used for the probe preparation. The probe is cut
and labelled with dUTP-biotin using the nick translation kit ABBOTT (07J00-001). For
this task, a deoxynucleotide mix was prepared as: 50 pl of dCTP, 50 ul of dGTP, 50 pl
of dATP, 25 pl of dTTP and 7,5 pl of dUTP-biotin. DNA samples with higher
concentration than 44 ng/ul were diluted accordingly. Master mix for one reaction was
prepared as: 23 ul of sterile milliQ H>O, 1 pg of DNA, 12 ul of deoxynucleotide mix, 5

ul of nick translation buffer and 10 pl of nick translation enzyme. As the nick translation
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enzyme is thermo-sensitive, it was needed to work partially on ice to prevent degradation.
The mix was then incubated in a cycler at 15 °C for 3-5 hours to obtain 200-300 bp long
fragments. The reaction was stopped by increasing temperature to 70 °C for 10 minutes.

The size of the probe was verified using electrophoresis 1% agarose gel.

The probe for telomeric repeats was prepared using polymerase chain reaction
(PCR). Primers (TTAGGG)s and (CCCTAA)s were used for the reaction without any
DNA template as in [jdo et al. (1991). During the reaction, the probe was labelled with
dUTP-biotin. Master mix for the PCR was prepared as: 5 ul of PCR buffer (Bioline), 2.5
ul of MgCI2 (50 mM), 1 ul of deoxynucleotides (dAATP, dCTP, dGTP; 10mM each), 0.7
pl of dTTP (10mM), 1 pl of dUTP-biotin (ImM) and 1 pl of BioTag DNA polymerase
(5 U/ul, Bioline) and 0.4 pl of each primer (5 pmol/ul). Sterile milliQ H>O was added up
to 50 pl.

The PCR started with 5 min of the denaturation phase at 94 °C, followed by 10
cycles of 1-minute denaturation at 94 °C, 30 sec of annealing at 55 °C and 30 sec of
extension at 72 °C. Additional 35 cycles where annealing temperature was raised to 60
°C followed. The extension step in the last cycle was prolonged to 5 min, followed by
cooling to 4 °C. The results of the PCR were verified by electrophoresis using 1% agarose

gel.

Both probes were precipitated overnight at -20 °C using 5 pl of salmon sperm,
5 ul of sodium acetate (3M) and 150 pl of 96 % cold ethanol (-20 °C) per 45 ul of PRC
product/nick translation product. Next day the probes were centrifuged at 4 °C at 13 000
rpm for 30 min. The supernatant was removed and 500 pl of cold 75 % ethanol (-20 °C)
was added to each tube. The tubes were then centrifuged at 4 °C at 13 000 rpm for 2 min.
The supernatant was removed, and the pellet was left to dry at 37 °C. Dried pellet was
dissolved in a hybridization buffer (50% formamide in 2xSSC) and stored at -20°C for

future use.

Microscope slides were cleaned in 96% ethanol. Once dry, two drops of
chromosomal material were dropped to each slide. The slides were aged overnight at 37
°C or 1 hour at 60 °C and then washed in 2xSSC for 5 min. The chromosomal material
was then treated with RNAse (100 mg/ml) for 1 hour at 37 °C and washed 3 times in
2xSSC for 5 min. After that, 0.01% pepsin solution was added and the slides were
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incubated for 10 min at 37 °C, then washed 3 times in PBS (phosphate-buffered saline)
for 5 min. The slides were incubated for 10 min at room temperature in 1% formaldehyde
solution (2.7 ml 37% formaldehyde, 250 ul MgCl> 1M, filled up to 100 ml with PBS),
washed 3 times in PBS for 5 min and dehydrated using ethanol series of 70%, 85% and
96% ethanol (5 min in each) and left to dry in a vertical position. The chromosomal
material was denaturated in 70% formamide solution (100 ml prepared as: 70 ml of
formamide, 10 ml of 20xSSC and 20 ml of ddH>O) for 4 min at 72 °C and washed in
2xSSC for 1 min. The slides were then dehydrated using ethanol series once again and
left to dry. The previously prepared probes were preheated to 37°C, then denaturated at
73 °C for 6 min and quickly cooled at -20 °C for 10 min. 22 pl of the probe was added
per each slide (per 2 drops of chromosomal material). The slides were covered with a

cover slide and left to hybridize overnight.

Next day, the slides were incubated in 2xSSC for 2 min to remove the cover
slide. They were then washed 3 times in 50% formamide solution (100 ml prepared as:
50 ml of formamide, 10 ml of 20xSSC and 40 ml of ddH20) at 37°C for 5 min to remove
the excess probe. The slides were then washed twice in 2xSSC and once in 4T (1 1
prepared as: 200 ml of 20xSSC, 800 ml of ddH>O a 500 pl of Tween-20; Sigma) for 5
min. After that, 200 pl of 4B solution (5% blocking agent (Roche) in 4xSSC) was added
to the slide and the slides were left to incubate at 37°C for 45 min. In the next step, 200
pl of 4B containing 0.2 pl of avidin-FICH (Vector Laboratories) was added to each slide
and the slides were left to incubate at 37 °C for 30 min. The slides were then washed 3
times in 4T for 5 min. The fluorescence signal was then amplified with 200 pl of 4B with
2 ul of biotinylated anti-avidin (Vector Laboratories) per slide and the slides were left to
incubate at 37 °C for 30 min and washed 3 times in 4T for 5 min. These steps using 4B
with avidin-FICH or anti-avidin to amplify the signal were repeated one more time with
one additional avidin-FICH application. The slides were then washed twice in 4T and
once in PBS for 5 min, dehydrated using the ethanol series and left to dry in a vertical
position. Fluoroshield with DAPI (Vector Laboratories) was added to each slide and

covered with a cover slide.
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Microscopy analysis

Provis AX70 (Olympus) fluorescence microscope with DP30BW digital camera
(Olympus) was used to analyze the results of C-banding and FISH. All the images were
acquired in black and white and later processed in DP Manager imaging software

(Olympus).
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Species verification

— RESULTS —

Obtained sequences of two mitochondrial genes (CYTB, COI) from each tested

animal were compared with available sequences in the Genbank database using the Basic

local alignment search tool — “BLAST” (Altschul et al. 1990) (Table 4).

Table 4: Table of the most similar sequences found in Genbank. Only sequences with

percent identity higher than 90% were included. In the case sequences from both studied

individuals of the same species were aligned to the same available sequence, percent

identity of both is depicted.

