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Abstract

The division of individuals into separate sexes is ancient and near-ubiquitous in sexually
reproducing organisms. However, sex determination, the switch that controls this division is
diverse and subject to ongoing research. Sex can be determined by genes on sex
chromosomes, known as genetic sex determination, GSD; or by the environment, often by
temperature, known as temperature dependent sex determination, TSD. GSD is either male
heterogametic, i.e. XX females and XY males such as in mammals, or female heterogametic,
77 males and ZW females such as in birds. Mammals and birds possess ancient, conserved
systems of genetic sex determination. However, sex determination is both more diverse and
more labile in reptiles, with multiple and often recent evolutionary transitions and this is
epitomised in lizards. Within lizards there are species with GSD — both XY and ZW
heterogamety — and TSD. However, many lizard groups also combine genes and temperature
to determine sex and the mechanisms of sex determination occur along a continuum.
Understanding how transitions between TSD and GSD, and within GSD how transitions

between XY and ZW heterogamety occur remains a major challenge in evolutionary biology.

In this thesis I use the viviparous Tasmanian spotted snow skink, Carinascincus ocellatus
(formerly Niveoscincus), an extraordinary example of a species exhibiting incipient
divergence in sex determination to understand the mechanisms that underpin evolutionary
transitions in sex determination. Long term data on this species shows that in a high elevation
population, sex ratios do not deviate from parity regardless of temperature, suggesting GSD.
In a low elevation population, sex ratios correlate with developmental temperature and males
are favoured in cool temperatures while females are favoured in warm temperatures

implicating a strong role of temperature in sex determination. Warmer temperatures at low



elevation result in an extended activity season which benefits females. Females that are born
early in this population mature early and therefore have a higher lifetime reproductive output.
Cooler temperatures and short activity seasons at high elevation means there are no sex-
specific benefits associated with birthdate. Building on this work by combining long-term
field data, next generation sequencing, traditional cytogenetic and population genetics
approaches and experimental manipulation I explored the mechanisms operating during early

stages of within species incipient transitions in sex determination.

Specifically, I a) examined similarities and differences in sex-linked genetic sequences
between the populations, b) identified the sex chromosomes in C. ocellatus and described
both population-level and species level differences, ¢) investigated the role of temperature in
determining sex in both populations and d) estimated the age of the divergence between the
two populations and the amount of gene flow occurring since the divergence. I found that a)
C. ocellatus has XY (male) heterogamety with sex-linked genetic sequence common to both
populations in addition to population-specific sex-linked sequence, and evidence that
recombination among sex chromosomes has been more disrupted in the high elevation
population, b) the homomorphic X and Y chromosomes in both populations of C. ocellatus
are chromosome pair seven, there are small differences between the Y chromosomes of each
population, and sex chromosomes in some Scincid lineages likely evolved independently c)
temperature influences sex determination in both populations of C. ocellatus by overriding the
genetic signal to produce individuals with a sexual phenotype / genotype mismatch despite
population-specific response of the sex ratio to temperature and d) high and low elevation
populations of C. ocellatus diverged less than 900,000 years ago during the glacial cycles of

the Pleistocene with no gene flow occurring between these populations since.



My thesis builds and expands on existing knowledge of sex determination transitions and
provides a solid basis for understanding the mechanisms involved. In addition, this thesis
provides a novel interpretation of the C. ocellatus system and the incipient transition in sex
determination, and highlights that such transitions occur frequently because the changes to the
genome that are required are minor and very little evolutionary time is needed for these

changes to become apparent on the sex chromosomes and in the phenotype.
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Chapter One

General Introduction

Sexual phenotype is important. Development into separate sexes represents one of the oldest
evolutionary innovations accounting for the greatest amount of within-species variation. An
individual’s sex is a fundamental component of their phenotype that impacts survival, mating
success, and fecundity. Sex is a major factor in all aspects of life history from birth to
senescence. Decisions surrounding growth, reproduction, acquisition of resources, predation-
risk and mating frequency often have sex-specific trade-offs (Orr 2009; Tarka et al. 2018;
Zajitschek and Connallon 2018) with consequences that feed into population dynamics. At a
population level, there is strong selection for 50:50 sex ratios (Fisher 1930) because sex ratios
that become heavily biased towards either sex can have consequences for population growth
and persistence if one sex becomes limiting (Boyle et al. 2014; Le Galliard et al. 2005;
Valenzuela et al. 2019; Wedekind 2017). Selection can also favour biased sex ratios when
sex-specific fitness benefits occur (e.g., Charnov and Bull 1977), however, populations with
sex ratios that are consistently biased towards one sex can experience deterioration of genetic
diversity and therefore have reduced adaptive potential, with consequences for species

distributions (Mitchell and Janzen 2010).

The considerable scientific interest in understanding how sex is determined has led to
substantial advances in our knowledge of the control of sexual phenotype. Development as
male or female is the outcome of a highly conserved pathway initiated by diverse
mechanisms. Sex can be determined by either genes on sex chromosomes (genetic sex

determination, GSD), the environment (ESD, the most prominent form being temperature



dependent sex determination, TSD) or a combination of genes and environmental effects such
as temperature (GSD+EE or thermosensitive GSD). Therian mammals (marsupial and
eutherian) and birds have well-described, conserved systems of GSD (Bachtrog et al. 2014;
Graves 2014, 2006). Therian mammals have male heterogametic GSD where males are XY
and females are XX. Male phenotype is determined by the presence of the Sry gene on the Y
chromosome, female phenotype is determined by the absence of Sry (Koopman et al. 1990).
Birds have female heterogametic GSD which differs from therian mammals in both the
identity and mode of action of the sex determining gene. Sex in birds is determined by the
dosage of DMRT1 located on the Z chromosome. Two copies (ZZ genotype) result in male
phenotype and one copy (ZW) results in female phenotype (Smith et al. 2009). Amongst the
remaining vertebrate classes, sex determination is highly varied. Amphibians have XY and
ZW GSD while fish and reptiles have XY and ZW GSD along with several systems of ESD
(Figure 1; Adkins-Regan and Reeve 2014; Bachtrog et al. 2014; Capel 2017; Quinn et al.
2011). TSD is the most prominent form of ESD found in reptiles and reptiles can also
combine genes and temperature to determine offspring sex (Quinn et al. 2007; Shine et al.
2002). Reptiles show a predisposition to evolve TSD from GSD due to their sensitivity to
temperature and the variable thermal environments experienced by offspring during
development (Georges et al. 2010). Temperature sensitive sex determination is not limited to
egg-laying reptiles as once proposed (Bull 1980), but also occurs in live-bearing taxa (Robert
and Thompson 2010; Wapstra et al. 2004). Squamate reptiles are emerging as exceptional
models for sex determination research because the phylogenetic diversity and evolutionary
lability of sex determination within this group suggests independent and often recent

evolutionary transitions (Figure 1; Pennell et al. 2018; Sarre et al. 2011).
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Figure 1. Evolutionary transitions in sex determination across mammals (XY GSD), birds
(ZW GSD) and reptiles (XY and ZW GSD plus TSD) highlighting the evolutionary lability of
sex determination in Squamates (grey shaded region) compared to other taxa. Image adapted
from Sarre et al. (2011).

Sex chromosomes and genetic sex determination

Genetic sex determination occurs at fertilisation via the inheritance of sex determining genes
on sex chromosomes. The sex chromosomes of therian mammals and birds are highly
conserved within each group and their evolutionary origins are old (approximately 140 and
160 mya ago in birds and therian mammals, repsectively; Bachtrog et al. 2014; Vicoso et al.
2013). However, conserved, ancient sex chromosomes are the exception rather than the rule
within vertebrates. Sex chromosomes are a dynamic component of the genome that
experiences different selection than autosomes because they are unequally represented in
males and females. For example, in XY taxa, the Y chromosome only occurs in males, and

2/3 of the X chromosome population occurs in females and 1/3 in males, whereas autosomes



occur equally in each sex (Charlesworth 2009; Ezaz and Deakin 2014; Johnson and Lachance
2012; Wilson Sayres 2018). Sex chromosomes therefore undergo specific evolutionary
processes implicating them in lineage divergence and speciation (Haldane 1922; Johnson and
Lachance 2012; Mank 2012). Indeed, sex determination and sex chromosomes are diverse in
highly speciose reptile groups (Gamble et al. 2015; Srikulnath et al. 2019), reinforcing the
evolutionary links between speciation and sex determination and sex chromosome evolution.
Sex chromosomes in reptiles differ in morphology and evolutionary origin, displaying
homology with avian sex chromosomes in some lineages (Kawai et al. 2009), and
mammalian and avian autosomes in others (Ezaz et al. 2009a; Matsubara et al. 2006), yet can

exhibit little homology between closely related reptile lineages (Matsubara et al. 2014).

Sex chromosomes evolve when one member of an autosomal pair (Figure 2a) acquires a sex
determining locus (Figure 2b; blue ‘allele’). This locus defines the proto-sex chromosomes.
Alleles that are beneficial to one sex but detrimental to the other are thus sexually
antagonistic and then accumulate near the sex determining locus. Recombination is
suppressed between the proto-sex chromosomes in this region ensuring these alleles
segregate into the sex they benefit (Figure 2c; yellow ‘allele’, grey hatching represents region
of recombination suppression). Chromosomal inversions can expand the non-recombining
region and play an important role in suppressing recombination between sex chromosomes
(Charlesworth et al. 2005). Because recombination is suppressed around the sex determining
locus, mutations, deletions and insertions such as repeat motifs and retrotransposable
elements accumulate in the non-recombining region (Figure 2d; black ‘allele’). This process
can eventuate in loss of Y (or W) chromosome content and a morphologically and genetically
differentiated pair of sex chromosomes (ZW or XY Figure 2¢) that can be distinguished
readily using standard microscopy. However, sex chromosome evolution does not always

progress to a state of heteromorphy and evolutionarily old sex chromosomes are not



necessarily highly differentiated (e.g., boid snakes and ratite birds; Bachtrog et al. 2014;

Vicoso et al. 2013).

a b C d e
DN =N e = /

Figure 2. Sex chromosome evolution. An autosome (a) acquires a sex determining locus (b,
blue allele) defining a proto sex chromosome pair. The accumulation of sexually antagonistic
alleles (c, yellow) is favoured as is recombination suppression (grey hatching) to keep these
alleles in the sex they benefit. Repeat elements and non-functional genes accumulate (d,
black) as the region of recombination suppression spreads. Morphologically and genetically
distinct sex chromosomes (€) sometimes result because recombination suppression prevents
purging of deleterious mutations and deletions.

The environment and sex determination

Sex determination in species that lack sex chromosomes typically have a strong
environmental component and sex is determined after fertilisation. In species with TSD, the
temperature at which embryos develop determines sex. TSD occurs in Crocodilia (Lang and
Andrews 1994), Sphenodontia (Nelson et al. 2004), and several species of turtle, lizard and
fish (Adkins-Regan and Reeve 2014; Ewert et al. 2005; Janzen and Phillips 2006). In
Crocodilia and Sphenodontia, the effect of temperature on sex is acute, with mixed sex

clutches occurring at very narrow pivotal temperature ranges of 1-2°C (Figure 3).



1.a ﬁ‘ b

Proportion Male
o
V)]

L/

17 19 21 23 25 29 31 33 35 37
Incubation Temperature °C

Figure 3. Relationship between clutch sex ratios (proportion male) and incubation
temperature is acute for a) Sphenodon punctatus (Sphenodontia; Mitchell et al. 2006) and b)
Alligator mississippiensis (Crocodilia; Lang and Andrews 1994), with 50:50 sex ratios at a
narrow pivotal range (1-2°C; grey shading). In Crocodilia, the pivotal temperature can
produce 100% males.

Crocodilian clutches are predominantly female at incubation temperatures either side of the
pivotal range. Within the pivotal range, clutch sex ratios are between 50% and 100% male
(Figure 3b; Lance et al. 2000; Lang and Andrews 1994), whereas in Sphenodontia, females
are produced at low temperatures and males at high temperatures either side of the pivotal
range (Figure 3a; Mitchell et al. 2006). Recent investigations into sex determination in
reptiles has revealed that temperature can also impact sex determination in species that
possess sex chromosomes by overriding the genetic signal (Holleley et al. 2015; Quinn et al.
2007; Shine et al. 2002). For example, in the central bearded dragon, Pogona vitticeps
(Agamidae), mixed sex clutches are common across a broad temperature range with biased
sex ratios occurring at warm extremes of the species’ viable temperature range (Figure 4;
Quinn et al. 2007). Sex determination is therefore considered along a continuum from
environmental to genetic systems, between which genes and the environment interact to

determine sex (Sarre et al. 2004).
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Figure 4. Relationship between clutch sex ratios (proportion female) and incubation
temperature in Pogona vitticeps. 50:50 sex ratios occur across a broad temperature range
(grey shading) and in P. vitticeps are female biased at warm temperatures. Figure adapted
from Quinn et al. (2007).

When genes and temperature interact to determine sex, and developmental temperature
overrides the genetic sex inherited at fertilisation, offspring with a phenotype / genotype
mismatch result and this is known as sex reversal (Quinn et al. 2007; Radder et al. 2008). Sex
reversal can occur during a temperature sensitive period that extends into the middle third of
development in reptiles (Georges 1989; Shine et al. 2007). Gonadal and genital development
may be asynchronous in reptiles (Neaves et al. 2006; Whiteley et al. 2018) and ovotestis (a
gonadal phenotype consisting of a mix of male and female structures), documented in one
species of agamid and common in teleost fish, suggests a period of antagonism between the
male and female developmental pathways that may not be resolved until late in development
in thermosensitive taxa compared to mammals and birds (Whiteley et al. 2018; Mank et al.

2006).



Models of gene dosage describe the interaction between temperature and the thermosensitive
products of sex determining genes that leads to sex reversal (Figure 5; Quinn et al. 2011). In
this dosage model, under normal developmental conditions, a double copy of a sex
determining gene in the homogametic sex (XX or ZZ) exceeds a product threshold for sexual
phenotype, thus deciding the developmental pathway. A single copy of the gene in the
heterogametic sex (XY or ZW) does not reach this product threshold and the embryo is
diverted down the opposite developmental pathway (Figure 5a). This suggests sex is
determined via dosage of a gene on the homogametic sex chromosome (X or Z) as found in
birds (Smith et al. 2009). If, in thermosensitive taxa, the thermal threshold for sexual
phenotype is evolving, and gene dosage is regulated by developmental temperature, the sex
determining signal in the homogametic sex may not reach the threshold for sexual phenotype
(Figure 5b). Alternatively, the sex determining signal in the heterogametic sex may reach the
threshold for sexual phenotype (Figure 5c). In both these scenarios, offspring sexual
development is diverted along the alternative pathway resulting in sex reversal. Sex reversal
results in sex ratio shifts away from the parity expected under strict GSD, as observed in the
central bearded dragon Pogona vitticeps with a ZZ/ZW system (Quinn et al. 2007). Warm
nest temperatures result in females (normally ZW) with a male genotype (ZZ) and a female
biased sex ratio (Holleley et al. 2015). This suggests a male determining gene on the Z
chromosome, which under warm developmental temperatures fails to reach the threshold for
male phenotype, thus reversing the ZZ phenotype to female. Similarly, in the three-lined
skink Bassiana duperreyi with XY/XX system (Radder et al. 2008; Shine et al. 2002), cool
nest temperatures result in an excess of males due to the presence of XX sex reversed
individuals (Holleley et al. 2016; Radder et al. 2008). No sex determining genes have been
identified in reptiles although candidates will likely emerge from the vast network of genes

involved in sexual differentiation across vertebrates (Graves 2013; Pan et al. 2016; Uller and



Helantera 2011). Sex reversal of the homogametic sex in both a ZZ/ZW and XX/XY reptile is
evidence that dosage - dependent sex determination is common to reptiles and birds even if
the sex determining genes are not. Sex reversal of the heterogametic sex, while theoretically
possible (Quinn et al. 2011), has yet to be documented in reptiles (Capel 2017; Holleley et al.

2016).
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Figure 5. Sex determination as a dosage system, with evolving thresholds resulting in sex
reversal, adapted from Quinn et al. (2007) and Quinn et al. (2011); examples given are for a
77 ZW system of heterogamety but can be applied to an XX XY system. Double dosage
(ZZ) of a sex determining gene product (a) reaches a threshold for sexual phenotype (black
horizontal line), within species optimal viability range (dotted vertical lines). A single dose of
in the ZW genotype does not achieve this threshold. If the threshold for sexual phenotype
increases (b, red line), ZZ offspring will not reach the threshold depending on incubation
temperature (red shaded areas). If this threshold decreases (c, blue line), ZW offspring may
achieve the threshold for sexual phenotype depending on developmental temperature (blue
shaded area). In both b and ¢, sex reversed offspring result from development at temperatures
within the shaded regions.
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Evolutionary transitions in sex determination

Transitions in sex determination can occur via several mechanisms (reviewed in Vicoso
2019). Sex chromosome evolution via acquisition of a novel sex determining allele on an
autosome (Figure 2) can occur even if there are already functioning sex chromosomes in
place if the newly evolved sex determining locus confers a stronger fitness advantage than the
existing sex chromosomes (Bachtrog et al. 2014; Meisel 2020). This can result in a transition
in heterogametic system (e.g., ZW to XY) or a transition to different sex chromosomes within
the existing system of heterogamety (Figure 6; Bachtrog et al. 2014; Pennell et al. 2018) with
the original sex chromosomes reverting back to autosomes (Roberts et al. 2009; Vicoso and
Bachtrog 2013). Alternatively, one of the existing sex chromosome pair can fuse to an

autosome thus creating a new sex chromosome system (Bracewell et al. 2017; Meisel 2020;

Pennell et al. 2015).