N. of studied

oxidase subunit I (COI) gene, partial cds; mitochondrial

Studied species individuals Gene The most similar sequence description Percent identity Accession
Cylidraphit CYTB Cylindrophis ruffus mitochondrial DNA, complete genome 100% AB179619.1
JLAropnes
rujﬁf; !
COl Cyvlindraphis ruffius mitochondrial DNA, complete genome 100% AB179619.1
. Eryx colubrinus colubrinus cytochrome b (cytb) gene, o o
Erypx ) CYTB mitochondrial gene encoding mitochondrial protein, partial cds 99.06% 97.43% U6%811.1
colubrinus
COl - - -
Eryx conicus cytochrome b (cytb) gene, mitochondrial gene o o
CYTB : : ) 99.40%; 99.29% U69817.1
E . 2 encoding mitochondrial protein, partial cds
FyX CORICHS
Ccol - - -
Eryx tataricus voucher UMFS 11688 cytochrome b (cytb) gene, o . o .
E iari ) CYTB partial cds; mitochondrial 99.43%; 98.69% KF8I1117.1
ryx miliaris
COl Eryx tataricus mitochondrion, complete genome 99.09%; 99.09% MN646174.1
Eryx muelleri voucher UMFS 11723 cytochrome b (cytb) gene, o . o
E Heri 5 CYTB partial cds: mitochondrial 99.85%; 99.85% KFSLITIG.I
ryx muellert
COl - - -
CYTB Eryx tataricus mitochondrion, complete genome 99.55%; 99.43% | MK780743.1
Eryx tataricus 2
COl1 Eryx tataricus mitochondrion, complete genome 99.67%; 99.85% MNG646174.1
Python reg!in’ cymcl:urm.-ne b (eytb) gene, n?ill?-chr?nerlal gene 99,319 U69856.1
CYTB encoding mitochondrial protein, partial cds
Python regius mitochondrial DNA, complete genome 99.62% AB177878.1
Python regius 2 ., - N N ” N
) Python regius haplotype hap5 cytochrome ¢ oxidase subunit 1 0,
col (cox1) gene, partial cds; mitochondrial 100% LA LIS
Python regius haplotype hap3 cytochrome ¢ oxidase subunit 1 o
(cox 1) gene, partial cds; mitochondrial 100% MN295676.1
Tropidophis canus curtus voucher Teurt] cytochrome b (cytb) gene, o
Tropidophis | CYTB partial cds; mitochondrial 93.17% KF81T123.1
melanurus Tropidophis melanurus voucher USNM:Herp:515936 cytochrome o 5
col oxidase subunit 1 (COI) gene, partial cds: mitochondrial 98.78% MH274736.1
Ophioph CYTB Ophiophagus hannah mitochondrion, complete genome 99.91%; 98.36% | EU921899.1
Hopnagus
phmﬁwlf 2 Ophiophaaus hannah I ~ZM/X/SLS19 n
{ PUCZM/X/SLEI1 it .
col )phiophagus hannah voucher / cytochrome ¢ 99.04%; 99.20% | MHI07864.1
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Karyotype reconstruction and C-banding

Cylindrophis ruffus

The karyotype of Cylindrophis ruffus was reconstructed based on one female
individual. It has 36 chromosomes in the diploid state, out of which 16
macrochromosomes and 20 microchromosomes (Fig. 2a). The first, third and fourth
chromosome pairs are metacentric, the second is submetacentric, the pairs 5-8 are

acrocentric. Morphology of microchromosomes is not distinguishable. Heteromorphic

sex chromosomes are not present.

A constitutive heterochromatin was detected in the centromeric region of all

chromosomes and the terminal region of the g-arm of the second chromosome pair

(Fig. 2b).
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Fig. 2: Karyogram (a) and C-banding (b) of Cylindrophis ruffus. Sex is indicated.
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Eryx colubrinus

The karyotype of Eryx colubrinus consists of 34 chromosomes in the diploid
state, out of which 20 are macrochromosomes and 14 microchromosomes (Fig. 3a,c). The
first, third and fourth chromosome pairs are metacentric, the second and ninth
submetacentric and the remaining macrochromosome pairs are acrocentric. It is not
possible to determine the morphology of the microchromosomes. Heteromorphic sex

chromosomes are not present.

The heterochromatin accumulates in the pericentromeric region on the q arms
of the pairs 4, 5, 6 and 8. The pairs 9 and 10 are heavily heterochromatinized and five
pairs of microchromosomes show heterochromatin accumulations as well. Only one
chromosome from the seventh pair was observed with a heterochromatic block in the

telomeric region of the q arm. This state was however observed in both sexes (Fig. 3b,d).
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Fig. 3: Karyogram (a,c) and C-banding (b,d) of Eryx colubrinus. Sex is indicated.
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Eryx conicus

The karyotype of Eryx conicus was constructed for the first time in 1972 by
Singh. In agreement with the original study, we found that this species has 34
chromosomes in diploid state, out of which 16 are macrochromosomes and 18
microchromosomes (Fig. 4a,c). The first, third and fourth chromosome pairs are
metacentric, the second is submetacentric and the remaining macrochromosomes have
centromeres in their terminal parts. Morphology of the microchromosome pairs is not

distinguishable. Heteromorphic sex chromosomes are not present.

The heterochromatin was detected in the centromeric region of all
macrochromosomes. In addition, the second chromosomal pair has a heterochromatic

block in the terminal region of the q arm (Fig. 4b,d).
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Fig. 4: Karyogram (a,c) and C-banding (b,d) of Eryx conicus. Sex is indicated.
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Eryx miliaris

Eryx miliaris has the diploid number of chromosomes 34, out of which 16 are
macrochromosomes and 18 microchromosomes (Fig. 5a,c). The first, third and fourth
chromosome pairs are metacentric, the second is submetacentric and the remaining
macrochromosome pairs are acrocentric. Because of their size, it is not possible to

determine the morphology of the microchromosomes. Heteromorphic sex chromosomes

are not present.

The heterochromatin signal was detected in the pericentromeric region of the
second and eight chromosomal pair and in the terminal region of the q arm of the second
chromosome pair. Only one chromosome from the fourth pair was observed with a large

heterochromatic block in the pericentromeric region of the q arm. As in the case of Eryx

colubrinus, this state was observed in both sexes (Fig 5b,d).
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Fig. 5: Karyogram (a,c) and C-banding (b,d) of Eryx miliaris. Sex is indicated.
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Eryx muelleri

The karyotype of Eryx muelleri has 36 chromosomes in the diploid state with 16
macro- and 18 microchromosomes (Fig. 6a,c). The first, third and fourth chromosome
pairs are metacentric, the second is submetacentric and the remaining macrochromosome
pairs are acrocentric. It is not possible to determine the morphology of the

microchromosomes. Heteromorphic sex chromosomes are not present.