Figure 6. Sex chromosome turnover via acquisition of a novel sex determining locus on an
autosome; a) original karyotype consisting of XY sex chromosomes (grey) and a pair of
autosomes (A, yellow); b) A new sex determining allele (red) arises on an autosome
conferring a greater sex-specific fitness advantage than the existing XY pair; c) If this new
locus is female determining, it defines a new ZZ ZW system; if it is male determining, it
defines a new XX XY system. Examples given are for turnover of sex chromosomes from a
pre-existing XX XY system but can be applied to ZZ ZW systems.
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Temperature sensitive sex determining genes combined with an evolving threshold for sexual
phenotype (Figure 5) can lead to transitions in sex determination between GSD and TSD and
between XY and ZW heterogamety if sex reversed offspring are viable and contribute to
subsequent generations (Figure 7; Holleley et al. 2015; Quinn et al. 2011). Here I describe
transitions from a ZZ ZW system of heterogamety, but the same outcomes are achieved with
XX XY heterogamety. If ZZ sex reversed females mate with ZZ normal males, all offspring
will be ZZ (Figure 7a); phenotypic sex will be determined by temperature and the threshold
for sexual phenotype in these individuals. If the threshold for phenotypic sex continues to
evolve, the W chromosome can reduce in frequency in the population and if lost, the system
will transition from GSD to TSD (Figure 7a; Quinn et al. 2011). ZW sex reversed males that
mate with ZW females will produce ZZ, ZW and WW individuals. The phenotypic sex of the
ZW genotypes depends on the thermosensitivity of sex determination and the threshold for
sexual phenotype in those individuals. If the WW genotype is viable, its phenotypic sex will
be female. This can eventually lead to a system where all males are ZW and all females are
WW if the threshold for sexual phenotype continues to evolve — essentially XY XX
heterogamety (Figure 7b). However, several factors including heritable variation in the
threshold for sex reversal, environmental fluctuations and gene flow are likely to attenuate
transitions between sex determination systems (Schwanz et al. 2020). It is therefore important
to understand the role of these factors to form a complete picture of the mechanics of
transitions in sex determination and accurately predict the consequences of sex reversal for

populations and species.
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Figure 7. When sex determination is thermosensitive and the threshold for sexual phenotype
is evolving, transitions between GSD and TSD (a) or between systems of heterogamety (b)
can occur. Beginning with a system of ZZ ZW GSD, if the threshold for sexual phenotype
increases (a), sex reversal of the ZZ (red) genotype can result. Mating between sex reversed
females (ZZ) and normal males (ZZ) will produce all ZZ offspring and sex of these offspring
is determined by temperature. The frequency of the W chromosome decreases, and it is
eventually lost, resulting in pure TSD. If the threshold for sexual phenotype decreases (b),
sex reversal of the ZW genotype can occur (blue). Mating between sex reversed males (ZW)
and normal ZW females will produce ZZ and ZW males and ZW and WW females (assuming
WW genotype is viable). The frequency of ZZ males and ZW females decreases; all males
are ZW and all females are WW, essentially XY XX GSD. The outcomes when beginning
with XX XY GSD are a) TSD and b) ZZ ZW heterogamety.

The evolutionary history of transitions between forms of sex determination raises the
fundamental question of why and how the control of a highly conserved phenotypic outcome
exhibits extreme lability. The study of reptiles has been advocated for improving our
understanding of the evolutionary transitions in sex determination and sex chromosomes
because of the diversity of systems represented. In Squamate reptiles, the phylogenetic
distribution of sex determination suggests multiple, recent evolutionary transitions (Ezaz et

al. 2009b; Gamble et al. 2015; Janzen and Phillips 2006; Pennell et al. 2018; Pokorna and
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Kratochvil 2009). Because recent transitions will have components of both ancestral and
derived mechanisms, detailed reconstructions of a transition are possible. Reptiles are also
well-suited to experiments designed to reveal molecular and chromosomal components of sex
determination and to uncover the links between genes, sex and temperature. For example, an
ongoing natural population study of Carinascincus ocellatus (Scincidae) documents
intraspecific divergence in sex ratio response to temperature driven by sex-specific climate
effects on birthdate (Cunningham et al. 2017; Pen et al. 2010). Describing the mechanism of
sex determination in each population (XY or ZW GSD or TSD) will allow the differences

that facilitate population-specific sex ratio response to temperature to be explored.

Study system - Carinascincus ocellatus

Carinascincus ocellatus (formerly Niveoscincus ocellatus) is a small (3—10 g; 60—-80 mm
SVL) viviparous, widespread Tasmanian lizard with a broad altitudinal and climatic
distribution. Variation in mitochondrial haplotypes suggest geographic differentiation among
three regions during the last 2 million years (Figure 8a; Cliff et al. 2015). Two populations at
the two altitudinal extremes in one of these regions are the subject of long-term study.
Extensive field and laboratory experiments have documented divergent systems of sex
determination between these populations (Cunningham et al. 2017; Pen et al. 2010). In a cool
high elevation population (41 51°S, 146 34’E; elevation 1200 m; Figure 8a) sex ratios are not
correlated with developmental temperature and do not deviate from parity, suggesting sex is
determined genetically. In a warm low elevation population (42 34’S, 147 52’ E; elevation 50
m; Figure 8a) sex ratios are male biased in cool seasons and female biased in warm seasons,

suggesting sex determination has a temperature component.
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et al. (2010).
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The two C. ocellatus study populations appear genetically homogenous with respect to
mitochondrial DNA, with evidence of demographic expansion during Pleistocene glacial
cycles (Figure 8a). The ancestors of these populations likely occupied shared lowland refugia
during Pleistocene glaciations, including the Last Glacial Maximum, and were potentially
interbreeding (Cliff et al. 2015). In addition, C. ocellatus is more-or-less continuously
distributed between the high and low elevation populations with no obvious large-scale
barriers to movement, suggesting the possibility of contemporary gene flow. Models
parameterised with field data suggest temperature sensitive sex determination is adaptive at
low elevation because warm developmental temperature results in early birth (Figure 8b).
Early birth benefits females because it results in earlier maturity and a higher lifetime
reproductive output (Pen et al. 2010). At high elevation, cooler temperature and the resultant
short activity season preclude variation in fitness with respect to birthdate for either sex. In
addition, high interannual temperature fluctuations at high elevation favour GSD which
prevents maladaptive sex ratio skews (this is theoretically modelled in Pen et al. 2010). Such
patterns are consistent with theoretical models of adaptive temperature sensitive sex
determination which predict sex ratio skews towards the sex that benefits from the prevailing
environmental conditions (Charnov and Bull 1977; e.g., Pogona vitticeps, Holleley et al.
2015; Bassiana duperreyi, Shine et al. 1995; Amphibolurus muricatus, Warner and Shine
2008). What is less well understood are the mechanisms by which evolutionary transitions in
sex determination occur in this species. Because sex determination systems in C. ocellatus
have recently or are incipiently diverging, this presents a rare opportunity to expose the
mechanisms responsible for transitions in sex determination that can be applied to inform our

understanding of more ancient evolutionary transitions across vertebrates.
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To test for sex chromosome homology amongst the subfamily Lygosominae, I also used
another viviparous scincid, Liopholis whitii. L. whitii occurs at the same low elevation
location as C. ocellatus and was chosen because it has a chromosome complement of 2n=32
with homomorphic sex chromosomes (Donnellan 1985) and is phylogenetically nested
amongst other skinks that have heteromorphic sex chromosomes or have had their sex

determining system described (Pyron et al. 2013; Donnellan 1985).

Research objectives

The overall aim of my thesis was to understand the mechanistic underpinnings of an
evolutionary transition in sex determination. Using the recent divergence in Carinascincus
ocellatus, 1 aimed to understand ancient transitions in sex determination that have led to the
diversity in systems observed in contemporary vertebrates. To address this aim, I first
resolved key knowledge gaps surrounding the 1) molecular and ii) the chromosomal
characteristics of sex determination in C. ocellatus populations, iii) I evaluated the role of sex
reversal as a mechanism for sex ratio bias and iv) I investigated the evolutionary time
required for a divergence in sex determination to become apparent and fixed in populations as
a phenotype. This included understanding whether gene flow between these populations has
occurred since divergence because of potential sympatry during Pleistocene glacial cycles
(Cliff et al. 2015) and the presently continuous geographic distribution of the species. I
specifically examined similarities and differences in population-specific sex determination to
understand the retained and derived components of this transition. I chose an approach that
leveraged long-term observations of sex ratios from these populations and combined next
generation sequencing, traditional cytogenetic techniques, experimental manipulation in the

laboratory and traditional and contemporary population genetics analyses.
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By using this approach and focussing on a recent and potentially ongoing transition, my thesis
answers several questions regarding the molecular, chromosomal, physiological and historical
components of evolutionary transitions in sex determination. Reptiles are exceptional models
for understanding evolutionary transitions in sex determination and my thesis addresses
fundamental questions about the processes involved in these transitions during the earliest
stages that cannot be addressed using traditional model organisms such as birds and

mammals.

Thesis presentation

This thesis comprises four data chapters associated with the research objectives outlined
above. All chapters have either been accepted for publication in relevant scientific journals or
are in preparation for publication and therefore, each chapter is written as a stand-alone piece
of work. Consequently, some repetition occurs among chapters, particularly in terms of
methods describing animal collection, husbandry and population and species distribution.
Each chapter may also vary slightly in terms of formatting because of the specific

requirements for the journal in which it was submitted (or will be submitted).

During my candidature, the taxonomic name of my study species was changed from
Niveoscincus ocellatus to Carinascincus ocellatus. In chapter 2 it appears as Niveoscincus,
however, in all subsequent chapters and the general introduction and discussion I refer to it as
Carinascincus. Sex determination in the high elevation population of C. ocellatus is called
genetic sex determination (GSD) throughout this thesis, however, chapters may vary slightly
in the terminology used to describe the sex determining system in the low elevation
populations of C. ocellatus. Initially described by Wapstra et al. (2004) and Pen et al. (2010)
as “TSD-like” (TSD: temperature dependent sex determination), in Chapter 2 I discuss the use

of GSD plus environmental effects (GSD+EE, sensu Valenzuela et al. 2003) and in
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subsequent chapters this term appears, however, I also use “thermosensitivity in sex
determination” in places, particularly in chapter 4 and in the broad introduction and

discussion.

Chapter 2 uses a molecular dataset generated by next generation sequencing (NGS) to
describe molecular similarities and differences between the two C. ocellatus populations both
in terms of the identity of common and population-specific sex-linked genetic sequence and
in the degree of linkage between the sex-linked regions of the genome. I further expand on
this in Chapter 3 and identify the sex chromosomes in C. ocellatus using traditional
cytogenetic techniques and a custom Y chromosome probe designed from NGS genotypes
obtained in Chapter 2. This chapter evaluates differences between the populations in gross
chromosomal morphology and addresses sex chromosome homology between C. ocellatus
and a close relative Liopholis whitii. The presence of sex reversal (when phenotypic and
genetic sex do not match) in high and low elevation populations of C. ocellatus is evaluated in
Chapter 4 and the degree to which sex reversal correlates with temperature during gestation
and the resultant sex ratio is assessed. This chapter utilises targeted genotyping using NGS
loci developed in Chapter 2 of offspring from several developmental temperature regimes to
test the association between developmental temperature, sex reversal and the sex ratio. Using
coalescent analysis and complementing this with traditional population genetics, Chapter 5
explores the relationship between sex determination, gene flow and time since divergence
between C. ocellatus high and low elevation populations and the future potential
consequences of secondary contact due to climate change. In Chapter 6, the General
Discussion, I summarise and discuss my main findings and further questions emerging from

my research.
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Chapter Two

Conservation of sex-linked markers among conspecific
populations of a viviparous skink, Niveoscincus
ocellatus, exhibiting genetic and temperature dependent
sex determination.

All of the research contained within this chapter has been published as:

Hill PL, Burridge CP, Ezaz T, Wapstra E. 2018. Conservation of sex-linked markers among
conspecific populations of a viviparous skink, Niveoscincus ocellatus, exhibiting genetic and

temperature dependent sex determination. Genome Biology and Evolution 10: 1079-1087. doi:
10.1093/gbe/evy042

Abstract

Sex determination systems are exceptionally diverse and have undergone multiple and
independent evolutionary transitions among species, particularly reptiles. However, the
mechanisms underlying these transitions have not been established. Here we tested for
differences in sex-linked markers in the only known reptile that is polymorphic for sex
determination system, the spotted snow skink, Niveoscincus ocellatus, to quantify the
genomic differences that have accompanied this transition. In a highland population, sex is
determined genetically, whilst in a lowland population, offspring sex ratio is influenced by
temperature. We found a similar number of sex-linked loci in each population, including
shared loci, with genotypes consistent with male heterogamety (XY). However, population-
specific linkage disequilibrium suggests greater differentiation of sex chromosomes in the
highland population. Our results suggest that transitions between sex determination systems

can be facilitated by subtle genetic differences.

Keywords: GSD; TSD; heterogamety; population divergence; sex chromosomes; reptiles.
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Introduction

Sex determination controls whether the embryonic gonads develop into testes or ovaries.
Central to the development of sexually reproducing organisms, sex determination should be
under strong purifying selection with highly conserved processes and limited evolutionary
lability (Uller, et al. 2007). Contrary to these expectations, systems of sex determination are
surprisingly diverse, and therefore there is substantial interest in their evolution (Capel 2017,
Ezaz, et al. 2006; O’Meally, et al. 2012). Vertebrate sex can be determined by genes (genetic
sex determination; GSD), the environment (environmental sex determination; ESD), or via
interactions between the two (Sarre, et al. 2004; Shine, et al. 2002; Valenzuela, et al. 2003).
Furthermore, an extraordinary number of evolutionary transitions between these modes have
occurred unpredictably across vertebrate evolution (Bachtrog, et al. 2014; Janzen, et al. 2006;
Pokorna, et al. 2016). Sex determination also directs population sex ratio, an important

demographic parameter that has implications for population persistence (Boyle, et al. 2014).

The mechanisms underlying sex determination systems are diverse. While a master genetic
“switch” directs gonadogenesis in GSD species, it can manifest as a single nucleotide
polymorphism (SNP; e.g. Takifugu rubripes; Kamiya, et al. 2012), a dominant single gene
system (e.g. Mammalian SRY; Koopman, et al. 1990), a single gene dosage system (e.g.
Avian DMRT1; Smith, et al. 2004), or methylation status of genes or their promoters (e.g.
half-smooth tongue sole; Chen, et al. 2014). GSD is ubiquitous in endotherms and
amphibians, and is found throughout lineages of reptiles and fish (Ezaz, et al. 2006; Quinn, et
al. 2011; Sarre, et al. 2011). Environmental control of sex occurs in many ectotherms
(Adkins-Regan, et al. 2014; Bull 1980; Ewert, et al. 2005), with temperature determining sex
in many reptiles (temperature dependent sex determination, TSD). The environment can also

act to over-ride the genetic influence of sex determination in a predominantly GSD species
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(GSD plus environmental effects, GSD+EE: Valenzuela, et al. 2003) with a temperature over-
ride described in reptiles (Holleley, et al. 2015; Radder, et al. 2008; Shine, et al. 2002). Many
reptiles may possess an environmental over-ride rather than strict GSD because sex

determination is a continuous rather than dichotomous trait (Sarre, et al. 2004).

In pure TSD taxa sex ratios are close to all male or all female at sex-specific developmental
temperatures, whilst at a very narrow pivotal temperature range they can be a mix of male and
female (Ewert, et al. 2005; Lang, et al. 1994). A temperature over-ride of sex determination
presents as sex ratios at 50:50 across a broad pivotal temperature range with deviations
occurring outside this range (Holleley, et al. 2015; Shine, et al. 2002). Uncovering sex-linked
genetic sequence in a species previously shown to have TSD places this species on the
continuum between GSD and TSD (Sarre, et al. 2004; Valenzuela, et al. 2014). TSD has been
extensively studied in oviparous reptiles (Georges 1989; Harlow, et al. 2000; Lang, et al.
1994; Valenzuela, et al. 2014), where offspring sex is labile until after the middle third of
embryonic development (Shine, et al. 2007), and is mediated by nest temperature. Viviparity
was traditionally considered incompatible with any form of temperature influence on sex
determination (Bull 1980), yet it has recently been described in a handful of reptiles (Robert,
et al. 2001; Wapstra, et al. 2004; Zhang, et al. 2010), with the temperature signal mediated by

maternal basking behaviour.

The correlation between sex determination system and the presence or absence of
differentiated sex chromosomes—chromosomes that differ morphologically between males
and females—is surprisingly weak (Sarre, et al. 2004; Vicoso, et al. 2013b; Wright, et al.
2016). When present, vertebrate sex chromosomes are remarkably diverse, even between
closely related taxa (Bachtrog, et al. 2014; Ezaz, et al. 2017; Georges, et al. 2010), suggesting

that contemporary sex chromosomes have multiple evolutionary origins (Ezaz, et al. 2009a;

28



Kawai, et al. 2009; Matsubara, et al. 2006). Heterogamety for sex chromosomes can occur in
males (XY, e.g., mammals) or females (ZW, e.g., birds), and sex chromosomes can be hetero-
or homomorphic, regardless of sex determination mechanism (GSD, TSD or GSD+EE).
Understanding how these multiple evolutionary transitions in sex determination have occurred
requires exposing the mechanisms that underpin them at a molecular level; the degree to
which sex chromosomes participate in, or are a product of, transitions between sex

determination systems remains a key knowledge gap.

Dosage models have been used to explain both environmental influence on sex, and
transitions in sex determination systems and sex chromosomes (Ezaz, et al. 2009b; Quinn, et
al. 2007; Quinn, et al. 2011). Under a dosage model, one sex is determined when the product
of a homogametic genotype reaches a certain threshold. If the gene product that determines
sex possesses thermal sensitivity, it is possible for a heterogametic genotype to reach the same
threshold, or a homogametic genotype to not, resulting in the reversal of genotypic sex and
the bias of sex ratio towards the sex most likely to benefit from the environment experienced
(Charnov, et al. 1977). Dosage models can also explain transitions in sex determination;
selection on the threshold for sex can result in transitions between GSD and TSD, and
between ZW and XY heterogamety if sex determination acquires temperature sensitivity
(Quinn, et al. 2011). A transition in heterogamety can also occur via the invasion of a novel
sex determining locus when existing sex chromosomes are undifferentiated (Bachtrog, et al.
2014; Schartl 2004). Sex chromosomes can also be lost during transitions from GSD to TSD

(Holleley, et al. 2015).