The heterochromatin was detected in the centromeric region on all
macrochromosomes. The second chromosome pair has a heterochromatic block in the

terminal region of the q arm (Fig. 6b,d).
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Fig. 6: Karyogram (a,c) and C-banding (b,d) of Eryx muelleri. Sex is indicated.
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Eryx tataricus

The diploid chromosome number of Eryx tataricus is 34, out of which 16 are
macrochromosomes and 18 microchromosomes (Fig. 7a,c). The first, third and fourth
chromosome pairs are metacentric, the second is submetacentric, the pairs 5-8 are
acrocentric. Morphology of microchromosomes is not resolved. Heteromorphic sex

chromosomes are not present.

The heterochromatin accumulates in a small amount on all macrochromosomes
in the pericentromeric region and the terminal region of the q arm of the second

chromosome pair (Fig. 7b,d).
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Fig. 7: Karyogram (a,c) and C-banding (b,d) of Eryx tataricus. Sex is indicated.
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Python regius

The karyotype of Python regius has 36 chromosomes in the diploid state with
16 macro- and 20 microchromosomes (Fig. 8a,c). The first, third and fourth chromosome
pair is metacentric, the second is submetacentric, the pairs 5—8 are acrocentric. It is not
possible to determine the morphology of the microchromosomes. Heteromorphic sex

chromosomes are not present.

The heterochromatin accumulates in the centromeric region of all chromosomes

in this species (Fig. 8b,d).
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Fig. 8: Karyogram (a,c) and C-banding (b,d) of Python regius. Sex is indicated.
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Tropidophis melanurus

For the karyotype reconstruction of Tropidophis melanurus, only one female
individual was examined. It has 34 chromosomes in the diploid state out of which 22 are
macrochromosomes and 12 microchromosomes (Fig. 9). The first three chromosome
pairs are submetacentric and the remaining macrochromosome pairs are acrocentric.

Morphology of microchromosomes was not identified.

C-banding did not reveal any visible heterochromatin patterns in this species.
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Fig. 9: Karyogram of Tropidophis melanurus Sex is indicated.

Ophiophagus hannah

The karyotype of the king cobra was reconstructed for the first time in 1982 in
the doctoral thesis by Mengden (1982) using only male specimens. It was reported that
king cobras have 36 chromosomes in the diploid state with 18 macro- and 18
microchromosomes. While our data support this statement for males, the karyotype of
the studied female has 37 chromosomes with 18 macro- and 19 microchromosomes

(Fig. 10a,c). The ZW sex chromosomes are the fourth chromosome pair.
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The first and third chromosome pair is metacentric, the second as well as the Z
chromosome are submetacentric. The W chromosome is much larger than the Z and it is
telocentric. The remaining macrochromosomes are acrocentric. Morphology of

microchromosomes remains unresolved.

Heterochromatin signal was detected in the centromeric region of all

macrochromosomes. The W chromosome is completely heterochromatic (Fig. 10b,d).
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Fig. 10: Karyogram (a,c) and C-banding (b,d) of Ophiophagus hannah. Sex is
indicated.

34



Fluorescence in situ hybridization with telomeric probe

FISH with the telomeric probe was performed to determine the (TTAGGG),
motif distribution in each species. In the case of Eryx colubrinus, E. conicus, E. miliaris,
E. tataricus, Cylindrophis ruffus, Python regius and Tropidophis melanurus the signal
was detected only in the telomeric regions of the chromosomes (Fig. 11). These species
thus have no interstitial telomeric repeats in their karyotypes. In contrast, ITRs were
detected in Eryx muelleri and Ophiophagus hannah (Fig. 12). In the case of E. muelleri,
ITRs are located in the centromeric regions of the first three pairs of macrochromosomes.
No sex-specific amplification was observed in this species. Ophiophagus hannah has
ITRs in the pericentromeric region of both arms of the second macrochromosome pair.
The signal from the q arm of the chromosomes is much stronger than on the p arm. The
W chromosome shows extensive accumulation of ITRs in three different locations spread

through the whole length of the chromosome.

Fig. 12: FISH with telomeric probe of Eryx muelleri (a,b), Ophiophagus hannah (c,d).

Sex is indicated.
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Fig. 11: FISH with telomeric probe of Eryx colubrinus (a,b), E. conicus (c,f), E. miliaris

(d,e), E. tataricus (g,h), Cylindrophis ruffus (1), Python regius (j,k) and Tropidophis

melanurus (1). Sex is indicated.
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Fluorescence in situ hybridization with rDNA probe

The distribution of ribosomal RNA gene repeats was explored using FISH with
an rDNA probe in all species included in this thesis, except for Python regius due to the
limited amount of chromosomal material obtained from this species. We discovered that
rDNA loci are located at one microchromosome pair in Eryx colubrinus, E. conicus, E.
miliaris (Fig. 13), E. tataricus, E. muelleri, Ophiophagus hannah and Cylindrophis ruffus
(Fig. 14). In Tropidophis melanurus tDNA repeats accumulate on the

10" macrochromosome pair (Fig. 14h). No sex-specific differences in the distribution of

rDNA loci were observed in any of the studied species.

Fig. 13: FISH with rDNA probe of Eryx colubrinus (a,b), E. conicus (c,f) and

E. miliaris (d,e). Sex is indicated.
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Fig. 14: FISH with rDNA probe of Eryx muelleri (a,b), E. tataricus (c,f), Ophiophagus

hannah (d,e), Cylindrophis ruffus (g) and Tropidophis melanurus (h). Sex is indicated.
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— DISCUSSION -

We cytogenetically examined nine snake species out of which only
Eryx conicus, Cylindrophis ruffus and Ophiophagus hannah had previously known
karyotypes. All tested sand boas have 34 chromosomes in the diploid state. However,
while E. colubrinus has 20 macrochromosomes and 14 microchromosomes, the rest of
the tested Eryx species as well as two previously studied sand boa species have 16
macrochromosomes and 18 microchromosomes (Singh et al. 1968; Olmo & Signorino
2005). It is feasible that two pairs of former microchromosomes increased in size in
E. colubrinus, possibly by amplification of repetitive elements, as both chromosome pairs
show strong constitutive heterochromatin accumulation. Alternatively, a small
chromosomal region might have been translocated from a macrochromosome to a
microchromosome. Nevertheless, both alternative scenarios are just a speculation as none
of the repetitive elements used in the thesis proved to accumulate on these chromosomes.
Comparative BAC-FISH, chromosome painting or whole genome sequencing at the
chromosome level could resolve the mechanism leading to this difference in chromosome
morphology. Despite the slight differences between chromosome morphology in E.
colubrinus and the rest of the sand boa species, all representatives of the subfamily
Erycinae share chromosome number of 2n = 34, while their closest relatives have mostly
the common number of 2n = 36 (Fig. 15). This chromosome number might thus be an
apomorphy of sand boas, however it might be also the result of convergent evolution as
the tendency to decrease chromosome number was also observed in the subfamily
Sanziniinae (Boidae) (Mengden & Stock 1980). This however cannot be interpreted as a
general trend for Boidae, as the genus Corallus shows exceptional increase in
chromosome numbers, unparalleled by any other henophidian lineage (Olmo &

Signorino 2005; Viana et al. 2016).

Because cryptic species as well as species complexes are rather common in
reptiles (e.g. Donnellan et al. 1993; Harris & Sa-Sousa 2002; Oliver et al. 2009; Gvozdik
et al. 2010), the species status of all tested snakes was verified using sequences of two
mitochondrial genes: cytochrome b and cytochrome c oxidase subunit I. Interestingly, the
BLAST nucleotide search revealed that the sequences from tested Eryx miliaris
specimens are slightly more similar to the available sequences of E. tataricus than of

E. miliaris. The difference between the available sequences of both species is however
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small (<5%) and some authors claim that these two forms are just a single species
(Reynolds et al. 2014). We found differences between these species in C-banding
patterns, although with unequal distribution of heterochromatin in E. miliaris. This might
be just a result of hybridization of animals from two different populations with different
heterochromatin patterns. Unequal distribution of constitutive heterochromatin forming
a heterochromatin heteromorphism was observed not only in Eryx miliaris but also in
E. colubrinus. As this state was observed in both sexes, discovered heteromorphism is
likely not linked to sex chromosomes. Beside the already mentioned hybrid nature of
such heteromorphism, mechanism of how such polymorphism might be conserved in a
population was described on European newts from the genus T7riturus. The first
chromosome pair of 7. carnifex and T. marmoratus is heteromorphic in size but also in
heterochromatin patterns. Embryos of both species with homomorphic chromosomes of
the first pair fail to develop and only individuals with observed heteromorphism survive
(Sims et al. 1984). Heterochromatin heteromorphism was described in many species in
the past and was proposed to be the cause of some diseases in humans (Heneen et al.

1980; Freitas et al. 1982; Haaf & Schmid 1987; Bressa et al. 2008; Ferreira et al. 2019).

Beside the presence of heterochromatin blocks, C-banding also uncovered
interesting variability in chromosomal resistance to Ba(OH): treatment among tested
species. Even closely related species, such as Eryx colubrinus and E. muelleri differ
greatly in the treatment times needed to visualize the constitutive heterochromatin

(Table 1).

The diploid karyotype with 34 chromosomes (22 macro- and 12
microchromosomes) was revealed also in Tropidophis melanurus (Fig. 9). This result is
interesting as the only other species from this family with known karyotype (Tropidophis
paucisquamis) was reported to have 26 chromosomes (Oguiura et al. 2009). Such
diversity is unusual in henophidian snakes and more species from this family will have
to be tested to better understand the karyotype evolution in this lineage. C-banding did
not reveal any heterochromatic blocks in Tropidophis melanurus even when long
treatment times were used. Similar scenario was observed also in other henophidian
snakes (Augstenova et al. 2019). Karyotype of Cylindrophis ruffus has 36 chromosomes

(16 macro- and 20 microchromosomes). The same chromosome number has also
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Python regius, which is not surprising as all other previously studied representatives of

the Python genus share the same karyotype (Singh et al. 1968; Olmo & Signorino 2005).

Family Chromosome Reference
number

Tropidophis melanurus 34 (22+12) this thesis

_[ Tropidophis paucisquamis Tropidophiidae 26 Batistic ef al. (2002) in Oguiura et al. (2009)
Cylindrophis ruffus Cylindrophiidae 36 (16+20) this thesis
Xenopeltis unicolor Xenopeltidae 36 (16+20) Cole & Dowling (1970) in Olmo & Signorino (2005)

_ Loxocemus bicolor Loxocemidae 36 Fischman ef al. (1972) in Olmo & Signorino (2005)

Morelia viridis 36 (16+20) Mengden (1982)
Antaresia childreni 36 (16+20) Mengden (1982)
Aspidites melanocephalus Pythonidae 36 (16+20) Mengden (1982)

1 Python molurus 36 (16+20) Singh ef al. (1968)
Python regius 36 (16+20) this thesis
Acrantophis dumerili 34 (16+18) Mengden & Stock (1980)
Sanzinia madagascariensis 34 (18+16) Mengden & Stock (1980)
Lichanura trivirgata 36 (16+20) Augstenova et al. (2019)
Eryx muelleri 34 (16+18) this thesis
Eryx colubrinus 34 (20+14) this thesis
Eryx conicus 34 (16+18) this thesis
Eryx tataricus Boidae 34 (16+18) this thesis
Eryx miliaris 34 (16+18) this thesis
Candoia paulsoni 36 (16+20) Augstenova et al. (2019)
Boa constrictor 36 (16+20) Becak & Begak (1972)
Epicrates cenchria 36 (16+20) Augstenova et al. (2019)
Corallus hortulanus 40 (20+20) Begak (1965) in Olmo & Signorino (2005)
Corallus caninus 44 (24+20) Viana et al. (2016)

Fig. 15: Evolution of chromosome numbers in henophidian snakes. Phylogenetic

relationships inferred from Reynolds ef al. (2014).

The karyotype of the studied female king cobra (Ophiophagus hannah) has 37
chromosomes (18 macro- and 19 microchromosomes) in diploid state, while the
karyotype of studied male has 36 chromosomes (18 macro- and 18 microchromosomes).
There are several possible explanations for this state. As chromosome aberrations were
described in snakes, it is possible that the odd number of microchromosomes might be
due to aneuploidy of one of the microchromosome pairs (Begak & Begak 2003). Snakes
seem to be quite tolerant to polyploidy or even functional “aneuploidy” evolved via
degeneration of the W, as they show no signs of global dosage compensation (Wynn et al.
1987; Vicoso et al. 2013; Rovatsos et al. 2018b). Although less likely, observed

aneuploidy can be even a technical artifact and could have been induced artificially in the
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cell culture. It is also feasible that the extra microchromosome is a B-chromosome. B-
chromosomes are “additional dispensable chromosomes that are present in some
individuals from some populations in some species, which have probably arisen from the
A chromosomes but follow their own evolutionary pathway” (Camacho & Parker in
Beukeboom 1994). They were found in hundreds of species from numerous plant and
animal lineages, including reptiles (reviewed in Camacho 2005). We also cannot rule out
the potential role of hybridization. Even though the studied female comes from captive
breeding, her parents were wild caught individuals of unknown origin. It is possible that
wild populations of this species differ in chromosome number and their F; hybrids show
an intermediate chromosome number (Badr & Badr 1970). The other possible
explanation is that the extra microchromosome in the female karyotype could be a W»
chromosome. King cobras belong to the family Elapidae, which includes all known snake
species with multiple sex chromosomes. For example, the already mentioned
representative of this family, Enhydrina schistosa, has two W chromosomes, moreover
the W is a microchromosome (Singh 1972b). FISH with a telomeric probe uncovered
extensive amplification of ITRs on the W of the studied female. ITRs can accumulate on
the W due to the lack of recombination. Furthermore, female-specific hormone-induced
increase in telomerase activity, as demonstrated in the Siamese cobra (Naja kaouthia),
could have strengthened the effect and further promote ITR amplification on the W
(Singchat et al. 2019). Chromosomal regions that are rich in ITRs were shown to be more
unstable and prone to breakage and subsequent chromosomal rearrangements (Bolzan &
Bianchi 2006). It is thus plausible that the putative W2 chromosome originated by fission
of the original W. More female individuals of this species will have to be tested in the
future and/or Comparative genomic hybridization (CGH) experiments will have to be

performed to uncover the true nature of the extra microchromosome.