Reptiles exhibit high diversity in sex determination systems and sex chromosome morphology
and homology (Ezaz, et al. 2009b; Giovannotti, et al. 2010; Matsubara, et al. 2014; Norris

2003; Shine, et al. 2002), and therefore represent a valuable group for the study of transitions
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in sex determination and sex chromosome systems. However, incipient transition in sex
determination has been documented only within one reptile, the viviparous spotted snow
skink Niveoscincus ocellatus (Cunningham, et al. 2017; Pen, et al. 2010), representing a
powerful study system. A highland population has GSD, whilst in a lowland population,
temperature subtly influences offspring sex ratio. This population has been previously
described as “TSD-like” (Cunningham, et al. 2017; Pen, et al. 2010), which we retain here,
but equally, GSD+EE could apply (sensu Valenzuela, et al. 2003), and it exists on the
continuum between TSD and GSD (Sarre, et al. 2004). These populations diverged recently,
within the last million years (Cliff, et al. 2015). Divergent natural selection on sex
determination caused by climatic effects on lizard life history and variation in the size of
inter-annual temperature fluctuations appears to be driving this transition (Pen, et al. 2010).
Warmer years result in early birth in both populations but sex ratios respond to temperature
only in the lowland (Cunningham, et al. 2017). Sex ratios in the lowland are female biased in
warm years and male biased in cold years. Lowland females, but not males derive a selective
advantage from being born early because birth date influences the onset of maturity and this is
important for females (Wapstra, et al. 2004). In the highland sex ratios do not vary from
parity regardless of temperature as birth date does not predict the onset of maturity in this
population (Pen, et al. 2010). In addition, higher inter-annual variation in climate in the
highland is thought to favour GSD because it prevents extreme sex ratios (Pen, et al. 2010).
This establishes an adaptive explanation for intra-specific divergence in sex determination
systems. However, knowledge gaps exist surrounding the mechanism of this transition and the
background with respect to sex chromosome evolution. Modelling suggests divergence
among populations in genes that control sex determination: loss of function in the lowland
population, attainment of function in the highland population, or a combination of both (Pen,

et al. 2010).
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The aim of this study was to quantify the divergence of genomic regions associated with sex
(sex-linked markers) in populations of N. ocellatus that have recently diverged in sex
determination system. Explicitly, we test whether the two populations differ in the numbers of
sex-linked markers and the levels of linkage disequilibrium around them. We discuss our

findings with regard to sex determination and sex chromosome evolution.

Materials and Methods

Study species

Niveoscincus ocellatus is a small (60 to 80 mm snout-vent length, 3—10g) viviparous skink
endemic to Tasmania, with a broad altitudinal distribution from sea level to 1200m (Wapstra,
et al. 1999). Two study populations represent the climatic extremes of this species’ range: a
cool temperate lowland population (42 34°S, 147 52’ E; elevation 50m; hereafter ‘lowland
population’) and a cold temperate, sub-alpine population (41 51°S, 146 34’E; elevation
1200m; hereafter ‘highland population’). Reproduction follows a similar pattern in both
populations; females reproduce annually, and the reproductive cycle is completed in one
season (Wapstra, et al. 1999). Gestation occurs in spring and parturition in summer. Long
term data on these populations consistently documents their divergent sex determination

systems (Cunningham, et al. 2017; Wapstra, et al. 2004; Wapstra, et al. 2001).

Genotyping by sequencing

Approximately 2—4mm of tail tip was sampled from 44 highland individuals (23 males, 21
females) and 44 lowland individuals (24 males and 20 females) during the 2014—15 season.
Males were sexed in the field by hemipene eversion, and all females were observed to later
give birth. DNA extractions and sequencing were performed using DArTseq™ (Diversity

Arrays Technology PTY, LTD), a high-throughput genotyping by sequencing method (Kilian,
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et al. 2012) that employs genomic complexity reduction using restriction enzyme pairs. This
technology successfully developed a series of sex-linked markers in the frog Rana clamitans
(Lambert, et al. 2016). DNA was digested using Pstl and Sphl. Ligation reactions were then
performed using two adaptors: a Pst/ compatible adaptor consisting of Illumina flow-cell
attachment sequence, sequencing primer sequence and a unique barcode sequence, and a Sphl
compatible adaptor consisting of an Illumina flow-cell attachment region. Ligated fragments
were then PCR amplified using an initial denaturation at 94°C for 1 min, followed by 30
cycles of 94°C for 20 sec, 58°C for 30 sec, and 72°C for 45 sec, with a final extension step at
72°C for 7 min. Equimolar amounts of amplification products from each individual were
pooled and subjected to Illumina’s proprietary cBot
(http://www.illumina.com/products/cbot.html) bridge PCR followed by sequencing on an

[Mlumina Hiseq2000. Single read sequencing was run for 77 cycles.

Sequences were processed using proprietary DArTseq analytical pipelines (Ren et al. (2015).
Initially, the Hiseq2000 output (FASTQ file) was processed to filter poor quality sequences.
Two different thresholds of quality were applied. For the barcode region (allowing parsing of
sequences into specific sample libraries), we applied more stringent selection (minimum
phred pass score of 30, minimum pass percentage 75). For the remaining part of the sequence
more relaxed thresholds were applied (minimum phred pass score 10, minimum pass
percentage 50). Approximately 2,000,000 sequences per individual were identified and used
in marker calling. Finally, identical sequences were collapsed into “fastqcoll” files. The
fastqcoll files were used in the secondary proprietary pipeline (DArTsoft14) for SNP and in
silico DArT (presence/absence of restriction fragments in the representation; PA loci) calling.
DATrTsoft14 implements a "reference-free" algorithm. All unique sequences from the set of

FASTQCOL files are identified, and clustered by sequence similarity at a distance threshold
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of 3 base variations using an optimised (fast) clustering algorithm (in many cases over 1
billion sequences are clustered within minutes). The sequence clusters are then parsed into
SNP and in silico DATT markers utilising a range of metadata parameters derived from the
quantity and distribution of each sequence across all samples in the analysis. Additionally, a
high level of technical replication is included in the DArTseq genotyping process, which
enables reproducibility scores to be calculated for each candidate marker. The candidate
markers output by DArTsoft14 are further filtered on the basis of the reproducibility values,
average count for each sequence (sequencing depth), the balance of average counts for each

SNP allele, and the call-rate (proportion of samples for which the marker is scored).

Sex-linked loci selection

We assessed sex-linkage for both dominant (presence / absence of restriction fragments) and
co-dominant (single nucleotide polymorphism, SNP) markers. Each population was analysed
separately. Genotypes from the presence / absence (PA) dataset consist of either ‘0°, 1’ or *-°,
representing fragment absence, presence or putative heterozygosity, respectively. Genotypes
from the SNP dataset consist of either ‘0°,’1°,’2’ or ’- representing genotypes homozygous
for the reference allele (the most common allele), homozygous for the SNP allele,
heterozygous, and homozygous for a null allele (absence of the fragment in the genomic
representation), respectively. To evaluate sex linkage, homogeneity of genotypes for all loci
between males and females within each population was assessed by Fisher’s exact test using
‘fisher.test’ in R (R Development Core Team 2017) from the ‘stats’ package. P values were
corrected for false discovery rate by Benjamini and Yekutieli method (Benjamini and
Yekutieli, 2001). We assessed sex-linkage amongst the SNP loci under two models. The null
exclusive model was conducted with SNP homozygous null genotypes removed. Under this

model, sex-linked genotypes that present as homozygous in one sex and heterozygous in the
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other are expected. Subsequently, we conducted a null inclusive model with SNP
homozygous null genotypes included. Under this model, additional sex-linked genotypes that
present as null in one sex, and exhibiting only a single allele in the other, are expected. The
genotypes of all individuals for the sex-linked loci were examined for association with XY
and ZW heterogamety. Specifically, XY heterogamety is characterised by PA loci with
restriction fragments present in males and absent in females. SNP loci homozygous in females
(for either the reference or SNP allele) and heterozygous in males under the null exclusive
model, or homozygous null in females and exhibiting only one allele among males under the
null inclusive model, would support an XY system. The reciprocal is true for ZW
heterogamety. The PA and SNP markers fitting the null exclusive model were assessed on
their ability to discriminate between the sexes of both populations using a Hamming distance
matrix calculated using a custom R script with null genotypes removed. The sex-linked loci

within each population were compared to identify those common to both populations.

Comparative linkage disequilibrium (LD) analysis

We used linkage disequilibrium network analysis on a subset of sex-linked SNP loci to
examine linkage disequilibrium (LD) within the two populations. LD between two loci occurs
when recombination is suppressed along the length of DNA that separates them, and is a
hallmark of sex chromosome development (Marshall-Graves 2006). Thus, the number and
identity of SNPs in LD with sex-linked SNPs in each population will provide a comparative
representation of the sex-determining regions in each population. For this analysis, only SNPs
polymorphic in both populations (minor allele frequency > 0.05) were considered. A perfectly
sex-linked SNP locus (all females homozygous and all males heterozygous) was chosen from
each population, along with 100 randomly selected non-sex-linked loci. LD between each of

these 101 SNPs and all other (12,893) SNPs in the dataset was calculated for each population
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using Genepop V4 (Rousset 2008). SNPs in significant LD (Benjamini and Yekutieli adjusted
p value <0.05) were taken for linkage disequilibrium network analysis within their respective
population (highland n = 576, lowland n = 618) using the genetics (Warnes, et al. 2013) and
LDna (Kemppainen, et al. 2015) packages in R. Parameters for cluster emergence were |E|
(the minimum edges or number of connections between loci) set at 20 and phi (factor used to
determine the minimum observed change in R? allowed when adding new loci to a cluster) set

at 2. Resulting clusters were plotted using the igraph package in R (Csardi, et al. 2006).

Results

Sex-linked loci

After DArTsoft14 filtering, DArTseq returned 20,813 presence / absence (PA) loci and
32,663 SNP loci for Niveoscincus ocellatus. After correction for false discovery, Fisher’s
exact test revealed loci with a non-homogeneous distribution of genotypes between the sexes
common to both populations; 152 PA and 54 SNP (p <0.001 to 0.003; supplementary tables
S2.1, S2.2 and S2.3). Of the 152 PA loci, three are perfectly sex-linked across both
populations with the remainder having less than 16% of individuals with genotypes deviating

from perfect sex-linkage.

Of the 54 sex-linked SNP loci, 21 (supplementary table S2.2) emerged from the null exclusive
model and are homozygous in females and heterozygous in males. Seven of these SNPs are
perfectly sex-linked across both populations with the remainder sex-linked in at least 77% of
individuals. The remaining 33 (supplementary table S2.3) emerged from the null inclusive
model. These loci appear more like presence / absence loci because the majority of females
possess a homozygous null genotype and the majority of males exhibit only the same allele at

that locus. One of these loci is perfectly sex-linked across both populations, with the
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remainder having less than 17% of individuals with genotypes deviating from perfect sex-
linkage (some females with non-null genotypes; some males with null genotype; some loci

polymorphic for males).

Fisher’s exact test revealed PA and SNP loci that are sex-linked in one population only
(p<0.001 to 0.012; supplementary tables S1, S2 and S3). In the highland population there
were 16 PA and 12 SNP loci from the null exclusive model (three and five loci perfectly sex-
linked, respectively), and eight SNP loci from the null inclusive model (zero perfectly sex-
linked). In the lowland population there were 20 PA and 16 SNP loci from the null exclusive
model (zero and three loci perfectly sex-linked, respectively), and five from the null inclusive
model (one perfectly sex-linked). Proportional pairwise Hamming’s distances between males
and females (Figure 1) using the population-specific PA and SNP loci (null exclusive model),
demonstrate that they reliably reveal an organism’s phenotypic sex within that population
only. Highland males and females are on average 89.7% and 92.8% dissimilar from one
another (Highland SNP and PA loci, respectively). Lowland males and females are on
average 89.4% and 89.2% dissimilar from one another (Lowland SNP and PA loci,

respectively).
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Figure 1. Hamming’s proportional distance among Niveoscincus ocellatus individuals of
highland (H) and lowland (L) populations for sex-linked loci unique to the highland (left
panel) and lowland (right panel) populations. Presence Absence (PA; lower segment) and
SNP (upper segment). Highland PA n=16, lowland PA n=20, highland SNPs n=12, lowland
SNPs n=16.

All sex-linked SNP loci specific to a population (hereafter the “source population”) were also
genotyped in the other population (hereafter the “reciprocal population”). Genotypes in the
reciprocal population for the majority of source population loci were not sex-linked, either
because the population was fixed for an allele, or both alleles were homogenously distributed
among the sexes. In several cases (four highland loci and two lowland loci), loci sex-linked in
the source population under the null exclusive model presented as sex-linked in the reciprocal
population under the null inclusive model. In all of these cases, females were predominantly
homozygous null and males predominantly exhibited only a single allele at that locus. Apart
from one highland locus, the source population X allele is missing from the reciprocal

population, and males only exhibit the source population Y allele. In the one exception to this,

37



reciprocal population males only exhibit the source population X allele. For the population-
specific sex-linked PA loci, in the reciprocal population the restriction fragment in question
was either absent in all individuals, present in all individuals, or present at homogeneous
frequencies between the sexes. Males and females are more dissimilar in the lowland (21.8%
and 16.3%, SNP and PA loci respectively) than highland (2.6% and 4.4%) population based

on sex-linked loci from the reciprocal population (Figure 1).

Sex-linked genotypes assort in a manner consistent with XY heterogamety: PA loci present in
males, absent in females; SNPs are either heterozygous in males and homozygous in females,
or males exhibit only a single allele and females are homozygous null. Exceptions are five
loci in the lowland population. One lowland PA locus is absent from all males and 45% of
females (homogeneity of genotypes, p = 0.002). Four SNP loci are homozygous for every
male individual, but for both alleles at each locus, while most females are heterozygous, but
with homozygotes also observed for both alleles at each locus (homogeneity of genotypes
p<0.001). These five loci were recovered in the highland population, but the genotypes of the
PA locus are homogeneous between the sexes (p>0.05) and those of the SNPs are

homozygous for the reference allele in all individuals.

Comparative LD analysis

Linkage disequilibrium network analysis (LDNa) resolved a sex-linked cluster consisting of
32 SNP loci connected via 411 edges in the highland population (12.8 edges per locus; Figure
2). 175 non-sex-linked loci connected by 213 edges described a non-sex-linked cluster in this
population (1.2 edges per locus). In the lowland population, LDNa resolved a sex-linked
cluster with 34 SNP loci connected via 235 edges (6.9 edges per locus; Figure 2) and a non-
sex-linked cluster containing 17 loci connected via 22 edges (1.3 edges per locus). The 21

common sex-linked SNP loci (Figure 2 - a to u; supplementary table S2.2) appear in both the
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highland and lowland sex-linked clusters but vary in the degree to which they associate with
the perfectly sex-linked locus for that population and each other. The non-sex-linked clusters

from each population have no loci in common.

Highland

Lowland

Figure 2. Linkage disequilibrium network plot of sex-linked clusters from the highland and
lowland populations of Niveoscincus ocellatus. Green circles indicate sex-linked SNPs (n =
32 in the highland, n = 34 in the lowland populations); ‘a’ to “‘u’ denote 21 loci sex-linked in
both the highland and lowland population. The perfectly sex-linked locus for each cluster is in
black. Black solid edges have an R2 > 0.99, black dashed 0.99>R2>0.80, grey dotted
R2<0.80.
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Discussion

The subtle molecular differences in sex-linked markers between highland and lowland
populations indicate that few changes are required for transitions between sex determination
modes, and is also compatible with the short timeframe (<1 Myr) across which these
populations have diverged (Cliff, et al. 2015). We identified a similar number of loci
associated with phenotypic sex in both populations of N. ocellatus, despite the divergence in
temperature effects on the sex ratio between these populations. This was surprising because
lowland offspring sex ratios are correlated with temperature (Wapstra, et al. 2004), and
models predict the loss of genes surrounding sex determination in this population, or the gain
of such genes in the highland population (Pen, et al. 2010). In addition to a conserved set of
sex-linked loci, population-specific sex-linked loci are also present in each population,
highlighting the importance of a genetic contribution to sex in the lowland as well as the
highland. Sex ratios in the lowland are 50:50 across a pivotal temperature range (Wapstra, et
al. 2009), likely facilitated by random assortment of sex determining genes at meiosis and
maintained due to frequency-dependent selection (Fisher 1958). Developmental temperatures
outside this pivotal range provide sex-specific fitness advantages (Pen, et al. 2010), and there
has been selection for a temperature mediated dosage component to sex determination both
above and below the pivotal temperature in this population. N. ocellatus is an XY GSD
species with the lowland population possessing a temperature over-ride in sex determination
(GSD+EE); the maintenance of this mixed system in the lowland likely representing an

adaptive optimum.

The presence of a temperature influence on sex in a population possessing sex-linked genetic
markers can be explained by mechanisms that only occasionally over-ride GSD, and this is

consistent with the low but significantly temperature-related deviations in sex ratio observed
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in the lowland population (Cunningham, et al. 2017; Wapstra, et al. 2004). Both differential
mortality and differential fertilization via cryptic female choice have been implicated in other
taxa (Burger, et al. 1988; Eiby, et al. 2008; Olsson, et al. 2011), but have been ruled out in this
species (Wapstra, et al. 2004). This leaves sex reversal as the most likely explanation for the

sex ratio biases observed.

Sex reversals can occur via temperature sensitive gene dosage and in reptiles usually occurs in
the homogametic sex (Ezaz, et al. 2009b; Holleley, et al. 2015; Quinn, et al. 2007; Quinn, et
al. 2011). Explanations for this centre around a gene or gene product present on the
homogametic chromosome and therefore present as one copy in one sex and two in the other.
Temperature-sensitive, dosage-dependent expression of this gene or activity of its product can
result in the homogametic genotype not reaching the threshold for sexual phenotype and
becoming sex reversed. Male biased sex ratios in N. ocellatus, as observed in colder
conditions, fit this pattern if sex determination in this species occurs via a feminizing gene on
the X chromosome with sex reversed males (XX genotype) resulting from temperature
sensitivity of this gene. When gene product fails to reach the required threshold to produce a
female, a male is instead produced from this genotype. Female biased sex ratios, as observed
in warmer conditions, could result from the over-expression of this feminizing allele in the
XY genotype. Sex reversal in the heterogametic sex is thought to be unfavourable when sex
chromosomes are highly heteromorphic; mating between sex reversed XY females and XY
males producing Y'Y progeny - unviable if there are necessary developmental genes on the X
chromosome (Quinn, et al. 2011). However, sex reversal of the XY genotype to female in
systems with homomorphic sex chromosomes is theoretically possible (Sarre, et al. 2004) and
could explain the observed differences in recombination suppression in the two populations of

N. ocellatus.
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The ratio of female to male recombination rate varies considerably across taxa (Berset-
Brandli, et al. 2008; Coimbra, et al. 2003; Perrin 2009) even in taxa without sex chromosomes
(Isberg, et al. 2006), and is a function of phenotypic rather than genetic sex. Recombination
between sex chromosomes can therefore occur in individuals that have been sex reversed
(Perrin 2009). In an XY system the X and Y chromosome can undergo recombination at
meiosis in sex reversed XY females, resulting in reduced associations between alleles on the
Y. This interrupts the progressive degeneration of the Y chromosome because recombination
suppression is necessary to keep alleles beneficial for one sex together. Sex reversals are
described in reptiles, amphibians and fish (Alho, et al. 2010; Holleley, et al. 2015; Shao, et al.
2014), but have yet to be described in N. ocellatus. The putative existence of sex reversed
females in the lowland population would explain lower linkage disequilibrium between the

sex-linked SNP loci in this population.