ITRs were found also in the pericentromeric region of the second chromosome
pair in Ophiophagus hannah and in the centromeric region of the first three chromosome
pairs in Eryx muelleri but not in the other sand boas. Because the morphology of these
chromosomes is relatively conserved among snakes, and both O. hannah and E. muelleri
are not an exception, it is unlikely that the observed ITRs are an outcome of
interchromosomal rearrangements in these species (Begak & Becak 1969; Mengden
1982; Mezzasalma et al. 2016; Augstenova et al. 2019). The more feasible explanation

might be the intrachromosomal rearrangements, likely inversions or retrotranspositions.
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It was not long ago postulated that ITRs accumulate on chromosomes of squamate
reptiles more than previously expected, despite their generally conserved karyotype
(Rovatsos et al. 2015a). This seems to be true, as the presence of ITRs was also proved
in many recently studied snakes (Viana ef al. 2016; Augstenova et al. 2019; Matsubara
etal. 2019).

rDNA loci are located at one microchromosome pair in all tested species, except
for Tropidophis melanurus. This arrangement seems to be quite common in so far studied
species of henophidian snakes, although rDNA loci were also shown to accumulate even
on multiple chromosome pairs (Augstenova et al. 2019). In T. melanurus, TDNA loci are
located on one macrochromosome pair. Sex specific accumulation of rDNA or ITRs was
not observed in any henophidian species. Because heteromorphic sex chromosomes are
absent in all tested henophidian snakes, we can assume, that these species have poorly
differentiated homomorphic sex chromosomes. Nevertheless, we cannot rule out that
some henophidian snakes might also show TSD, although such sex determination system

has not been yet reported in snakes.
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— CONCLUSIONS -

This thesis is a cytogenetic study of eight henophidian and one caenophidian
snake species, with conventional and molecular cytogenetic methods. To the best of our
knowledge, karyotypes are presented for the first time for six snake species, namely Eryx
colubrinus, E. miliaris, E. tataricus, E. muelleri, Python regius and Tropidophis
melanurus. We conclude that all so far tested sand boa species, with the exception of Eryx
colubrinus, share diploid karyotype number of 34 (16 macro- and 18 microchromosomes)
and chromosome morphology, despite the presence of ITRs on first three chromosome
pairs in E. muelleri. Two former microchromosome pairs probably increased in size in
the evolution of E. colubrinus karyotype, as it is otherwise shared with the rest of the
sand boas. Interesting finding of 34 chromosomes in diploid state in Tropidophis
melanurus suggests higher variability in chromosome numbers in the family
Tropidophiidae. Sex chromosomes were not observed in any of the studied species of
henophidian snakes by cytogenetic methods, even if XY sex chromosomes were expected

in Python regius, based on the results from previous studies.

On the contrary, heteromorphic sex chromosomes were observed in the single
studied representative of the group Caenophidia, the king cobra. The W is larger than Z,
completely heterochromatic and shows extensive amplification of interstitial telomeric
repeats. The karyotype of the studied female has 37 chromosomes in the diploid state,
while the karyotype of the studied male has 36. Nevertheless, it requires further study to
explore if this difference reflects hybridization, spontaneous aneuploidy, presence of

B chromosomes or multiple sex chromosomes.

44



-~ REFERENCES -

Altschul, S.F., Gish, W., Miller, W., Myers, E.W. & Lipman, D.J. (1990). "Basic local
alignment search tool." Journal of Molecular Biology 215:403-410.

Augstenova, B., Mazzoleni, S., Kratochvil, L., & Rovatsos, M. (2018a). Evolutionary
dynamics of the W chromosome in caenophidian snakes. Genes, 9(1), 5.

Augstenova, B., Johnson Pokorna, M., Altmanova, M., Frynta, D., Rovatsos, M., &
Kratochvil, L. (2018b). ZW, XY, and yet ZW: Sex chromosome evolution in snakes even
more complicated. Evolution, 72(8), 1701-1707.

Augstenova, B., Mazzoleni, S., Kostmann, A., Altmanova, M., Frynta, D., Kratochvil,
L., & Rovatsos, M. (2019). Cytogenetic analysis did not reveal differentiated sex
chromosomes in ten species of boas and pythons (Reptilia: Serpentes). Genes, 10(11),
934.

Bachtrog, D. (2006). A dynamic view of sex chromosome evolution. Current Opinion in
Genetics & Development, 16(6), 578-585.

Badenhorst, D., Stanyon, R., Engstrom, T., & Valenzuela, N. (2013). A ZZ/ZW
microchromosome system in the spiny softshell turtle, Apalone spinifera, reveals an

intriguing sex chromosome conservation in Trionychidae. Chromosome Research, 21(2),
137-147.

Badr, F. M., & Badr, R. S. (1970). The somatic chromosomes of a wild population of
rats: Numerical polymorphism. Chromosoma, 30(4), 465-475.

Becak, W. (1990). The W chromosome during the evolution and in sex abnormalities of
snakes. Cytogenetics of Amphibians and Reptiles, 221-240.

Begak, W., & Becak, M. L. (1969). Cytotaxonomy and chromosomal evolution in
Serpentes. Cytogenetic and Genome Research, 8(4), 247-262.

Begak, W., & Becak, M. L. (1972). W-sex chromatin fluorescence in snakes. Experientia,
28(2), 228-229.

Becak, M. L., Begak, W., & Pereira, A. (2003). Somatic pairing, endomitosis and
chromosome aberrations in snakes (Viperidae and Colubridae). Anais da Academia
Brasileira de Ciéncias, 75(3), 285-300.

Beukeboom, L. W. (1994). Bewildering Bs: an impression of the 1st B-Chromosome
Conference. Heredity, 73(3), 328-335.

Blackbum, E. H. (1991). Telomeres. Trends in Biochemical Sciences, 16, 378-381.