Although the number of sex-linked SNPs and PA loci is similar in both populations, the
presence of population-specific sex-linked variation nevertheless supports population
divergence in the molecular mechanism surrounding sex determination. The degree of
recombination suppression occurring amongst the 21 shared sex-linked markers also differs
among populations, indicating sex chromosomes at different developmental stages. Sex
chromosomes in the highland population are likely more differentiated than those in the
lowland because of the lower independence of genotypes between sex-linked loci in this
population. This lower independence manifests as both higher LD between loci and a greater
number of connections among the 21 shared loci, suggesting a region that is tightly linked to
sex determining locus (or loci) and more often travelling as a complete unit during meiosis
because of higher recombination suppression. Many taxa (e.g., Ratite birds and Boid snakes)

maintain recombination along much of the length of their sex chromosomes (Vicoso, et al.
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2013a; Vicoso, et al. 2013b). Recombining sex chromosomes are advantageous as deleterious
alleles are purged from the Y (or W) chromosome (Bachtrog, et al. 2014; van Doorn, et al.
2010). Recombination between the X and Y may contribute to the maintenance of a mixed
system in the lowland population where temperature and genetics interact to determine sex

(Sarre, et al. 2004) via the presence of sex reversed females.

Here we describe sex-linked genetic sequence in Niveoscincus ocellatus. The majority of sex-
linked markers observed in this study were shared between populations, indicating inheritance
from a common ancestor; those not shared may indicate independent gain or loss in a
population. A thorough examination of sex determination across this genus using these loci
will reveal the ancestral state of sex determination in N. ocellatus and whether population
divergence in sex determination occurs elsewhere in the genus. Further, these loci can be used
to assess the role of sex reversal in the transition in sex determination mode in this species, for
cytological examination of the karyotype of this genus and to uncover the sex determining
locus in Scincidae. Screening our archival samples, collected over more than a decade, with
these sex-linked markers will be invaluable in capturing the tempo and mechanism of

evolutionary transitions between modes of sex determination in reptiles.
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Supplementary data

Table S2.1. Sex linked Presence / Absence loci in Niveoscincus ocellatus. Proportion of
presence / absence genotypes in males and females common to both highland and lowland
populations and unique to each population of Niveoscincus ocellatus. Score of 1 denotes
presence of the fragment, 0 denotes absence of the fragment and ‘- denotes a putative
heterozygous score for the fragment. All loci denote XY heterogamety with the exception of
locus marked *.

Common loci Males Females Fishers
Prop. ‘1 Prop.'-'  Prop.'0’ Prop.'l'  Prop.'-' Prop. ‘0’ p value

NO27479 1.00 0.00 0.00 0.07 0.00 0.93 <0.001
NO25981 0.98 0.02 0.00 0.00 0.00 1.00 <0.001
NO17412 0.96 0.04 0.00 0.00 0.02 0.98 <0.001
NO13113 0.94 0.06 0.00 0.00 0.00 1.00 <0.001
NO11735 0.91 0.09 0.00 0.00 0.00 1.00 <0.001
NO09026 0.94 0.06 0.00 0.00 0.00 1.00 <0.001
NO06180 0.96 0.04 0.00 0.00 0.00 1.00 <0.001
NO06174 0.91 0.09 0.00 0.00 0.00 1.00 <0.001
NO06148 0.98 0.02 0.00 0.00 0.00 1.00 <0.001
NO04112 0.94 0.06 0.00 0.00 0.00 1.00 <0.001
NO04111 0.81 0.17 0.02 0.00 0.00 1.00 <0.001
NO04106 0.96 0.04 0.00 0.00 0.00 1.00 <0.001
NOO01619 0.91 0.09 0.00 0.00 0.00 1.00 <0.001
NOO01528 0.91 0.09 0.00 0.00 0.00 1.00 <0.001
NO00798 0.98 0.02 0.00 0.00 0.00 1.00 <0.001
NO00674 0.87 0.13 0.00 0.00 0.00 1.00 <0.001
NO99977 0.94 0.06 0.00 0.00 0.02 0.98 <0.001
NO099347 0.96 0.02 0.02 0.00 0.00 1.00 <0.001
NO98718 0.94 0.06 0.00 0.00 0.00 1.00 <0.001
NO98519 0.98 0.02 0.00 0.00 0.00 1.00 <0.001
NO98495 0.96 0.04 0.00 0.00 0.00 1.00 <0.001
NO95026 0.98 0.02 0.00 0.00 0.02 0.98 <0.001
NO95024 0.98 0.02 0.00 0.00 0.02 0.98 <0.001
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Common loci Males Females Fishers
Prop. ‘1 Prop.'-"  Prop.'0 Prop.'l'  Prop.'-' Prop. ‘0’ p value

NO95017 0.89 0.11 0.00 0.00 0.00 1.00 <0.001
NO94951 0.98 0.02 0.00 0.00 0.00 1.00 <0.001
NO94946 0.96 0.04 0.00 0.00 0.00 1.00 <0.001
NO94938 0.96 0.04 0.00 0.00 0.00 1.00 <0.001
NO94918 1.00 0.00 0.00 0.00 0.00 1.00 <0.001
NO94907 0.98 0.02 0.00 0.00 0.02 0.98 <0.001
NO94905 0.94 0.06 0.00 0.00 0.00 1.00 <0.001
NO94890 0.98 0.02 0.00 0.00 0.00 1.00 <0.001
NO94882 0.83 0.04 0.13 0.00 0.00 1.00 <0.001
NO94872 0.98 0.02 0.00 0.00 0.00 1.00 <0.001
NO94858 0.94 0.04 0.02 0.00 0.00 1.00 <0.001
NO094833 1.00 0.00 0.00 0.00 0.00 1.00 <0.001
NO094820 0.91 0.09 0.00 0.00 0.00 1.00 <0.001
NO094818 0.96 0.04 0.00 0.00 0.00 1.00 <0.001
NO094817 0.89 0.09 0.02 0.00 0.00 1.00 <0.001
NO094803 0.83 0.17 0.00 0.00 0.00 1.00 <0.001
NO094785 0.96 0.04 0.00 0.00 0.00 1.00 <0.001
NO94771 0.94 0.06 0.00 0.00 0.00 1.00 <0.001
NO094762 0.87 0.13 0.00 0.00 0.00 1.00 <0.001
NO94757 0.89 0.11 0.00 0.00 0.00 1.00 <0.001
NO94726 0.83 0.17 0.00 0.00 0.00 1.00 <0.001
NO094717 1.00 0.00 0.00 0.00 0.00 1.00 <0.001
NO094701 0.91 0.09 0.00 0.00 0.00 1.00 <0.001
NO94680 0.94 0.06 0.00 0.00 0.00 1.00 <0.001
NO9%4670 0.91 0.09 0.00 0.00 0.00 1.00 <0.001
NO94660 0.89 0.11 0.00 0.00 0.00 1.00 <0.001
NO94656 0.94 0.06 0.00 0.00 0.00 1.00 <0.001
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Common loci Males Females Fishers
Prop. ‘1 Prop.'-  Prop.'0' Prop. 'l Prop.'-'  Prop. ‘0’ p value

NO94646 0.94 0.06 0.00 0.00 0.00 1.00 <0.001
NO094601 0.96 0.04 0.00 0.00 0.00 1.00 <0.001
NO94543 0.91 0.09 0.00 0.00 0.00 1.00 <0.001
N094449 0.98 0.02 0.00 0.00 0.00 1.00 <0.001
NO0O94291 0.96 0.04 0.00 0.00 0.00 1.00 <0.001
NO95025 0.94 0.06 0.00 0.00 0.02 0.98 <0.001
NO94980 1.00 0.00 0.00 0.00 0.05 0.95 <0.001
NO94948 0.96 0.04 0.00 0.00 0.02 0.98 <0.001
NO94939 0.96 0.04 0.00 0.00 0.02 0.98 <0.001
NO27293 0.94 0.06 0.00 0.00 0.00 1.00 <0.001
NO27141 0.91 0.09 0.00 0.00 0.00 1.00 <0.001
NO25915 0.87 0.13 0.00 0.00 0.00 1.00 <0.001
NO22758 0.87 0.13 0.00 0.00 0.00 1.00 <0.001
NO20991 0.87 0.13 0.00 0.00 0.00 1.00 <0.001
NO18137 0.96 0.04 0.00 0.00 0.00 1.00 <0.001
NO15686 0.87 0.13 0.00 0.00 0.00 1.00 <0.001
NO08370 0.89 0.11 0.00 0.00 0.00 1.00 <0.001
NO07276 0.94 0.06 0.00 0.00 0.00 1.00 <0.001
NO06426 0.91 0.09 0.00 0.00 0.00 1.00 <0.001
NO04817 0.85 0.15 0.00 0.00 0.02 0.98 <0.001
NO04179 0.85 0.15 0.00 0.00 0.00 1.00 <0.001
NO04137 0.96 0.04 0.00 0.00 0.00 1.00 <0.001
NO04128 0.85 0.15 0.00 0.00 0.00 1.00 <0.001
NO04085 0.94 0.06 0.00 0.00 0.02 0.98 <0.001
NO04068 0.85 0.15 0.00 0.00 0.00 1.00 <0.001
NO01662 0.89 0.11 0.00 0.00 0.00 1.00 <0.001
NO00349 0.89 0.11 0.00 0.00 0.00 1.00 <0.001
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Males

Females

Fishers

Common loci p value
Prop. ‘1’ Prop.'-'  Prop.'0' Prop.'l' Prop.'-' Prop. ‘0’
NO99580 0.89 0.11 0.00 0.00 0.00 1.00 <0.001
NO95016 0.94 0.06 0.00 0.00 0.00 1.00 <0.001
NO094991 0.94 0.06 0.00 0.00 0.00 1.00 <0.001
NO94975 0.91 0.09 0.00 0.00 0.00 1.00 <0.001
NO94972 0.91 0.09 0.00 0.00 0.00 1.00 <0.001
NO94965 0.91 0.09 0.00 0.00 0.00 1.00 <0.001
NO94947 0.94 0.06 0.00 0.00 0.02 0.98 <0.001
NO094943 0.96 0.04 0.00 0.00 0.02 0.98 <0.001
NO94934 0.87 0.13 0.00 0.00 0.00 1.00 <0.001
NO94928 0.91 0.09 0.00 0.00 0.00 1.00 <0.001
N0O94921 0.87 0.13 0.00 0.00 0.00 1.00 <0.001
N0O94902 0.91 0.09 0.00 0.00 0.00 1.00 <0.001
NO94880 0.94 0.06 0.00 0.00 0.00 1.00 <0.001
NO94865 0.87 0.13 0.00 0.00 0.00 1.00 <0.001
NO94860 0.81 0.19 0.00 0.00 0.00 1.00 <0.001
NO94847 0.91 0.09 0.00 0.00 0.00 1.00 <0.001
NO94828 0.89 0.11 0.00 0.00 0.00 1.00 <0.001
NO94825 0.83 0.17 0.00 0.00 0.00 1.00 <0.001
NO094824 0.91 0.09 0.00 0.00 0.00 1.00 <0.001
NO94815 0.91 0.09 0.00 0.00 0.00 1.00 <0.001
NO0O94806 0.85 0.15 0.00 0.00 0.00 1.00 <0.001
NO94799 0.94 0.06 0.00 0.00 0.00 1.00 <0.001
NO094791 0.83 0.17 0.00 0.00 0.00 1.00 <0.001
NO94759 0.94 0.06 0.00 0.00 0.02 0.98 <0.001
NO94758 0.89 0.11 0.00 0.00 0.02 0.98 <0.001
NO94756 0.94 0.06 0.00 0.00 0.00 1.00 <0.001
NO94739 0.85 0.15 0.00 0.00 0.00 1.00 <0.001
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Common loci Males Females Fishers
Prop. ‘1 Prop.'-'  Prop.'0' Prop.'l'  Prop.'-' Prop. ‘0’ p value

NO094721 0.91 0.09 0.00 0.00 0.00 1.00 <0.001
NO94702 0.85 0.13 0.02 0.00 0.00 1.00 <0.001
NO94699 0.89 0.11 0.00 0.00 0.00 1.00 <0.001
NO94694 0.94 0.06 0.00 0.00 0.00 1.00 <0.001
NO94675 0.87 0.13 0.00 0.00 0.00 1.00 <0.001
NO94667 0.91 0.09 0.00 0.00 0.00 1.00 <0.001
NO94640 0.94 0.06 0.00 0.00 0.00 1.00 <0.001
NO94627 0.91 0.09 0.00 0.00 0.00 1.00 <0.001
NO94605 0.85 0.15 0.00 0.00 0.00 1.00 <0.001
NO94585 0.89 0.11 0.00 0.00 0.00 1.00 <0.001
NO94564 0.89 0.11 0.00 0.00 0.00 1.00 <0.001
NO094528 0.94 0.06 0.00 0.00 0.00 1.00 <0.001
NO94526 0.89 0.11 0.00 0.00 0.00 1.00 <0.001
NO26343 0.91 0.09 0.00 0.00 0.02 0.98 <0.001
NO23032 0.89 0.11 0.00 0.00 0.00 1.00 <0.001
NO10616 0.87 0.13 0.00 0.00 0.00 1.00 <0.001
NO08457 0.85 0.15 0.00 0.00 0.00 1.00 <0.001
NO04193 0.85 0.15 0.00 0.00 0.00 1.00 <0.001
NO94976 0.89 0.11 0.00 0.00 0.00 1.00 <0.001
NO94810 0.87 0.13 0.00 0.00 0.00 1.00 <0.001
NO94794 0.85 0.15 0.00 0.00 0.00 1.00 <0.001
NO94779 0.91 0.09 0.00 0.00 0.00 1.00 <0.001
NO94695 0.87 0.13 0.00 0.00 0.02 0.98 <0.001
NO94665 0.89 0.11 0.00 0.00 0.00 1.00 <0.001
NO94599 0.87 0.13 0.00 0.00 0.00 1.00 <0.001
NO94566 0.87 0.13 0.00 0.00 0.00 1.00 <0.001
NO20597 0.85 0.15 0.00 0.00 0.02 0.98 <0.001
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Common loci Males Females Fishers
Prop. ‘1 Prop.'-'  Prop.'0’ Prop.'l' Prop.-' Prop. ‘0’ p value

NOO01905 0.85 0.15 0.00 0.00 0.00 1.00 <0.001
NO95027 0.83 0.17 0.00 0.00 0.00 1.00 <0.001
NO94987 0.83 0.17 0.00 0.00 0.00 1.00 <0.001
NO94689 0.81 0.19 0.00 0.00 0.00 1.00 <0.001
NO94527 0.83 0.17 0.00 0.00 0.00 1.00 <0.001
NO94518 0.89 0.11 0.00 0.00 0.00 1.00 <0.001
NO94766 0.89 0.06 0.04 0.00 0.00 1.00 <0.001
NO94749 0.89 0.09 0.02 0.00 0.00 1.00 <0.001
NO27615 0.98 0.02 0.00 0.12 0.02 0.85 <0.001
NO94903 0.81 0.19 0.00 0.00 0.00 1.00 <0.001
NO94881 0.87 0.13 0.00 0.00 0.00 1.00 <0.001
NO92667 0.98 0.02 0.00 0.02 0.15 0.83 <0.001
NO94732 0.87 0.11 0.02 0.00 0.00 1.00 <0.001
NO94530 0.87 0.11 0.02 0.00 0.00 1.00 <0.001
NO94666 0.83 0.15 0.02 0.00 0.00 1.00 <0.001
NO094941 0.79 0.19 0.02 0.00 0.00 1.00 <0.001
NO94539 0.79 0.15 0.06 0.00 0.00 1.00 <0.001
NOO01037 0.98 0.02 0.00 0.05 0.20 0.76 <0.001
NO17728 1.00 0.00 0.00 0.10 0.02 0.88 <0.001
NO94843 0.91 0.00 0.09 0.20 0.00 0.80 <0.001
NO18471 0.94 0.04 0.02 0.22 0.05 0.73 0.002
NO26788 0.96 0.04 0.00 0.00 0.00 1.00 <0.001
NO12766 1.00 0.00 0.00 0.00 0.00 1.00 <0.001
NO0O95824 1.00 0.00 0.00 0.00 0.00 1.00 <0.001
NO95537 0.96 0.04 0.00 0.00 0.00 1.00 <0.001
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Highland loci Males Females Fishers
Prop. ‘1 Prop.'-'  Prop.'0’ Prop.'l' Prop.-' Prop. ‘0’ p value
NO95785 1.00 0.00 0.00 0.00 0.05 0.95 <0.001
NO04320 0.87 0.13 0.00 0.00 0.00 1.00 <0.001
NO95729 0.87 0.13 0.00 0.00 0.00 1.00 <0.001
NO95674 0.91 0.09 0.00 0.00 0.00 1.00 <0.001
NO95621 0.91 0.09 0.00 0.00 0.00 1.00 <0.001
N092926 0.96 0.00 0.04 0.00 0.00 1.00 <0.001
NO25902 1.00 0.00 0.00 0.05 0.05 0.90 <0.001
NO13170 0.35 0.65 0.00 0.00 0.00 1.00 <0.001
NO09552 0.61 0.00 0.39 0.00 0.00 1.00 0.001
NO00517 0.74 0.26 0.00 0.19 0.29 0.52 0.001
NO04304 1.00 0.00 0.00 0.00 0.00 1.00 <0.001
NO25722 1.00 0.00 0.00 0.38 0.10 0.52 0.001
Lowland loci Males Females Fishers
Prop. ‘1 Prop.'-'  Prop.'0’ Prop.'l' Prop.-' Prop. ‘0’ p value
NO94625 0.96 0.04 0.00 0.00 0.00 1.00 <0.001
NO95018 1.00 0.00 0.00 0.00 0.05 0.95 <0.001
NO94661 0.96 0.04 0.00 0.00 0.05 0.95 <0.001
NO24878 0.96 0.00 0.04 0.00 0.00 1.00 <0.001
NO26368 0.83 0.17 0.00 0.00 0.00 1.00 <0.001
NO0O94893 0.83 0.17 0.00 0.00 0.00 1.00 <0.001
NO27480 0.92 0.04 0.04 0.00 0.00 1.00 <0.001
NO12765 0.92 0.04 0.04 0.00 0.00 1.00 <0.001
NO27095 0.88 0.04 0.08 0.00 0.00 1.00 <0.001
NO23045 0.88 0.04 0.08 0.00 0.00 1.00 <0.001
NO94900 0.92 0.00 0.08 0.00 0.00 1.00 <0.001
NO94542 0.92 0.00 0.08 0.00 0.00 1.00 <0.001
NO94648 0.83 0.08 0.08 0.00 0.00 1.00 <0.001
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. Males Females Fishers
Lowland loci

Prop. ‘1> Prop.'-'  Prop.'0’ Prop.'l'  Prop.'-' Prop. ‘0’ p value

NO24877 0.83 0.00 0.17 0.00 0.00 1.00 <0.001
NOO01508 0.58 0.38 0.04 0.00 0.00 1.00 <0.001
NO17727 1.00 0.00 0.00 0.20 0.05 0.75 <0.001
NO00397 0.79 0.21 0.00 0.20 0.15 0.65 <0.001
NO95000 0.75 0.00 0.25 0.05 0.05 0.90 <0.001
NO90328 0.63 0.38 0.00 0.20 0.15 0.65 0.001
NO093463* 0.00 0.00 1.00 0.55 0.00 0.45 0.002
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Table S2.2 Proportion of genotypes in males and females for SNPs with alleles that
segregate with sex according to the ‘null exclusive’ sex-linked model in populations of
Niveoscincus ocellatus. Score of ‘2’ indicates heterozygous for the reference and SNP allele,
‘1’ homozygous for the SNP allele, ‘0’ homozygous for the reference allele,’-* homozygous
for a null genotype. Alleles of all loci assort according to XY heterogamety. Fig 2 refers to
labelling of these loci in figure 2 of manuscript.

Common Fig REF Males Females

Loci 2 > Prop. Prop. Prop. Prop. Prop. Prop. Prop. Prop. p value

SNP A T '0' ! 2! 7 ‘0 =

NO02579 a G>T 098 0.02 0.00 0.00 0.00 0.00 1.00 0.00  <0.001
NO17128 b G>A 094 0.06 0.00 0.00 0.00 0.00 1.00 0.00  <0.001
NO02507 c C>A 096 0.04 0.00 0.00 0.00 0.00 1.00 0.00  <0.001
NO02972 d ™G 0% 0.06 0.00 0.00 0.00 0.00 1.00 0.00  <0.001
NO27498 e C>T  0.96 0.04 0.00 0.00 0.02 0.00 0.98 0.00  <0.001
NO20596 f ™=C 0.98 0.02 0.00 0.00 0.00 0.00 1.00 0.00  <0.001
NO18136 g C>T  0.98 0.02 0.00 0.00 0.00 0.00 1.00 0.00  <0.001
NOO00135 C>T  0.98 0.02 0.00 0.00 0.00 0.00 1.00 0.00  <0.001
NO05744 i C>T  0.62 0.36 0.00 0.02 0.00 0.00 0.93 0.07  <0.001
NO08456  j A>G  0.89 0.11 0.00 0.00 0.00 0.00 0.98 0.02  <0.001
NO10615 k G>A 0.89 0.11 0.00 0.00 0.00 0.00 0.98 0.02  <0.001
NO18978 1 A>G  0.83 0.15 0.02 0.00 0.02 0.00 0.98 0.00  <0.001
NO25979 m G>A 0.83 0.17 0.00 0.00 0.00 0.00 0.98 0.02  <0.001
NO07275 n C>A 094 0.06 0.00 0.00 0.00 0.00 0.98 0.02  <0.001
NO25980 0 CT 057 0.43 0.00 0.00 0.00 0.00 0.76 024  <0.001
NO98433 p G>A 0.94 0.02 0.04 0.00 0.05 0.00 0.95 0.00  <0.001
NO06949 q ™C 091 0.04 0.04 0.00 0.05 0.00 0.95 0.00  <0.001
NO27225 T G>C 0.77 0.21 0.02 0.00 0.00 0.00 0.90 0.10  <0.001
NO09041 s G>A 0.72 0.28 0.00 0.00 0.00 0.00 0.88 0.12  <0.001
NOO01515 t A>G 047 0.51 0.00 0.02 0.00 0.02 0.56 041  <0.001
NO98768 u ™A 0.72 0.09 0.17 0.02 0.00 0.00 0.93 0.07  <0.001
Highland  Fig REF Males Females

Loci 2 Prop. Prop. Prop. Prop. Prop. Prop. Prop. Prop. pvalue

SNP ‘2 il '0' ! 2! 7 ‘0

NO12147 na C>T 1.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00  <0.001
NO12353 na A>G 1.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00  <0.001
NO10335 na G>A 091 0.09 0.00 0.00 0.00 0.00 1.00 0.00  <0.001
NO27290 na G>A 0.57 0.43 0.00 0.00 0.00 0.00 0.95 0.05  <0.001
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NO08127 na A>G 0.70 0.00 0.30 0.00 0.43 0.57 0.00 0.00 0.002
NO11944 na T>C 0.74 0.26 0.00 0.00 0.19 0.10 0.71 0.00 0.002
NO02387 na C>A 091 0.09 0.00 0.00 0.29 0.00 0.71 0.00 0.002
NO98731 na C>A 0.78 0.00 0.22 0.00 0.29 0.67 0.05 0.00 0.001
NO01508 na A>G 1.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00  <0.001
NO01904 na A>T 0.96 0.04 0.00 0.00 0.00 0.00 1.00 0.00  <0.001
NO12765 na A>G 0.17 0.83 0.00 0.00 0.00 0.00 0.62 0.38  <0.001
NOO05305 na G>A 0.87 0.09 0.04 0.00 0.24 0.05 0.71 0.00 0.002
REF Males Females
Lowlapd Fig - Prop. Prop. Prop. Prop. Prop. Prop. Prop. Prop. p value
Loci 2 SNP 2 T '0' ! A T ‘0’ ‘-
NO98539 na G>T 1.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00  <0.001
NO14859 na G>A 046 0.33 0.17 0.04 0.00 0.00 0.80 0.20  <0.001
NO17302 na C>T 1.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00  <0.001
NO05269 na G>A 1.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00  <0.001
NO13601 na A>C 0.58 0.42 0.00 0.00 0.00 0.00 0.90 0.10  <0.001
NO07509 na G>A 0.92 0.04 0.04 0.00 0.00 0.00 1.00 0.00  <0.001
NO16130 na C>T 0.83 0.08 0.08 0.00 0.00 0.00 1.00 0.00  <0.001
NO00420 na G>T 0.88 0.08 0.04 0.00 0.00 1.00 0.00 0.00  <0.001
NO02053 na G>A 0.88 0.08 0.04 0.00 0.00 1.00 0.00 0.00  <0.001
NO98391 na C>T 0.88 0.00 0.13 0.00 0.25 0.70 0.05 0.00  <0.001
NO00397 na C>G 0.79 0.00 0.21 0.00 0.30 0.65 0.05 0.00 0.002
NO11068 na A>G 0.08 0.79 0.00 0.13 0.00 0.00 0.35 0.65 <0.001
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Table S2.3. Proportion of genotypes in males and females for SNPs with alleles that
segregate with sex according to the ‘null inclusive’ sex-linked model in populations of
Niveoscincus ocellatus. Score of ‘2’ indicates heterozygous for the reference and SNP allele,
‘1’ homozygous for the SNP allele*, ‘0’ homozygous for the reference allele”,’-¢ homozygous
for a null genotype. All loci denote XY heterogamety. Male genotypes of loci marked with *
are ‘0’ in one population and ‘1’ in the other.

REF Males Females
Common >

Loci SNP Prop. Prop. Prop. Pr’o'p. Prop. Prop. Prop. Pfo’p. p value

62’ Vll VOI I2V llV 60’
NO04145" A>T  0.00 0.36 0.43 0.21 0.00 0.00 0.00 1.00  <0.001

NO04127*  G>A  0.00 0.49 0.51 0.00 0.00 0.00 0.00 1.00  <0.001
NOo04162 G>T  0.00 0.96 0.04 0.00 0.00 0.00 0.00 1.00  <0.001
NO07509* G>T  0.00 0.45 0.49 0.06 0.00 0.00 0.00 1.00  <0.001
NO07552* G>C  0.00 0.40 0.45 0.15 0.00 0.00 0.00 1.00  <0.001
NO11008* C>G  0.00 0.45 0.45 0.11 0.00 0.00 0.00 1.00  <0.001
NO18978 C>G  0.00 0.87 0.00 0.13 0.00 0.00 0.02 0.98  <0.001
NO24879 G>A  0.04 0.96 0.00 0.00 0.00 0.02 0.05 0.93  <0.001
NO25173  A>C  0.02 0.98 0.00 0.00 0.00 0.07 0.15 0.78  <0.001
NO25258 G>C  0.04 0.96 0.00 0.00 0.00 0.00 0.12 0.88  <0.001
NO26563 T>C  0.02 0.94 0.04 0.00 0.00 0.00 0.00 1.00  <0.001
NO26593 C>A  0.00 0.77 0.00 0.23 0.00 0.00 0.05 095 <0.001
NO27294 T>G  0.02 0.98 0.00 0.00 0.00 0.00 0.12 0.88  <0.001
NO27500 T>C  0.00 1.00 0.00 0.00 0.00 0.02 0.02 095 <0.001
NO27612 A>G  0.00 1.00 0.00 0.00 0.00 0.02 0.07 0.90 <0.001
NO04199 T>C  0.00 0.89 0.04 0.06 0.00 0.00 0.00 1.00  <0.001
NO04080 G>C  0.00 0.04 0.96 0.00 0.00 0.00 0.00 1.00  <0.001
NO04084* A>G  0.00 0.49 0.43 0.09 0.00 0.00 0.00 1.00  <0.001
NO04117 C>T  0.00 0.06 0.83 0.11 0.00 0.00 0.00 1.00  <0.001
NO04124* G>A  0.00 0.43 0.45 0.13 0.00 0.00 0.00 1.00  <0.001
NO07495 G>A  0.00 0.04 0.85 0.11 0.00 0.00 0.02 0.98 0.003
NO04100 C>T  0.00 0.04 0.94 0.02 0.00 0.00 0.00 1.00  <0.001
NO08908 C>T  0.06 0.02 0.77 0.15 0.00 0.10 0.00 0.90 <0.001
NO09550 C>T  0.00 0.04 0.96 0.00 0.00 0.00 0.02 0.98  <0.001
NO12829 T>G  0.00 0.00 1.00 0.00 0.00 0.05 0.07 0.88  <0.001
NO13113 G>A 0.11 0.00 0.89 0.00 0.00 0.12 0.00 0.88  <0.001
NO13978 G>A  0.00 0.02 0.96 0.02 0.00 0.00 0.00 1.00  <0.001
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NO17128 T>A  0.02 0.00 0.98 0.00 0.00 0.07 0.05 0.88  <0.001
NO21421 C>A  0.02 0.06 0.91 0.00 0.00 0.00 0.00 1.00  <0.001
NO22921 C>A  0.00 0.00 0.98 0.02 0.00 0.02 0.05 0.93 <0.001
NO25881 A>G  0.00 0.02 0.91 0.06 0.00 0.02 0.00 0.98 <0.001
NO25172 C>A  0.02 0.00 0.98 0.00 0.00 0.07 0.07 0.85 <0.001
NO27502 G>A  0.00 0.00 1.00 0.00 0.00 0.05 0.02 0.93 <0.001
REF Males Females
Highland >
Loci Prop. Prop. Prop. Prop. Prop. Prop. Prop. Prop. p value
SNP
‘2’ lll VOI l_l 121 lll ‘O’ ‘_’
NO10275 C>A  0.00 0.70 0.00 0.30 0.00 0.05 0.00 0.95 0.026
NO26341 G>A  0.00 1.00 0.00 0.00 0.00 0.00 0.00 1.00  <0.001
NO27242 G>C  0.13 0.70 0.04 0.13 0.00 0.00 0.29 0.71  <0.001
NO19405 C>A  0.00 0.00 0.91 0.09 0.00 0.00 0.00 1.00  <0.001
NO26343 T>A  0.04 0.00 0.96 0.00 0.00 0.24 0.00 0.76  <0.001
NO26549 C>G  0.00 0.00 1.00 0.00 0.00 0.00 0.05 0.95 <0.001
REF Males Females
Lowland
(}Jw an - Prop.  Prop. Prop.  Prop.  Prop. Prop. Prop.  Prop. pvalue
oci SNP
‘2’ lll VOI l_l 121 lll ‘O’ ‘_’
NO07823 C>T  0.00 0.67 0.04 0.29 0.00 0.00 0.00 1.00 0.003
NO15685 T>C  0.00 0.92 0.00 0.08 0.00 0.00 0.00 1.00  <0.001
NO16129 G>A  0.00 0.92 0.00 0.08 0.00 0.00 0.05 0.95 <0.001
NO25994 A>T  0.00 0.67 0.04 0.29 0.00 0.00 0.15 0.85 0.012
NO26367 A>G  0.00 1.00 0.00 0.00 0.00 0.00 0.05 0.95 <0.001

#* Given the prevalence of null alleles in females it is accepted that individuals with a ‘0’ or

‘1’ genotype are in fact heterozygous for a null allele and the reference or SNP allele

respectively.
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Chapter Three

Differences in homomorphic sex chromosomes is
associated with population divergence in sex
determination in Carinascincus ocellatus (Scincidae:
Lygosominae)

All of the research contained within this chapter has been published as:

Hill PL, Shams F, Burridge CP, Wapstra E, Ezaz T. 2021. Differences in homomorphic sex
chromosomes is associated with population divergence in sex determination in Carinascincus
ocellatus (Scincidae: Lygosominae). Cells 10: 291. doi: 10.3390/cells10020291

Abstract

Sex determination directs development as male or female in sexually reproducing organisms.
Evolutionary transitions in sex determination have occurred frequently, suggesting simple
mechanisms behind the transitions, yet their detail remains elusive. Here we explore the links
between mechanisms of transitions in sex determination and sex chromosome evolution at
both recent and deeper temporal scales (<1 Myr; ~79 Myr). We studied a rare example of a
species with intraspecific variation in sex determination, Carinascincus ocellatus, and a
relative, Liopholis whitii, using c-banding and mapping of repeat motifs and a custom Y
chromosome probe set to identify the sex chromosomes. We identified both unique and
conserved regions of the Y chromosome among C. ocellatus populations differing in sex
determination. There was no evidence for homology of sex chromosomes between C.
ocellatus and L. whitii, suggesting independent evolutionary origins. We discuss sex
chromosome homology between members of the subfamily Lygosominae and propose links

between sex chromosome evolution, sex determination transitions, and karyotype evolution.

Keywords: cryptic sex chromosomes; karyotype; GSD; TSD; Niveoscincus.
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Introduction

Development as male or female is central to sexual reproduction (Bachtrog et al. 2014). Sex
determination decides the sexual fate of the developing gonad, and because the outcome is
highly conserved, the underlying mechanism is also expected to be conserved (Uller et al.
2007). However, sex determination is surprisingly labile in vertebrates, which has generated
considerable scientific interest (Bachtrog et al. 2014; Capel 2017; Ezaz et al. 2006; Janzen
and Phillips 2006; Pennell et al. 2018; Pokorna and Kratochvil 2009). The diversity in sex
determination in vertebrates is also accompanied by morphological and genetic diversity in
sex chromosomes (Charlesworth 1991; Charlesworth and Mank 2010; Ezaz and Deakin
2014; Pennell et al. 2018; Sigeman et al. 2019). Because sex chromosomes also play a central
role in postzygotic isolation and speciation (Coyne 2018; Haldane 1922; Hooper et al. 2019;
Payseur et al. 2018), they may simultaneously reinforce any ongoing divergence in sex
determination, raising fundamental questions about the links between sex chromosome
evolution, sex determination transitions, and lineage divergence (Johnson and Lachance

2012; Mank 2012).

Our understanding of the potential contribution of sex chromosomes to transitions in sex
determination relies on basic knowledge of sex chromosome evolution. The classic theory of
sex chromosome evolution describes how they first arise when recombination around a sex
determining locus is suppressed (Bachtrog et al. 2014; Charlesworth 1991). Recombination
suppression on sex chromosomes is marked by the accumulation of inversions (Charlesworth
et al. 2005), heterochromatinisation (Bachtrog 2013), transposable elements and other
repetitive sequences such as microsatellite motifs (Reichwald et al. 2015), but it is unknown
whether this is a cause or consequence of recombination suppression (Furman et al. 2020).
The evolutionary trajectory of sex chromosomes in all but a few bird and mammal species
has resulted in sex chromosomes progressing from homomorphy to heteromorphy (Ezaz et al.
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2009; Graves 2014, 2006) and the origin of sex chromosomes in these lineages is ancient
(approximately 140 and 180 mya ago in birds and mammals, repsectively; Bachtrog et al.
2014; Vicoso et al. 2013). In contrast, sex chromosomes are diverse in plants, invertebrates,
fish and reptiles and several mechanisms contribute to this diversity (Bracewell et al. 2017;
Lande et al. 2001; Ming et al. 2011; Pennell et al. 2015; Waters et al. 2001). For example, a
pair of autosomes may usurp existing sex chromosomes via the acquisition of a new sex
determining locus, or sex chromosome-autosome fusions may result in a new sex
chromosome system (Meisel 2020). Further, thermosensitivity in sex determination can lead
to transitions between alternative systems of heterogamety (XY male, ZW female) or from
genetic to environmental sex determination, where sex chromosomes are lost (Holleley et al.
2015; Quinn et al. 2011). Sex chromosome evolution therefore follows diverse pathways, the

dynamics of which are poorly understood.

Lizards provide an opportunity to understand sex chromosome evolution, and possible links
to transitions in sex determination and speciation. However, the mechanisms that underpin
transitions in sex determination and how they relate to sex chromosomes and speciation
remain unclear because information regarding sex determination and sex chromosomes is
lacking for the vast majority of lineages (Gamble et al. 2015). Among lizards, despite
evidence of homology of sex-linked chromosomal regions among some species (Cornejo-
Paramo et al. 2020; Dissanayake et al. 2020; lannucci et al. 2019; Rovatsos et al. 2014;
Rovatsos et al. 2016), sex chromosomes display extraordinary variation in morphology.
Within the family Scincidae, XY heterogamety is prevalent, however, the recent discovery of
a skink with ZW heterogamety (Patawang et al. 2018) highlights at least one transition
between these systems. In addition, heteromorphic and homomorphic sex chromosomes are
broadly distributed throughout skinks (Donnellan 1991a, b; Olmo and Signorino 2005) and

skink species with sex chromosomes also exhibit temperature sensitivity of sex determination
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(Cornejo-Paramo et al. 2020; Hill et al. 2018; Quinn et al. 2007; Radder et al. 2008; Robert
and Thompson 2001; Shine et al. 2002; Wapstra et al. 2004). Sex determination transitions
and sex chromosome evolution have occurred frequently in this group and the diploid

chromosome complement is varied (Olmo and Signorino 2005).