45



Bolzan, A. D., & Bianchi, M. S. (2006). Telomeres, interstitial telomeric repeat
sequences, and chromosomal aberrations. Mutation Research/Reviews in Mutation
Research, 612(3), 189-214.

Booth, W., Johnson, D. H., Moore, S., Schal, C., & Vargo, E. L. (2011). Evidence for
viable, non-clonal but fatherless Boa constrictor. Biology Letters, 7(2), 253-256.

Bressa, M. J., Franco, M. J., Toscani, M. A., & Papeschi, A. G. (2008). Heterochromatin
heteromorphism in Holhymenia rubiginosa (Heteroptera: Coreidae). European Journal of
Entomology, 105(1), 65-72.

Bull, J. J. (1980). Sex determination in reptiles. The Quarterly Review of Biology, 55(1),
3-21.

Burbrink, F. T., Lawson, R., & Slowinski, J. B. (2000). Mitochondrial DNA
phylogeography of the polytypic North American rat snake (Elaphe obsoleta): a critique
of the subspecies concept. Evolution, 54(6), 2107-2118.

Caldwell, M. W., Nydam, R. L., Palci, A., & Apesteguia, S. (2015). The oldest known
snakes from the Middle Jurassic-Lower Cretaceous provide insights on snake evolution.
Nature Communications, 6(1), 1-11.

Camacho, J. P. M. (2005). B chromosomes. In The evolution of the genome (pp. 223-
286). Academic Press.

Charlesworth, D., Charlesworth, B., & Marais, G. (2005). Steps in the evolution of
heteromorphic sex chromosomes. Heredity, 95(2), 118-128.

Cohen, M. M., & Gans, C. (1970). The chromosomes of the order Crocodilia. Cytogenetic
and Genome Research, 9(2), 81-105.

Donnellan, S., Adams, M., Hutchinson, M., & Baverstock, P. R. (1993). The
identification of cryptic species in the Australian herpetofauna: a high research priority.

Herpetology in Australia: a Diverse Discipline’ (Eds D. Lunney, and D. Ayres.) pp, 121-
126.

Endow, S. A. (1982). Polytenization of the ribosomal genes on the X and Y chromosomes
of Drosophila melanogaster. Genetics, 100(3), 375-385.

Ezaz, T., Quinn, A. E., Miura, 1., Sarre, S. D., Georges, A., & Graves, J. A. M. (2005).
The dragon lizard Pogona vitticeps has ZZ/ZW micro-sex chromosomes. Chromosome
Research, 13(8), 763-776.

Ezaz, T., Valenzuela, N., Griitzner, F., Miura, 1., Georges, A., Burke, R. L., & Graves, J.
A. M. (2006). An XX/XY sex microchromosome system in a freshwater turtle, Chelodina

longicollis (Testudines: Chelidae) with genetic sex determination. Chromosome
Research, 14(2), 139-150.

46



Ferreira, G., Barbosa, L. M., Prizon-Nakajima, A. C., de Paiva, S., Vieira, M., Gallo, R.
B., Borin-Carvalho, L. A., da Rosa, R., Wadzki, C., Dos Santos, 1., & Portela-Castro, A.
(2019). Constitutive heterochromatin heteromorphism in the Neotropical armored catfish
Hypostomus regain (Ihering, 1905) (Loricariidae, Hypostominae) from the Paraguay
River basin (Mato Grosso do Sul, Brazil). Comparative Cytogenetics 13(1), 27-39.

Freitas, L., & Seuédnez, H. (1982). Chromosome heteromorphisms in Cebus apella.
Journal of Human Evolution, 11(2), 173-180.

Gamble, T., Castoe, T. A., Nielsen, S. V., Banks, J. L., Card, D. C., Schield, D. R.,
Schuett,G.W., & Booth, W. (2017). The discovery of XY sex chromosomes in a boa and
python. Current Biology, 27(14), 2148-2153.

Groot, T. V. M., Bruins, E., & Breeuwer, J. A. J. (2003). Molecular genetic evidence for
parthenogenesis in the Burmese python, Python molurus bivittatus. Heredity, 90(2), 130-
135.

Gvozdik, V., Jandzik, D., Lymberakis, P., Jablonski, D., & Moravec, J. (2010). Slow
worm, Anguis fragilis (Reptilia: Anguidae) as a species complex: genetic structure
reveals deep divergences. Molecular Phylogenetics and Evolution, 55(2), 460-472.

Haaf, T., & Schmid, M. (1987). Chromosome heteromorphisms in the gorilla karyotype:
analyses with distamycin A/DAPI, quinacrine and 5-azacytidine. Journal of Heredity,
78(5), 287-292.

Harrington, S. M., & Reeder, T. W. (2017). Phylogenetic inference and divergence dating
of snakes using molecules, morphology and fossils: new insights into convergent
evolution of feeding morphology and limb reduction. Biological Journal of the Linnean
Society, 121(2), 379-394.

Harris, D. J., & Sa-Sousa, P. (2002). Molecular phylogenetics of Iberian wall lizards
(Podarcis): is Podarcis hispanica a species complex? Molecular Phylogenetics and
Evolution, 23(1), 75-81.

Heneen, W. K., Habib, Z. A., & Réhme, D. (1980). Heteromorphism of constitutive
heterochromatin in carcinoma and dysplasia of the uterine cervix. European Journal of
Obstetrics & Gynecology and Reproductive Biology, 10(3), 173-182.

Hsiang, A. Y., Field, D. J., Webster, T. H., Behlke, A. D., Davis, M. B., Racicot, R. A.,
& Gauthier, J. A. (2015). The origin of snakes: revealing the ecology, behavior, and
evolutionary history of early snakes using genomics, phenomics, and the fossil record.
BMC Evolutionary Biology, 15(1), 87.

Ijdo, J. W., Wells, R. A., Baldini, A., & Reeders, S. T. (1991). Improved telomere
detection using a telomere repeat probe (TTAGGG). generated by PCR. Nucleic Acids
Research, 19(17), 4780.

47



Janzen, F. J., & Paukstis, G. L. (1991). Environmental sex determination in reptiles:
ecology, evolution, and experimental design. The Quarterly Review of Biology, 66(2),
149-179.

Kamiya, T., Kai, W., Tasumi, S., Oka, A., Matsunaga, T., Mizuno, N., Fujita,M.,
Suetake, H., Suzuki, S., Hosoya, S., Tohari, S., Brenner, S., Miyadai, T., Venkatesh, B.,
Suzuki, Y., & Kikuchi, K. (2012). A trans-species missense SNP in Amhr2 is associated
with sex determination in the tiger pufferfish, Takifugu rubripes (fugu). PLoS genet, 8(7),
¢1002798.