Carinascincus ocellatus (Scincidae) is a rare example of a species exhibiting population
divergence in sex determination; a high elevation population (1200 masl) has genetic sex
determination (GSD) with XY heterogamety while a low elevation population (50 masl) has
temperature sensitive XY GSD (Cunningham et al. 2017; Hill et al. 2018; Pen et al. 2010;
Wapstra et al. 2009). Herein, we describe the low elevation population as having GSD+EE
(Environmental Effects; sensu Valenzuela et al. 2003). Shared sex-linked markers in these
populations define conserved sex chromosome sequence. However, these populations differ
in the linkage disequilibrium among these shared sex-linked markers, and they also possess
population-specific sex-linked markers, suggesting sex chromosome divergence (Hill et al.
2018). Recombination is more disrupted in the high elevation GSD population, representing
molecular evidence of more progressed sex chromosome evolution. However, a karyotype

analysis did not reveal differentiated sex chromosomes in C. ocellatus (Donnellan 1985).

Here we examine the karyotype of C. ocellatus (2n=30) and compare it to that of Liopholis
whitii (2n=32, sex chromosomes homomorphic; Donnellan 1991a) from the subfamily
Lygosominae (Figure 1) to identify sex chromosomes. Specifically, we examined the high
and low elevation populations of C. ocellatus which diverged less than 1 Mya (Cliff et al.
2015; Chapter 5) to test whether intraspecific divergence in sex determination is reflected by
gross sex chromosome variation. In addition, we provide a phylogenetic assessment of sex
chromosome evolution through comparison between C. ocellatus and L. whitii which

diverged approximately 79 Mya (Figure 1, divergence data retrieved from TimeTree; Kumar
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et al. 2017) to test for homology of sex chromosomes in these lineages and to understand the
mechanisms of sex chromosome evolution across deeper temporal scales. We examine
metaphase spreads of males and females and used standard c-banding plus a custom probe set
designed from C. ocellatus Y-linked sequence. In addition, we mapped repeats (AGAT and
telomere) to the karyotypes of both species because of their association with sex
chromosomes in a broad range of reptiles (Matsubara et al. 2016; Matsubara et al. 2015). We
discuss sex chromosome evolution in the context of sex determination transitions and

karyotype evolution.
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2n=26, 28, 30, 32
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Figure 1. Variation in diploid chromosome complement and sex determination in Scincid
subfamilies Scincinae (red) and Lygosominae (blue, yellow and green). The clades to which
our study species (Carinascincus ocellatus and Liopholis whitii) belong and other species of
interest discussed herein are included. The age of the split between clades containing C.
ocellatus, L. whitii and E. heatwolei 1s estimated as 79 mya (Kumar et al. 2017). Adapted
from Pyron et al. (2013) and Olmo and Signorino (2005). * denotes species where
thermosensitive sex determination has been reported (Cornejo-Paramo et al. 2020; Pen et al.
2010; Radder et al. 2008).
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Materials and Methods

Study species

Carinascincus ocellatus is a small (60 to 80 mm snout-vent length, 3 to10g) viviparous skink
endemic to Tasmania, with a broad altitudinal distribution from sea level to 1200 m (Wapstra
et al. 1999). We collected three males and three females from populations representing the
climatic extremes of this species’ range: a cool temperate low elevation population with
GSD+EE (42 34’S, 147 52’ E; elevation 50 m, Table 1, Figure 2) and a high elevation, cold
temperate, population with GSD (41 51°S, 146 34°E; elevation 1200 m, Table 1, Figure 2).
Long term data on these populations consistently documents their divergent sex

determination (Cunningham et al. 2017; Pen et al. 2010; Wapstra et al. 2009).

Liopholis whitii is a medium viviparous skink (snout-vent length <100 mm) found throughout
south eastern Australia. We examined three males and three females from the same low

elevation location as C. ocellatus (Table 1, Figure 2).
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Figure 2. Sampling locations of Carinascincus ocellatus (inset, upper) and Liopholis whitii
(inset, lower). C. ocellatus were sampled from high and low elevation populations exhibiting
GSD and GSD+EE, respectively.

Blood culture and metaphase chromosome preparations

Metaphase spreads were obtained from whole blood using a modified version of the protocol
described in Ezaz et al. (2005). Briefly, 50 uL of whole blood was taken via heparinised
capillary tube from the sub-orbital sinus to set up 2 mL cultures in Dulbecco’s Modified
Eagle’s Medium (DMEM; Gibco) supplemented with 20% fetal bovine serum (Gibco), 4%
antibiotic-antimycotic solution (Gibco) and 8% Phytohemagglutinin from Phaseolus vulgaris
(PHA-M, Sigma). Cells were cultured for 3 days at 28°C and 5% COx. Cell division was
arrested 3.5 h prior to harvesting, using 0.05 pg/mL colcemid (Roche). Cells were treated
with hypotonic solution (75 mM KCl) at 37°C and fixed in 3:1 methanol-acetic acid. The cell
suspension was dropped onto glass slides, dehydrated through an ethanol series of 70%, 90%,

100%, air dried and stored at -80°C.
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Development of sex-linked probe set for chromosome mapping

32 loci with sex-linked genotypes from double-digest, restriction-site associated DNA
sequencing (RAD-seq) of C. ocellatus (Hill et al. 2018; Kilian et al. 2012) were chosen for
inclusion in our custom probe set design. Of these, 26 represent Y-linked sequence (only
present in males) common to both populations. Six loci were on both X and Y chromosomes,
but with single nucleotide polymorphisms (SNPs) segregating chromosomes (males
heterozygous, females homozygous). Oligonucleotides were synthesized from these Y-linked
sequences and SNP RAD-tag sequences (38—69 bp) and each fragment was end-labelled with
3X ATTO594 dye (Arbor Biosciences; https://arborbiosci.com).

C-banding

We analysed 1-2 males and females from L. whitii and each C. ocellatus population and
examined 3-31 cells per individual (Table 1). C-banding was performed as described by
Sumner (1972), Ezaz et al. (2005) and Shams et al. (2019) with slight modification. Briefly,
10—15 puL of cell suspension was dropped on glass slide, air dried and aged for 60 min on a
60°C hot plate. Aged slides were treated with 0.2 N HCI at room temperature for 30 min,
then rinsed in distilled water and subsequently treated with 5% Ba(OH), at 50°C for 6 min.
Slides were again rinsed in distilled water and then incubated at 60°C in 2x SSC (Saline
sodium citrate) for 1 h. Finally, for DAPI (4°,6-diamidino-2-phenylindole) staining, the slides
were mounted with antifade medium Vectashield (Vector Laboratories, Burlingame, CA,
USA) containing 1.5 mg/mL DAPI.

Fluorescence in situ hybridisation (FISH) with microsatellite motif, telomere and Y-linked
probe set

We analysed up to three males and three females from L. whitii and each C. ocellatus
population and examined 1543 cells per individual (Table 1) to determine distributions of
the (AGAT)s microsatellite motif, (TTAGGG); telomeric repeats and the custom Y-linked

probe set in males and females. The microsatellite motif (AGAT)g was chosen because of its
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association with sex chromosomes in multiple reptilian groups including the Y chromosome
in a closely related skink, Bassiana duperreyi (Figure 1; Matsubara et al. 2016). Telomere
probe and microsatellite motif probes were Cy3-labelled (GeneWorks, Hindmarsh, South
Australia, Australia). FISH was performed as described in Ezaz et al. (2005) and Matsubara
et al. (2013) with slight modifications. Briefly, 500 ng of microsatellite and telomere
oligonucleotides and 135 ng of Y-linked probe set were' added to 12.5 pL hybridisation
buffer (50% formamide, 10% dextran sulphate, 2x SSC, 40 mM sodium phosphate pH 7.0
and 1x Denhardt’s solution) and warmed to 37°C. The hybridisation mixture was placed onto
the slide and sealed with a coverslip and rubber cement. Probe and chromosome DNA were
denatured at 68.5°C for 5 min followed by incubation in a moist hybridisation chamber at
37°C for 2448 hr. Slides were then washed in 0.4x SSC, 0.3% IGEPAL (Sigma-Aldrich, St.
Louis, Missouri, USA) at 60°C for 2 min followed by 2x SSC, 0.1% IGEPAL at room
temperature for 1 min. Slides were dehydrated by ethanol series and air dried. Finally, the

slides were mounted with antifade medium Vectashield containing 1.5 mg/mL DAPI.

In addition to the individual FISH experiments, we performed sequential FISH initially with
the custom Y-linked probe set followed by the (AGAT)g probe on male metaphase from both
C. ocellatus populations. Hybridisation signals from the Y-linked probe set were
photographed, metaphase positions recorded then slides were washed in 0.4x SSC at 60°C for
1 min, followed by 2x SSC at room temperature for 2 min before hybridisation with the
(AGAT)s probe. Because both probes were labelled using fluorophores with similar
excitation-emission wavelengths, it was not possible to resolve these signals using our

existing microscope filter systems. Therefore, photos were merged in Photoshop (CS6) with

1 Briefly, 500 ng of microsatellite and telomere oligonucleotides and 135 ng of Y-linked probe set were each
added to 12.5 uL of hybridisation buffer
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the colour of the Y-linked signal altered digitally so its association with repeat motifs could

be examined.

Table 1. Number of male and female individuals and cells examined from whole blood
culture of GSD (high elevation) and GSD+EE (low elevation) populations of Carinascincus
ocellatus and a single population of Liopholis whitii. ‘Sequential’ FISH represents Y-linked
and microsatellite FISH in series.

GSD+EE C. ocellatus GSD C. ocellatus L. whitii

male female male female male female

ind. cells ind. cells ind. cells ind. cells ind. cells ind. cells

Karyotyping 3 73 3 50 3 129 3 64 3 43 3 67
cbanding 1 4 2 6 2 18 2 31 1 3 1 7

FISH

Telomere 3 15 2 20 2 36 2 18 3 17 3 24
AGAT 2 28 2 14 2 43 2 28 2 14 2 24
Y-linked 3 19 2 16 2 33 3 18 3 12 3 19
Sequential 1 11 1 17

Microscopy and image analysis

Chromosome images were captured using a Zeiss Axio Scope Al epifluorescence
microscope fitted with a high-resolution microscopy camera AxioCam MRm Rev. 3 (Carl
Zeiss Ltd. Oberkochen, Germany) and a Leica DM6 B (Leica microsystems). Images were
analysed using Metasystems Isis FISH Imaging System V 5.5.10 software (Metasystems,

Altlussheim, Germany) as well as Thunder Imager 3D (Leica microsystems).

Marker homology
We used NCBI BLAST (Madden 2013) to identify homologs of our markers from publicly

available sequences from vertebrates. Specifically, we searched the “nr”” database with the
default settings in NCBI’s blastn suite and report matches related to sex determination or

sexual development with e-values <0.001.

71



Results

DAPI karyotypes
The karyotype of GSD and GSD+EE populations of C. ocellatus is 2n=30, represented by

eight pairs of macrochromosomes and seven pairs of microchromosomes (Figure 3a-h), while
the karyotype of L. whitii is 2n=32, represented by nine pairs of macrochromosomes and
seven pairs of microchromosomes (Figure 3i-1). These are consistent with karyotypes
described in Donnellan (1985) and Donnellan (1991a). Sex chromosomes are homomorphic

(Figure 3a-1).
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Figure 3. DAPI stained (inverted) metaphase spread and karyotypes in GSD+EE (low
elevation) Carinascincus ocellatus male (a, b) and female (c, d), GSD (high elevation) C.
ocellatus male (e, f) and female (g, h) and Liopholis whitii male (i, j) and female (k, 1). Scale

bar represents 10 pm.
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Custom Y-linked C. ocellatus probe set

Our Y-linked probe set hybridised adjacent to the centromere on a single chromosome in
males of both populations of C. ocellatus, and therefore identified the Y chromosome in both
populations (Figure 4a, c). We did not detect any signal on females of either population,
evidence that this probe set is specific to Y-linked sequences and does not contain sequences
that are present on the X chromosome in quantities large enough to detect with FISH (Figure

4b, d). We did not detect any hybridisation signals on L. whitii (Figure 4e, f).
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Figure 4. Chromosomal locations of Carinascincus ocellatus Y-linked FISH probe set in
GSD+EE (low elevation) C. ocellatus male (a) and female (b), GSD (high elevation) C.
ocellatus male (c) and female (d), and Liopholis whitii male (e) and female (f). Arrowhead
indicates X and Y (the homologous pair) chromosomes in C. ocellatus. Scale bar represents
10 pm.




C-banding

Accumulation of multiple heterochromatic bands are consistently observed across all
macrochromosomes in both populations of C. ocellatus, while only one major band was
observed in all microchromosomes. At least four microchromosomes are highly
heterochromatic (Figure 5a-h). Comparisons of C-banded karyotypes between males and
females of both populations of C. ocellatus identified one of the homologs of chromosome
pair 7 as highly heterochromatic in males but not females from the GSD (high elevation)
population (Figure Se-h); no sex specific heterochromatinisation was observed at low
elevation (Figure 5a-d). This corroborates the signal from? the Y-specific probe and confirms
the Y chromosome has a region of heterochromatinisation in the GSD population. C-banding
in L. whitii revealed similar patterns to C. ocellatus, although we did not detect any sex
specific heterochromatinisation between male and female L. whitii (Figure 5i-1). Multiple c-
bands are observed in macrochromosomes and fewer in microchromosomes, and one
macrochromosome pair and one microchromosome pair are highly heterochromatic (pairs 9

and 10; Figure 5i-1).

2 The heterochromatin accumulation observed on C. ocellatus sex chromosomes only corroborates the Y-
specific probe signal from the GSD population.
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Figure 5. C-banded spread and karyotypes in GSD+EE (low elevation) Carinascincus
ocellatus male (a, b) and female (c, d), GSD (high elevation) C. ocellatus male (e, f) and
female (g, h) and Liopholis whitii male (i, j) and female (k, 1). Scale bar represents 10 pm.
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Telomere repeats

Telomeric repeats were observed to hybridise onto the distal regions of both micro and
macrochromosomes of males and females of all individuals (Figure 6a-f). Telomeric repeats
are also observed at the centromeres of the two largest pairs of macrochromosomes in C.
ocellatus (Figure 6a-d). We did not detect any sex specificity of any distal or interstitial

telomeric sequences in either species (Figure 6a-f).
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Figure 6. Chromosomal locations of the telomeric repeat (TTAGGG)7 sequence in
Carinascincus ocellatus GSD+EE (low elevation) male (a) and female (b), GSD (high
elevation) C. ocellatus male (c) and female (d) and Liopholis whitii male (e) and female ().
Arrowhead indicates centromeric telomeres. Scale bars represent 10 pm.




Microsatellite motif (AGAT)s mapping

The (AGAT)s probe hybridised onto telomeric regions of most of the macro and
microchromosomes in males and females of both populations of C. ocellatus (Figure 7a-d). In
addition, amplified hybridisation signals were observed in several microchromosomes in
some males and females of both populations of C. ocellatus (Figure 7a-d). We also detected
sex specific amplification of (AGAT)g on chromosome pair seven of the GSD (high
elevation) population of C. ocellatus. Hybridisation was observed at the distal ends of both
arms of both members of this pair, however, in one member of the pair this signal was
amplified on the p arm in males and identifies the Y chromosome (Figure 7c, d). This sex-
specificity of the (AGAT)s signal was not observed in the GSD+EE (low elevation)
population. We did not detect any hybridisation signals of the (AGAT)g probe in L. whitii

(Figure 7e, ).
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Figure 7. Chromosomal locations of the (AGAT)s repeat on Carinascincus ocellatus
GSD+EE (low elevation) male (a) and female (b), GSD (high elevation) C. ocellatus male (c)
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inset. Scale bars represent 10 pm.
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Sequential FISH of (AGAT)s and custom Y-linked Probe set
The identity of the X and Y chromosome pair in both GSD and GSD+EE populations of C.

ocellatus was confirmed as macrochromosome pair seven (Figure 8) based on sequential
FISH, which also confirmed population-specific (AGAT)sg signals on the Y chromosomes

(Figure 8b, c, supplementary figure S1).
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Figure 8. Sequential FISH and karyotyping in GSD (high elevation) population of
Carinascincus ocellatus to confirm chromosome seven as the sex chromosome pair. a) DAPI
stained karyotype with FISH signals from Y-linked probe set (Pseudocoloured image) on C.
ocellatus male; b) DAPI stained karyotype with FISH signals from (AGAT)s microsatellite
probe on the same metaphase; ¢) Superimposed image of both layers indicates (AGAT)s rich
Y chromosome.
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Marker homology

The only sequence with homology (e-value 2.34x10™#) to our C. ocellatus Y-linked probe set
sequences that is relevant to sex determination or sex chromosome differentiation is a Sauria

short interspersed nuclear element (SINE; Piskurek et al. 2006).

Discussion

Carinascincus ocellatus 1s a rare example of a species exhibiting population divergence in
sex determination; GSD and GSD+EE occur in high and low elevation populations,
respectively (Cunningham et al. 2017; Pen et al. 2010). Here we also report divergence
between the same populations in sex chromosome evolution. Given divergence between our
C. ocellatus study populations occurred less than 1 million years ago (Cliff et al. 2015;
Chapter 5), the mechanisms underpinning the transition in sex determination and those

governing early sex chromosome evolution are potentially linked.

The high elevation, GSD Y chromosome is more heterochromatic and the p arm is AGAT
rich compared to the low elevation, GSD+EE Y chromosome. This is consistent with
observations of greater linkage disequilibrium of sex-linked DNA markers in the high
elevation population (Hill et al. 2018), and that reduced recombination between the sex
chromosomes is associated with repeat and heterochromatin accumulation on the Y
chromosome during early differentiation from the X chromosome (Bachtrog 2013; Ponnikas
et al. 2018; Reichwald et al. 2015). The differences in sex chromosomes with elevation can
be explained by population-specific selection that drives the divergence in sex determination
(Pen et al. 2010). GSD is adaptive at high elevation because large interannual temperature
fluctuations would produce maladaptive sex ratio skews if sex determination was
thermosensitive (Cunningham et al. 2017). Therefore, sex chromosomes with lower

recombination around a sex determining locus are the result of selection against skewed sex
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ratios and thus selection towards balanced sex ratios and GSD. Selection for GSD+EE at low
elevation occurs because of the sex-specific fitness benefits of climate-mediated birthdate
variation in this population (Pen et al. 2010). Considering the lower selective advantage of
GSD at low elevation, there is less selection against recombination around the sex
determining locus in this population, and hence lower divergence between X and Y.
Population-specific repeat and heterochromatin accumulation (this study), and recombination
between the X and Y chromosomes (Hill et al. 2018), therefore likely reflect differences in
the size of the pseudoautosomal region (the region of the sex chromosomes that continues to
recombine) of the Y chromosome in each population resulting from differential selection for
GSD. One alternative is that population size differences have led to different rates of
accumulation of mutations on the Y chromosome, however, the high and low elevation

populations are of similar size (Hill et al. 2021) making this unlikely.