Kinney, M. E., Wack, R. F., Grahn, R. A., & Lyons, L. (2013). Parthenogenesis in a
Brazilian Rainbow Boa (Epicrates cenchria cenchria). Zoo Biology, 32(2), 172-176.

Kocholaty, W. F., Ledford, E. B., Daly, J. G., & Billings, T. A. (1971). Toxicity and some
enzymatic properties and activities in the venoms of Crotalidae, Elapidae and Viperidae.
Toxicon, 9(2), 131-138.

Lee, L., Montiel, E. E., & Valenzuela, N. (2019). Discovery of putative XX/XY male
heterogamety in Emydura subglobosa turtles exposes a novel trajectory of sex
chromosome evolution in Emydura. Cytogenetic and Genome Research, 158(3), 160-
169.

Literman, R., Badenhorst, D., & Valenzuela, N. (2014). qPCR-based molecular sexing
by copy number variation in r RNA genes and its utility for sex identification in soft-shell
turtles. Methods in Ecology and Evolution, 5(9), 872-880.

Liu, D., O'Connor, M. S., Qin, J., & Songyang, Z. (2004). Telosome, a mammalian
telomere-associated complex formed by multiple telomeric proteins. Journal of
Biological Chemistry, 279(49), 51338-51342.

Lynch, V. J., & Wagner, G. P. (2010). Did egg-laying boas break Dollo's law?
Phylogenetic evidence for reversal to oviparity in sand boas (Eryx: Boidae). Evolution:
International Journal of Organic Evolution, 64(1), 207-216.

Mailhes, J. B., & Yuan, Z. P. (1987). Differential sensitivity of mouse oocytes to
colchicine-induced aneuploidy. Environmental and Molecular Mutagenesis, 10(2), 183-
188.

Matsubara, K., Tarui, H., Toriba, M., Yamada, K., Nishida-Umehara, C., Agata, K., &
Matsuda, Y. (2006). Evidence for different origin of sex chromosomes in snakes, birds,
and mammals and step-wise differentiation of snake sex chromosomes. Proceedings of
the National Academy of Sciences, 103(48), 18190-18195.

Matsubara, K., O’Meally, D., Azad, B., Georges, A., Sarre, S. D., Graves, J. A. M.,
Matsuda, Y., & Ezaz, T. (2016). Amplification of microsatellite repeat motifs is

48



associated with the evolutionary differentiation and heterochromatinization of sex
chromosomes in Sauropsida. Chromosoma, 125(1), 111-123.

Matsubara, K., Sarre, S. D., Georges, A., Matsuda, Y., Graves, J. A. M., & Ezaz, T.
(2014). Highly differentiated ZW sex microchromosomes in the Australian Varanus
species evolved through rapid amplification of repetitive sequences. PLoS One, 9(4),
€95226.

Matsubara, K., Kumazawa, Y., Ota, H., Nishida, C., & Matsuda, Y. (2019). Karyotype
analysis of four blind snake species (Reptilia: Squamata: Scolecophidia) and karyotypic
changes in Serpentes. Cytogenetic and Genome Research, 157(1-2), 98-106.

Mazzoleni, S., Augstenova, B., Clemente, L., Auer, M., Fritz, U., Praschag, P., Protiva,
T., Velensky P., Kratochvil, L., & Rovatsos, M. (2020). Sex is determined by XX/XY
sex chromosomes in Australasian side-necked turtles (Testudines: Chelidae). Scientific
Reports, 10(1), 1-11.

Mengden, G. A., & Stock, A. D. (1980). Chromosomal evolution in Serpentes; a
comparison of G and C chromosome banding patterns of some colubrid and boid genera.
Chromosoma, 79(1), 53-64.

Mengden, G. A. (1982). Chromosomal evolution and the phylogeny of elapid snakes.
Doctoral thesis, Australian National University, Canberra

Mezzasalma, M., Andreone, F., Glaw, F., Petraccioli, A., Odierna, G., & Guarino, F. M.
(2016). A karyological study of three typhlopid species with some inferences on
chromosome evolution in blindsnakes (Scolecophidia). Zoologischer Anzeiger-A Journal
of Comparative Zoology, 264, 34-40.

Miralles, A., Marin, J., Markus, D., Herrel, A., Hedges, S. B., & Vidal, N. (2018).
Molecular evidence for the paraphyly of Scolecophidia and its evolutionary implications.
Journal of evolutionary biology, 31(12), 1782-1793.

Nagy, Z. T., Sonet, G., Glaw, F., & Vences, M. (2012). First large-scale DNA barcoding
assessment of reptiles in the biodiversity hotspot of Madagascar, based on newly
designed COI primers. PLoS One, 7(3), e34506.

Oguiura, N., Ferrarezzi, H., Batistic, R.F. (2009). Cytogenetics and molecular data in
snakes: A phylogenetic approach. Cytogenetic and Genome Research, 127(2-4), 128—
142.

Ohno, S. (1967). Sex Chromosomes and Sex-linked Genes. Monographs on
Endocrinology.

Oliver, P. M., Adams, M., Lee, M. S., Hutchinson, M. N., & Doughty, P. (2009). Cryptic
diversity in vertebrates: molecular data double estimates of species diversity in a radiation

49



of Australian lizards (Diplodactylus, Gekkota). Proceedings of the Royal Society B:
Biological Sciences, 276(1664), 2001-2007.

Olmo E., Signorino G.G. (2005): Chromorep: a reptile chromosomes database. Available
from: http://chromorep.univpm.it. (Accessed 20/06/2020).

O’Meally, D., Patel, H. R., Stiglec, R., Sarre, S. D., Georges, A., Graves, J. A. M., &
Ezaz, T. (2010). Non-homologous sex chromosomes of birds and snakes share repetitive
sequences. Chromosome Research, 18(7), 787-800.

O'sullivan, R. J., & Karlseder, J. (2010). Telomeres: protecting chromosomes against
genome instability. Nature Reviews Molecular Cell Biology, 11(3), 171-181.

Pokorna, M., Altmanova, M., & Kratochvil, L. (2014). Multiple sex chromosomes in the
light of female meiotic drive in amniote vertebrates. Chromosome Research, 22(1), 35-
44,

Pokorna, M. J., & Kratochvil, L. (2016). What was the ancestral sex-determining
mechanism in amniote vertebrates? Biological Reviews, 91(1), 1-12.

Pyron, R. A., Burbrink, F. T., & Wiens, J. J. (2013). A phylogeny and revised
classification of Squamata, including 4161 species of lizards and snakes. BMC
Evolutionary Biology, 13(1), 1-54.