Observations of heterochromatin and AGAT repeat accumulation in the high elevation GSD
population suggest that the ancestral sex chromosomes and sex determination was closer to
the current situation in the low elevation GSD+EE population. An alternative hypothesis is
that selection favouring recombination between sex chromosomes has driven the evolution of
GSD+EE at low elevation from a GSD ancestor that possessed sex chromosomes similar to
those in the high elevation population. However, this alternative hypothesis is unlikely
because transitions from environmental to genetic sex determination in squamates are higher
than the reverse, suggesting GSD is more stable (Pennell et al. 2018). Because both
populations are characterised by a Y-specific region with significant homology to a class of
retrotransposable element implicated in recombination suppression (Ezaz et al. 2013; Ezaz
and Deakin 2014; Harvey et al. 2003), selection in the ancestral population, and indeed the
low elevation population currently, may have favoured subtle variations in sex ratio with

climate, rather than a strict TSD system. Population divergence in sex determination and sex
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chromosomes in C. ocellatus occurred without gene flow (Chapter 5) and our results show
that the accumulation of changes that accompany transitions can occur over short

evolutionary time scales.

While divergence in C. ocellatus sex determination has arisen recently, it is super-imposed
over a deep evolutionary conservation of sex-linked sequences. Comparisons against
Eulamprus heatwolei (Scincidae) suggests conservation of Y chromosome sequences in C.
ocellatus for ~79 million years (Figure 1; Cornejo-Paramo et al. 2020). Likewise,
heteromorphism of chromosome pair seven has been reported in two species of skink,
Bassiana duperreyi (Shine et al. 2002) and Pseudemoia entrecasteauxii (Hutchinson and
Donnellan 1992), both close relatives of C. ocellatus (Figure 1, divergence time 36-37 Mya,
retrieved from TimeTree; Kumar et al. 2017; Pyron et al. 2013), suggesting a conserved role
for pair seven as sex chromosomes (but requiring confirmation of sequence homology). The
historical conservation of sex-linked sequence, combined with the recency of transition in sex
determination in C. ocellatus, is compatible with only a small number of genetic changes

potentially underlying this transition (Hill et al. 2018).

Observations from L. whitii provide a contrasting perspective on sex chromosome evolution
among Lygosomine skinks. Sex-specific chromosomes (Y or W) usually display increased
heterochromatinisation (Bachtrog 2013; Charlesworth 1991). Further, microsatellite and
telomere repeat accumulation characterizes the sex chromosomes (Y and W) in a broad range
of reptiles (Matsubara et al. 2016). We found no sex-specific patterns of telomere
accumulation in the karyotype of C. ocellatus or L. whitii. In addition, we found no evidence
to suggest the AGAT repeat is involved in sex chromosome evolution in L. whitii. Our
custom Y-linked probe set also lacked accumulation on any L. whitii chromosome. These

absences suggest independent evolution of sex chromosomes in L. whitii. Independent
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evolution may include processes resulting from the loss of the Y chromosome region
containing our C. ocellatus probe sequence and may also include accumulation of lineage-
specific repeats. Sex chromosome evolution in subfamily Lygosominae may be associated
with changes in chromosome number, because C. ocellatus, B. duperreyi, P. entrecasteauxii
and E. heatwolei all possess a diploid chromosome compliment of 30, while L. whitii,
belonging to a clade nested within these species’ clades, possesses 32 (Figure 1; Donnellan
1991a, 1985; Hutchinson and Donnellan 1992; Shine et al. 2002). Differences in the number
of acrocentric chromosomes (C. ocellatus =1; L. whitii =2) suggest chromosome fission or
fusion events during speciation and karyotype evolution (Ezaz et al. 2017; Holmquist and
Dancis 1984). Therefore, karyotype changes may favour the independent evolution of sex
chromosomes and this may be one mechanism acting at the time of the split between the
ancestor of L. whitii and other Lygosomine lineages with a diploid complement of 30. Sex
chromosome origin coinciding with chromosome fission / fusion events is evident in Iguanids
(Alam et al. 2020; Srikulnath et al. 2019), and may represent a common mechanism
throughout squamates. This can be confirmed in Scincidae via further experiments designed
to identify sex chromosome homology and identity among closely and distantly related

species, alongside karyotype analysis.

Conclusion

By examining the karyotypes of C. ocellatus with intraspecific variation in sex determination,
we reveal that structural changes in sex chromosomes such as heterochromatinisation and
repeat accumulation could be associated with such transitions. This is evidence of links
between sex determination transitions and sex chromosome evolution. Through broader

taxonomic comparisons, we also reveal a potential association between sex chromosome
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origin and karyotype evolution. Scincidae represents a valuable taxon for our understanding

of diversity in sex determination, sex chromosomes and karyotype.
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Supplementary data

Carinascincus ocellatus, coastal (GSD+EE)
Male

+ Y-linked probe

+ Y-linked probe +

Figure S1: Sequential FISH with Y-linked probe set and (AGAT)s probe in low elevation
(GSD+EE) population of C. ocellatus. a) DAPI stained metaphase spread of male C.
ocellatus; b) FISH with Y-linked probe set (Pseudocoloured image) on same metaphase; c)
FISH with (AGAT)s microsatellite probe on same metaphase; d) superimposed image of all
layers (DAPI, signals from Y-linked probe set and signals from (AGAT)s).



Supplementary Table 1. Custom Y-linked probe set sequences for Carinascincus ocellatus GSD and GSD+EE populations and homologs of our
markers with publicly available sequences from vertebrates from NCBI BLAST (Madden 2013).

Locus ID Sequence homology E value
TGCAGTCATGTGGCCGGTATGCCACATATATGCCAAG | Elaphe dione clone ela2 Squam-1 SINE 534 % 10-4
15694756 | GTGAACAAAACGCTGTTGCCTTCCAACCAAAG repeat sequence. :
TGCAGTCATGTGGCCGGTATGCCACATATATGCCAAG | Azemiops feae clone AFE-4 SINE, complete | o\ 4
15694756 | GTGAACAAAACGCTGTTGCCTTCCAACCAAAG sequence :
TGCAGGACACTGGCAGGGCCAGAGGGTGCCCCAGCA
15705269 | 1cceTCACCTGGG NA NA
TGCAGAAAAAGGGGTTGTGGCTATCAATTAAATTTTT | NA
15698539 | ACCTATATAAATTGCTTACCCACTTTG
TGCAGGTAAGTCTCACAGTGGGTGGCAGAGCTAGAG | NA
15701508 | GGGGACACAGTAGAGAACGTTGGAGAGGGG
TGCAGCCGCTACAGGGAGACTGAGGGGGGATCATTTC
15727479 | cx GeCAGD NA NA

TGCAGGAAACTTATGTCAACTCTACAGGAAATGGAAG

15704137 | GCGAGACCACAGTTGATTTGG NA A

TGCAGCTGTTACTGGTTGTCAGGGACTCCAGGCACCT | NA
15694656 | CAGCTGTTTAGTGTGATCTGAGGCAGGTCTC

TGCAGTTATGCAGGAAGCAGCCATTCCTGTGTCTGGC

15698519 | TCTTGGTTCACCAGGCCCACTTTGTCTGCACT NA NA
TGCAGCATTTCTGAGCCCAGCTCTGGGCGTGCGCACT | o NA
15704111 | GGGGACAATGAACGCGCCAGTGCTGAGTGCA
15712147 | TGCAGCAAAAGCCTCAAACTTGTGCTGGATATAGCGC| o NA
AAGCGG
TGCAGGCTGCTCTGGAAATGGCTCTTCTCGGTGTGCA
15694951 | X OOt NA NA
15706148 | TOCAGAAAGGGTGAAAACGTTCCTTTATCCATTCAGT | NA

G
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TGCAGCTTCCTTCTCCCCATTGCTGAAGATCAAGGGAT

15694660 | GCTCTGTAGCATCAT CCCATGCAGCACAGAG NA NA
TGCAGCTTCAAATCTCCAGGCCACTTGGCCTAGTTTTT| NA

15694518 | TTAACAGCTTCCAGCTGCATCTAAAAGGGGA
TGCAGCTCAAGAACTCTGCCCAGTTTTCCCCCTTAAA | NA

15694646 | c AGTGCGGTCTGAGCATAGTTTCCCCTTTTAG
TGCAGTTTTGGACTGTTGCGAGGAGGGGTTTACAATA | | NA

15694818 | GTGGAAGAAACTTCTGCTATTGTAAATTGGCT
TGCAGGACTTAAAAGCTGCATATGAAGTGTGCATCTT | | NA

15700798 | AGGAAGTAAATTTTGCTGAACCTCAGCAGGG
TGCAGCCAAGGCTGTAGCCATGAGGTGGGGGAGGGA | NA

15704112 | cTTCGTCCTAGTCCCGCCTCCATGTAGATTCC
TGCAGGGAGGGAACAGGGATTGGGCTGCAATCCTGTT NA

15725981 | GTAAGAGAGCACTATGAACACAATCCTAAG

15694901 (T}(C}i/%S(T}/%STTTCcTGGAAAGAAGCCCTATGTCTAAGT NA NA

15604717 | TGCAGGGTTTGGCTCTACTGGGGTGAATGGCAAGTGG| | NA
GGCTCTAGAGTGATGAAAGGAAGTTCTTTGTA
TGCAGTCCAGATGAAAGCTGGGCAGGCAATGGAAGA

13694757 | GCCTTATCCTCTAGGCCAGGTG NA NA

15694779 | TOCAGTGACCAGCAGTGGCGTAGCTAGATGAGGGTG |\ NA
CAAAGCACTGTTTTGCAGGAAACTTCACCGCAG
TGCAGATCTAAAACACCTAACCTTTAAGACGGTCTTT

15694858 | [ A ATTTCAGCCACATCGG NA NA

15604870 | TGCAGCAATCTAGGAACTCTGTTTAAGAACGATTGGC | | NA
AGCGTG
TGCAGCAGCCATTGTAATTTGAATGTGCGCCGTCCGG

15694881 |\ ITACATAGCGCGCATG NA NA

15694946 | TOCAGGCCTCCCAGGATCTGGAGCAGGCATACTAGCA| | NA

AGAGGAATTTCTGCCGG
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TGCAGGTATATCTCATTAAAAATGCCAGCCCATAATA

15698495 TTGATTGTATGCCTGTCAGTCAAATGAGTAAG NA NA

15701619 TGCAGGTGCACGAAGTCCTTTGGGGAGAGTCATTCAT NA NA
TAGTATTGAATGACTGGATTGACCTTCCACA

15704127 TGCAGCGTGTCAACCCCCTCTGGCGCGTCACCCTCAC NA NA
CCGTGCCAGTGGAGAGGACTGCTCCTCAACTG

15717728 TGCAGGGCTTGGGCTGCAATCCTGTTGTAAGAGAGCA NA NA

CTATGAACACAATCCTAAG
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Chapter Four

Sex reversal explains some, but not all, climate
mediated sex ratio variation within a viviparous reptile.

All of the research contained within this chapter is intended for publishing as:

Hill PL, While, GM, Burridge CP, Ezaz T, McVarish, Munch K, Wapstra E. 2021. Sex
reversal explains some, but not all, climate mediated sex ratio variation within a viviparous
reptile. Proceedings. Biological Sciences

Abstract

Sex determination directs development as male or female. Evolutionary transitions in sex
determination have occurred frequently yet understanding how these transitions occur
remains a major challenge in evolutionary biology. Here we explore sex reversal as a
mechanism responsible for evolutionary transitions in sex determination using the only
known example of a viviparous reptile with intraspecific variation in sex determination,
Carinascincus ocellatus. Long-term field and experimental data shows that in a high
elevation population, sex ratios do not deviate from parity regardless of developmental
temperature, however, sex ratios in a low elevation population are male biased in cool
temperatures and female biased in warm. We investigated the links between developmental
temperature, sex reversal and the sex ratio. We found the occurrence of sex reversed (XX)
males is associated with cool developmental temperatures and partially explains population-
specific sex ratio response to temperature. We discuss the consequences of sex reversal in

these populations and suggest avenues for further research.

Key words: Sex reversal; Sex determination; Sex ratio; Niveoscincus; GSD; TSD
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Introduction

Sex determination occurs via a number of different mechanisms (Bachtrog et al. 2014). In
vertebrates, the sex of an individual is determined either by gene(s) (genetic sex
determination; GSD) or by the environment experienced during development (mostly
temperature; TSD). In several systems, however, genes and the environment can interact to
mediate sexual development (Quinn et al. 2007; Sarre et al. 2004; Shine et al. 2002;
Valenzuela et al. 2003). When this occurs, temperature can override the genetic signal for sex
determination resulting in a departure from the 1:1 sex ratios expected under GSD (Fisher
1930). Mechanistic models suggest that this occurs when the dosage of a gene that
determines sex is temperature sensitive (Quinn et al. 2007; Quinn et al. 2011). Biased sex
ratios then result when the homogametic sex (XX females or ZZ males), despite double
dosage of a gene product, does not reach the required threshold for the development of sexual
phenotype because of the temperature sensitivity of the gene product. Sex ratio biases are
also possible when shifts occur in the threshold for sexual phenotype such that a single copy
of a dosage dependent sex determining gene can now achieve this new threshold (Quinn et al.
2011). Irrespective of the direction of these effects, development is diverted down the
alternate pathway (Quinn et al. 2007) and these processes result in individuals with a
mismatch between sexual genotype (as determined by sex chromosomes) and sexual
phenotype (as determined by the presence of primary and or secondary sexual

characteristics), an outcome known as sex reversal (Holleley et al. 2016; Sarre et al. 2004).

Sex reversed individuals have been documented in a number of vertebrate species including
fish (Nivelle et al. 2019; Shao et al. 2014), amphibians (Alho et al. 2010) and reptiles
(Holleley et al. 2015; Quinn et al. 2007; Shine et al. 2002). Importantly, the presence of such
individuals can have significant downstream ramifications for both the evolutionary and

ecological trajectory of a population. For example, temperature-induced sex reversal of the
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homogametic sex (e.g., ZZ genotype reversed to female phenotype) leads to mating between
two homogametic individuals (e.g., a ZZ sex reversed female and a ZZ normal male). This
results in the production of exclusively homogametic offspring. The sex of these offspring is
determined by temperature because the sex-specific chromosome (the W chromosome in this
example) is absent. Thermosensitivity is therefore a likely mechanism underlying
evolutionary transitions in sex determination (Quinn et al. 2011; Sarre et al. 2011) because
systems in which it occurs can transition from GSD with sex chromosomes to TSD with no
sex chromosomes. This poses a risk to species with thermosensitivity in sex determination as
climates warm, because maladaptive sex ratio biases are likely (Boyle et al. 2014; Sinervo et
al. 2010) and loss of the sex determining chromosome can occur rapidly (Holleley et al.

2015).

Sex reversal of the heterogametic sex (ZW or XY) occurs in frogs (Rodrigues et al. 2018) and
fish (Cui et al. 2018) and explains the rapid turnover in sex chromosomes observed across
many vertebrate clades (Perrin 2009). Sex reversal of heterogametic individuals via
temperature influences on sex determining gene products are theoretically possible in reptiles
under the Quinn et al. (2011) dosage model, however, sex reversals of this type have not been
reported in reptiles. Despite that we can understand and predict some of the consequences of
sex reversal in wild populations, the frequency of evolutionary transitions in sex
determination among reptiles, particularly lizards (Janzen and Phillips 2006; Pokorna and
Kratochvil 2009) suggests sex reversals may occur to a larger extent than currently
understood (Holleley et al. 2016). Long term field studies on closely related taxa displaying
alternate forms of sex determination will allow greater understanding of the role of sex
reversal in sex determination transitions and its ecological and evolutionary consequences to

species.
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The viviparous spotted snow skink, Carinascincus ocellatus (formerly Niveoscincus),
provides an outstanding opportunity to explore the proximate and ultimate factors
underpinning intraspecific lability in sex determination. Previous field-based, laboratory and
theoretical work on this species have identified divergence in sex determining systems (Pen
et al. 2010) which is rarely observed in amniotes, although has been observed in amphibians
(Miura 2008) and fish (Kitano et al. 2009; Conover and Heins 1987). Populations at the lower
and upper elevational extremes of the C. ocellatus range both possess sex-linked genetic
sequence supporting XY heterogamety (Hill et al. 2018). Linkage between these sex-linked
loci is greater in the high elevation population and sex chromosomes have more repeat and
heterochromatin accumulation (Hill et al. 2018; Hill et al. 2021a). However long — term field
and laboratory data show that while sex ratios at high elevation do not deviate from parity
irrespective of seasonal temperature, indicative of GSD, sex ratios correlate with temperature
at low altitude suggesting thermosensitivity in sex determination (Pen et al. 2010).
Specifically, at low altitude, long term field studies show that sex ratios are female biased in
warm seasons and male biased in cool seasons (Cunningham et al. 2017; Wapstra et al.
2009). An adaptive explanation for population divergence in sex ratio response to
temperature is that the production of males or females is favoured at different low elevation
temperatures because the concomitant variation in the length of the growing season has sex-
specific fitness benefits. Specifically, warm seasons, and thus early birth, favour females at
low elevations because birthdate strongly predicts the onset of maturity and thus reproductive
output for females (Pen et al. 2010). The shorter reproductive season at high elevations means
there are no benefits of early birth to either sex and sex ratios remain balanced. Despite our
long-term field studies (Cunningham et al. 2017; Wapstra et al. 2004; Wapstra et al. 2009)
informing a theoretical model (Pen et al. 2010) that explains this divergence, a complete

picture of the mechanisms underpinning this transition remains elusive. Sex-specific
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mortality has previously been ruled out as an unlikely mechanism behind sex ratio bias (Pen
et al. 2010; Wapstra et al. 2004), which leaves sex reversal as a potential likely candidate

(Holleley et al. 2016).