Pyron, R. A., & Wallach, V. (2014). Systematics of the blindsnakes (Serpentes:
Scolecophidia: Typhlopoidea) based on molecular and morphological evidence. Zootaxa,
3829(1), 1-81.

de Queiroz, A., Lawson, R., & Lemos-Espinal, J. A. (2002). Phylogenetic relationships
of North American garter snakes (7Thamnophis) based on four mitochondrial genes: how
much DNA sequence is enough? Molecular Phylogenetics and Evolution, 22(2), 315-
329.

Reynolds, R. G., Niemiller, M. L., & Revell, L. J. (2014). Toward a Tree-of-Life for the
boas and pythons: multilocus species-level phylogeny with unprecedented taxon
sampling. Molecular Phylogenetics and Evolution, 71, 201-213.

Rovatsos, M., Kratochvil, L., Altmanova, M., & Pokorna, M. J. (2015a). Interstitial
telomeric motifs in squamate reptiles: when the exceptions outnumber the rule. PLoS
One, 10(8), e0134985.

Rovatsos, M., Pokorna, M. J., & Kratochvil, L. (2015b). Differentiation of sex
chromosomes and karyotype characterisation in the dragonsnake Xenodermus javanicus
(Squamata: Xenodermatidae). Cytogenetic and Genome Research, 147(1), 48-54.

50



Rovatsos, M., Vuki¢, J., Lymberakis, P., & Kratochvil, L. (2015c). Evolutionary stability
of sex chromosomes in snakes. Proceedings of the Royal Society B: Biological Sciences,
282(1821),20151992.

Rovatsos, M., Pokorna, M. J., Altmanova, M., & Kratochvil, L. (2016). Mixed-up sex
chromosomes: identification of sex chromosomes in the X1 X1X>X2/X1X2Y system of the
legless lizards of the genus Lialis (Squamata: Gekkota: Pygopodidae). Cytogenetic and
Genome Research, 149(4), 282-289.

Rovatsos, M., Altmanova, M., Johnson Pokorna, M., Augstenova, B., & Kratochvil, L.
(2018a). Cytogenetics of the Javan file snake (Acrochordus javanicus) and the evolution

of snake sex chromosomes. Journal of Zoological Systematics and Evolutionary
Research, 56(1), 117-125.

Rovatsos, M., Augstenova, B., Altmanova, M., Sloboda, M., Kodym, P., & Kratochvil,
L. (2018b). Triploid colubrid snake provides insight into the mechanism of sex
determination in advanced snakes. Sexual Development, 12(5), 251-255.

Sims, S. H., Macgregor, H. C., Pellatt, P. S., & Horner, H. A. (1984). Chromosome 1 in
crested and marbled newts (7riturus). Chromosoma, 89(3), 169-185.

Singchat, W., Kraichak, E., Tawichasri, P., Tawan, T., Suntronpong, A., Sillapaprayoon,
S., Phatcharakullawarawat, R., Muangmai, N., Suntrarachun, S., Baicharoen, S.,
Punyapornwithaya, V., Peyachoknagul, S., Chanhome, L., & Srikulnath, K., (2019).
Dynamics of telomere length in captive Siamese cobra (Naja kaouthia) related to age and
sex. Ecology and Evolution, 9(11), 6366-6377.

Singh L., Sharma T., & Ray-Chaudhuri S., (1968) Chromosomes and the classification
of the snakes of the family Boidae. Cytogenetic and Genome Research, 7(3), 161-168.

Singh, L., Sharma, T., & Ray-Chaudhuri, S. P. (1970). Multiple sex-chromosomes in the
common Indian Krait, Bungarus caeruleus Schneider. Chromosoma, 31(4), 386-391.

Singh, L. (1972a). Evolution of karyotypes in snakes. Chromosoma, 38(2), 185-236.,

Singh, L. (1972b). Multiple W chromosome in a sea snake, Enhydrina schistosa daudin.
Experientia, 28(1), 95-97.

Singh, L., Purdom, 1. F., & Jones, K. W. (1980). Sex chromosome associated satellite
DNA: evolution and conservation. Chromosoma, 79(2), 137-157.

Shibata, H., Sakata, S., Hirano, Y., Nitasaka, E., & Sakabe, A. (2017). Facultative
parthenogenesis validated by DNA analyses in the green anaconda (Eunectes murinus).
PLoS One, 12(12), e0189654.

Smith, J., Bruley, C. K., Paton, I. R., Dunn, L., Jones, C. T., Windsor, D., Morrice D. R.,
Law, A. S., Masabanda, J., Sazanoy, A., Fries, R., Burt, D. W., & Waddington, D. (2000).

51



Differences in gene density on chicken macrochromosomes and microchromosomes.
Animal Genetics, 31(2), 96-103.

Srikulnath, K., Uno, Y., Nishida, C., Ota, H., & Matsuda, Y. (2015). Karyotype
reorganization in the Hokou Gecko (Gekko hokouensis, Gekkonidae): the process of
microchromosome disappearance in Gekkota. PLoS One, 10(8), e¢0134829.

Sumner, A. T. (1972). A simple technique for demonstrating centromeric
heterochromatin. Experimental Cell Research, 75(1), 304-306.

Toder, R., O’Neill, R. J., Wienberg, J., O’Brien, P. C., Voullaire, L., & Marshall-Graves,
J. A. (1997). Comparative chromosome painting between two marsupials: origins of an
XX/XY1Y2 sex chromosome system. Mammalian Genome, 8(6), 418-422.

Uetz, P., Hosek, J., & Hallermann, J. (2020). The reptile database. Available from: www.
reptile-database.org. (Accessed 20/06/2020).

Viana, P. F., Ribeiro, L. B., Souza, G. M., Chalkidis, H. D. M., Gross, M. C., & Feldberg,
E. (2016). Is the karyotype of neotropical boid snakes really conserved? Cytotaxonomy,
chromosomal rearrangements and karyotype organization in the Boidae family. PLoS
One, 11(8), €0160274.

Vicoso, B., Emerson, J. J., Zektser, Y., Mahajan, S., & Bachtrog, D. (2013). Comparative
sex chromosome genomics in snakes: differentiation, evolutionary strata, and lack of
global dosage compensation. PLoS Biology, 11(8), e1001643.

Vidal, N., & Hedges, S. B. (2005). The phylogeny of squamate reptiles (lizards, snakes,
and amphisbaenians) inferred from nine nuclear protein-coding genes. Comptes Rendus
Biologies, 328(10-11), 1000-1008.

Wynn, A. H., Cole, C. J., & Gardner, A. L. (1987). Apparent triploidy in the unisexual
Brahminy blind snake, Ramphotyphlops braminus. American Museum Novitates, 2868,
1-7.

Zheng, Y., & Wiens, J. J. (2016). Combining phylogenomic and supermatrix approaches,
and a time-calibrated phylogeny for squamate reptiles (lizards and snakes) based on 52
genes and 4162 species. Molecular Phylogenetics and Evolution, 94, 537-547.

52