Here, we test whether the C. ocellatus sex ratio responses to temperature involves sex
reversal of offspring. We compare the phenotypic and genetic sex of offspring from high and
low elevations over a range of developmental temperatures. We tested for sex reversal using
two experimental approaches. First we used an experimental protocol we have used
previously to mimic basking opportunities across the extremes of the C. ocellatus range
(Cadby et al. 2014; Gruber et al. 2018; Wapstra 2000; Wapstra et al. 2010), allowing
developmental temperatures to be potentially regulated by basking behaviour. This protocol
has previously reproduced sex ratios that are biased towards males under reduced basking
and towards females under extended basking opportunities in low elevation C. ocellatus and
at parity in high elevation C. ocellatus (Pen et al. 2010; Wapstra et al. 2004). Second, we
complemented this with an approach in which we exposed females to controlled
temperatures, restricting female opportunity to bask. By holding females at constant
temperatures, we removed their ability to behaviourally manipulate their offspring’s
developmental environment thus mimicking experiments with oviparous species (e.g., P.
vitticeps, Quinn et al. 2007; B. duperreyi, Shine et al. 2002). This allowed us to explore
specific physiological responses to temperature with respect to sex determination by
removing inter-individual variation in female basking frequency and body temperature
(Cunningham et al. 2020). We predicted that sex reversal will occur in a manner consistent
with long term sex ratio responses to temperature in C. ocellatus and that warmer
temperatures would produce XY females and cooler temperatures would produce XX males
in low elevation but not high elevation C. ocellatus where we expect genotypic sex to be

concordant with phenotypic sex.
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Materials and Methods

Study species and study sites

Carinascincus ocellatus is a small viviparous skink endemic to Tasmania. We studied
populations representing the climatic extremes of this species’ range from low elevation,
warm coastal (42 34’S, 147 52’ E; elevation 50 m) and high elevation, cold sub-alpine (41
51°S, 146 34°E; elevation 1200 m) regions. Long term data on these populations consistently
documents their divergent sex determination systems: sex ratios correlate with ambient
temperature in the low elevation, but not the high elevation population where they remain at
parity (Cunningham et al. 2017; Wapstra et al. 2009). Reproduction follows a similar pattern
across elevations and females reproduce annually (Wapstra et al. 1999). Pregnant females
were collected shortly after ovulation (ovulation dates are 1st October and 15th October at
low and high elevations, respectively; Wapstra et al. 1999). Females were allocated to either
a ‘thermoregulation’ or a ‘no thermoregulation’ experiment which differed with respect to
whether a radiant heat source was used, or temperature was regulated by an incubator (Table

1, see also below).

Table 1. Number of gravid high elevation and low elevation females of Carinascincus
ocellatus assigned to experimental treatments.

No Thermoregulation Thermoregulation
(incubator) (heat lamp)
Population
High Med Low Long Short
(33.0°C) (29.5°C) (26.0°C) (10 hours) (4 hours)
Low elevation 20 20 20 20 20
High elevation 20 20 20 20 20

In the ‘no thermoregulation’ experiment, females were held individually in terraria (150 X

200 X 100 mm?), and placed in incubators and held under one of three experimental daytime
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temperatures (low — 26 °C, medium — 29.5 °C, high — 33 °C; 8 am — 4 pm). These
temperatures were chosen because they span the preferred body temperature of gravid C.
ocellatus in the wild (Cadby et al. 2014). Temperature was lowered to 10 °C for the
remaining 16 hours of the 24 hour period across all treatments to approximate ambient
overnight temperatures. Females were held under LED strip lighting (14 hours light:10 hours
dark) and UV lighting. To avoid positional effects, females were randomly shuffled within
incubators three times a week and treatments were rotated through three incubators
fortnightly. The ‘thermoregulation’ experiment was conducted as per Wapstra (2000).
Briefly, females were held individually in terraria (200 X 300 X 100 mm?), and provided
with either 4 (short) or 10 (long) hours exposure to a radiant heat source per day which
approximates the difference in basking opportunity experienced across altitudes in the wild
(Wapstra et al. 1999). The ambient temperature fell to approximately 10 °C at night. Terraria
were maintained under fluorescent tube lighting and UV lighting (14 hours light:10 hours
dark) as for the ‘no thermoregulation’ treatment. Females were randomly re-positioned within
the room three times a week. All females were supplied with water ad libitum and were

offered mealworms and fruit supplemented with vitamins three times weekly.

Towards the end of gestation terraria were checked for offspring. Offspring were weighed at
birth and their gestation length was recorded. Phenotypic sex was assessed via hemipene
eversion at least twice: initially, two weeks after birth then two weeks after first sexing. Each
sexing was performed by the same investigator (EW) and was blind to treatment and initial
phenotypic sex. If initial and subsequent phenotypic sex differed, offspring sex was
determined two weeks after the second sexing (2.3% of offspring: ‘no thermoregulation’ n =
6 low elevation, 0 high elevation; ‘thermoregulation’ n = 3 low elevation, 1 high elevation).

Prior to release, tail tip samples were taken from offspring to genotype individuals for sex.
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Genetic sex was assigned using a suite of SNP loci exhibiting sex linkage in either or both
sex determining systems of C. ocellatus (nioci = 45, Noftspring = 428; Hill et al. 2018). Tail
samples were sent to Diversity Arrays technology (https://www.diversityarrays.com; Kilian
et al. 2012) for DNA extraction and targeted genotyping. Where a mismatch occurred

between phenotypic and genetic sex, the individual was deemed to be sex reversed.
Statistical analysis

To confirm that offspring developed under different thermal regimes, we fit a linear model
(Im) with log transformed gestation length as the response variable and treatment and
population and their interaction as fixed factors for both the ‘no thermoregulation’ and
‘thermoregulation’ experiments. We analysed whether cohort phenotypic sex ratio deviated
for any given treatment from parity using Pearson’s chi-squared analyses on counts of male
and female offspring. To test for differences between treatments in the extent of sex reversal,
we fit a generalized linear mixed model (GLMM) with binomial error distribution using a
type 11 Walds y? test with offspring sex status (i.e., whether genotypic and phenotypic sex
matched) as the dependent variable, and treatment, population and their interaction as fixed
factors. We ran this for each experiment (thermoregulation and no thermoregulation)
separately. We included maternal identity as a random effect, given mean clutch sizes of 1.8
and 3.1 at low and high elevation respectively (Atkins et al. 2007). Finally, because females
across both populations exhibit the same mean reaction norm with respect to the thermal
effects on gestation (Cunningham et al. 2020) we could combine the ‘no thermoregulation’
and ‘thermoregulation’ experiments to examine whether mean gestation length (as a proxy
for the thermal environment) covaried more broadly with the proportion of sex reversed
offspring from a particular experimental treatment. We achieved this by using logistic
regression (glm) with a binomial distribution using a type II Walds y? test with mean

gestation length and population as fixed factors and offspring number per treatment size as a
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weighting factor. Analyses were conducted using R (R Core Team 2017) using the ‘lme4’
(glmm, glm; Bates et al. 2015), ‘stats’ (Im; R Core Team 2017) and ‘car’ (type Il Wald’s test;
Fox and Weisberg 2019) packages. Offspring whose phenotypic sex could not be assessed

due to mortality were excluded from sex reversal analysis.

Results

There were significant differences in gestation length between individuals under the different
thermal conditions and between individuals from the two populations. These effects were
consistent across both experiments (thermoregulation and no thermoregulation). Specifically,
individuals in the treatments with more restricted thermal opportunities had longer gestation
lengths than those with prolonged thermal opportunities. Gestation length was also longer in
individuals from the low elevation population compared to the high elevation population
(Figure 1, Table 2). We found no significant interaction between these two main effects in

either the ‘no thermoregulation’ or ‘thermoregulation’ experiment (Table 2).
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Figure 1. Histogram of gestation lengths for high elevation (blue) and low elevation (red)
Carinascincus ocellatus females held in ‘thermoregulation’ (Long, Short) and ‘no
thermoregulation’ (High, Medium, Low) experiments. Individual treatments within each
experiment are indicated.

Table 2. Summary statistics from linear models testing the affect of treatment and population
and their interaction on gestation length in high and low elevation populations of
Carinascincus ocellatus with divergent sex determination.

No thermoregulation experiment

Treatment Population Interaction

F2,1.65=148.9 p <0.001 F(1,002=3.9 p=0.05 F(2,0.005=0.46 p=0.63

Thermoregulation experiment

Treatment Population Interaction

F(1,1.83=181.5 p <0.001 F(1,025=25.1 p<0.001 F,0014=1.4 p=0.23

We identified a substantial proportion of sex reversed C. ocellatus males (phenotypic males
with an XX genotype) in both the ‘no thermoregulation’ and ‘thermoregulation’ experiments.
Sex reversed individuals were identified in both populations (Table 3). No phenotypic
females with an XY genotype were observed. Sex reversed individuals were more commonly
observed in the cool treatment in both the ‘no thermoregulation’ and ‘thermoregulation
experiments (Table 3). In the ‘no thermoregulation’ experiment, offspring had a 21.5 and 5.9

times higher odds of being sex reversed relative to the high treatment (33.0°C ) when under
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the low (26°C) and medium (29.5°C) treatments respectively. In the ‘thermoregulation’
experiment, offspring had a 6.5 times higher odds of being sex reversed when under the short
(4h) treatment relative to the long (10 h) treatment. These effects of the developmental
environment on sex reversal were consistent across both populations (e.g., there was no

interaction between treatment and population; Table 3).

Table 3. Number of offspring from gravid low elevation and high elevation Carinascincus
ocellatus females held in ‘no thermoregulation’ or ‘thermoregulation’ experiments and
number that were found to be sex reversed (XX males). Numbers in parentheses are the total
number of offspring born (excludes mortalities). Summary statistics from type II Wald’s test
of GLMM testing the affect of treatment and population on sex reversal are included.

no Low elevation High elevation
thermoregulation No. offspring No. sex No. offspring  No. sex reversed
experiment reversed

High (33.0°C) 48 (48) 1 60 (60) 0

Med (29.5°C) 41 (42) 2 57 (60) 3

Low (26.0°C) 31 (35) 6 11(12) 1

Treatment y* 3=8.5 p=0.04  Population y*2=0.90 p=0.64 Interaction y>2=0.61 p=0.74

thermoregulation Low elevation High elevation

experiment No. offspring No. sex No. offspring  No. sex reversed
reversed

Long (10 h) 37 (42) 2 56 (60) 1

Short (4 h) 37 (43) 8 45 (47) 7

Treatment %1)=7.3 p=0.007  Population y*1=1.1 p=0.30 Interaction *1)=0.26 p=0.61

We then examined the links between gestation temperature and the proportion of sex
reversals at the population level by regressing the proportion of sex reversals per
experimental treatment and population on to that treatment/population mean gestation length
(which acts as a proxy for developmental temperature). The proportion of sex reversed

offspring was significantly related to mean gestation length (y%1y=14.5, p<0.001); for every
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increase in mean gestation length of one day, the odds of sex reversal increased by 5.0%
(Figure 2). These effects of gestation length were consistent across both populations

(x°1)=0.29, p 0.59) with no overall difference in the extent of sex reversal between

populations (x%1y=0.06, p 0.80).

High elevation
® Low elevation

o
N}

o
o

Proportion of sex reversed offspring
o

100 120 140
Gestation length (days)

Figure 2. Relationship between gestation length (days) and the proportion of XX male (sex
reversed) offspring in low elevation (red) and high elevation (blue) gravid Carinascincus
ocellatus females held in thermal experiments.

Cohort sex ratios showed significant or borderline significant deviations from 50:50 in five
treatments and ranged from 0.45 to 0.72 in the ‘no thermoregulation’ experiment and 0.36 to
0.59 in the ‘thermoregulation’ experiment (low elevation High: 2=0.75, p=0.39; Med:
v?=0.38, p=0.54; Low: %*>=3.12, p=0.08; high elevation High: y>=2.77, p=0.10; Med:
v*=4.41, p=0.04; Low: 3>=2.27, p=0.13; low elevation Long: 3>=2.95p=0.09; Short: 3°=0.95,
p=0.33; high elevation Long: %>=0.86, p=0.35; Short: ¥*>=1.72, p=0.19; Figure 3). This
variation in treatment level sex ratios showed some congruence with the above patterns of sex

reversal. Specifically, male biases were more often observed in cooler or shorter treatments
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where sex reversal occurred at a higher frequency, and female biases observed in the warmer

and longer treatments with fewer observed sex reversed males (Figure 3).
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Figure 3. Proportion of sex reversed offspring (lower panel) and proportion of females and
males (upper panel) born from gravid low elevation (red) and high elevation (blue)
Carinascincus ocellatus females held in ‘no thermoregulation’ (High, Medium, Low) and
‘thermoregulation’ (Long, Short) thermal experiments. Black dashed line indicates sex ratio
at 1:1. “*’ indicates p<0.05, ‘.” Indicates p<0.15.

Discussion

Here we provide evidence that temperature-induced sex reversal occurs in Carinascincus
ocellatus, the first report of this mechanism in a viviparous reptile. Sex reversal in C.
ocellatus was unidirectional, with phenotypic males possessing the XX genotype but no
evidence of XY females. While the proportion of sex reversed individuals was consistently
higher in the low elevation population, this failed to reach significance and the proportion of
sex reversals increased with decreasing temperature in both populations. We found
qualitative evidence that variation in sex ratios correspond with the extent of sex reversal.
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These results agree, in part, with our prediction of population-specific sex reversal in C.
ocellatus. However, these effects do not appear to fully explain long term population-specific
sex ratio responses to temperature, and we discuss the implications of this for understanding

evolutionary transitions in sex determination.

The prevalence of sex reversal was significantly associated with cooler developmental
temperatures and shorter basking opportunity for gravid females. This was consistent both
when we examined differences in the extent of sex reversals between treatments and also
broader scale variation in sex reversals as a function of gestation length (a proxy for
developmental temperature; Cunningham et al. 2017; Pen et al. 2010; Wapstra et al. 2009).
These results are consistent with data from our long-term field study which shows that there
is an excess of males observed in cool seasons in low elevation C. ocellatus (Cunningham et
al. 2017; Pen et al. 2010), suggesting a role for sex reversals as a mechanism responsible for
male bias. These results fit with the gene dosage model of reptile sex determination proposed
by Quinn et al. (2007). In this model, sexual phenotype is determined by the dosage of a sex
determining gene as occurs in birds (Smith et al. 2009), rather than the presence or absence of
a sex determining gene as occurs in therian mammals (Koopman et al. 1990). Evidence
supporting this model of sex determination in other reptiles comes from both ZZ/ZW and
XX/XY species (Quinn et al. 2007; Radder et al. 2008; Dissanayake et al. 2020). When an X-
linked sex determining gene product in an XX/XY system is sensitive to temperature (e.g.,
through down regulation of gene transcription or denaturing of the resulting gene product),
XX genotypes can fail to reach the threshold for female phenotype and are diverted down the

male developmental pathway.

While our work provides evidence for sex reversal as the mechanism responsible for male
biased sex ratios, our data also suggests that this mechanism operates in both populations and
across a broader range of thermal regimes than we predicted. Indeed, we predicted sex
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reversed individuals in frequencies consistent with observed long term sex ratio responses to
temperature across altitudes in C. ocellatus populations (XX males in cool / short and XY
females in warm / long treatments, respectively at low elevation, no sex reversal at high
elevation; Cunningham et al. 2017; Pen et al. 2010). However, the observation of sex
reversed males at both elevations and in warmer treatments suggests the mechanism
responsible for long-term geographic divergence in sex ratio responses to climate is more
complex than can be explained by a single process such as sex reversal. In addition, our
results do not explain the female biased sex ratios observed in warmer seasons at low
elevation. Specifically, the lack of XY reversals to female phenotype in warmer / longer
treatments also suggests there is another factor contributing to biased sex ratios in C.
ocellatus that was not immediately apparent from our manipulations of developmental
temperatures and basking. Sex-specific mortality during development has been ruled out in
this species (Wapstra et al. 2004). Given that sex reversal is operating in both populations,
albeit to a lesser extent at high elevation, the mechanism responsible for female biases at low

elevation may also be operating in both populations.

The observation of sex reversed males in both populations emphasises that the systems of sex
determination in C. ocellatus are in the early stages of divergence and this chronology is
supported by independent data (Hill et al. 2021b). Thermosensitivity of genetic sex
determination is likely an ancestral state, that although maintained to present in both
populations, has been modified in one relative to the other by selection for population-
specific sex ratio responses to climate (Pen et al. 2010). However, sex reversal in both
populations is evidence that the minor differences in sex chromosomes between the
populations (Hill et al. 2018; Hill et al. 2021a) are not the only mechanism driving
differences in sex ratios between the populations. The populations therefore also differ in

other factors that influence sex ratios. For example, females from low elevation bask less and
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achieve lower body temperatures than females from the high elevation when held under the
same basking regimes (Cadby et al. 2014; Caldwell et al. 2017; Uller et al. 2011) therefore
population differences in female basking behaviour might be expected to contribute to sex
ratio response to temperature. Given we made efforts to control for population differences in
maternal basking by holding females at constant temperatures, this suggests environmental
temperature may translate to offspring developmental temperature differently in each
population via female physiology. Further, clutches with sex reversed XX males also
contained non-sex-reversed XX females, reflecting heritable variation in the threshold at
which sex reversal occurs. Examining such within clutch/litter effects is experimentally

possible with oviparous species but challenging with viviparous species.

Our selected thermal regimes may limit our ability to tease apart the intricacies of the
interaction between maternal basking and physiology and offspring physiology and sex
determining threshold in each population because they may represent limited thermal
conditions compared to those that females experience in the wild despite that they
encompassed measured gravid female preferred body temperatures (Cadby et al. 2014). A
lack of female biased sex ratios in warm treatments and long basking opportunity supports
this, notwithstanding that female biases have been achieved in past work (Wapstra et al.
2004) using the same long basking opportunity. However, attempts to replicate laboratory
manipulations using free living animals frequently produce disparate results (Booksmythe et
al. 2017; Gruber et al. 2018). The complexities of population-specific trends in sex ratio

response to temperature may only become apparent with further experimentation.

The presence of sex reversals in our populations could have significant direct and indirect
consequences for the ecological and evolutionary trajectory of these populations. For
example, juvenile sex reversed P. vitticeps females exhibit a suite of phenotypic traits
important to individual fitness (Li et al. 2016). Although some of these do not persist into
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adulthood (Jones et al. 2020), sex reversed P. vitticeps females are fertile and produce more
eggs per clutch than do normal ZW females (Holleley et al. 2015) thus influencing sex ratio
variation in subsequent generations. Specifically, we found that sex reversals corresponded to
some degree, but not completely, with variation in sex ratios which suggests that they have
significant implications for the extent of sex ratio variation within and between years.
However, sex determination during oviparous development is contained within the egg and
there are no intra-clutch effects from circulating sex hormones. In contrast, the intrauterine
environment experienced by offspring during viviparous development has a strong influence
on fitness. Clutch sex ratios biased towards one sex may decrease the fitness of the minor sex
because the circulating sex hormones can either masculinise females or feminise males
depending on the sex ratio of the clutch (Uller 2003). This emphasises the need to understand

the fitness consequences of sex reversal within the context of viviparity.

The presence of sex-reversed individuals has been suggested as a mechanism for transition
from GSD to TSD. If XX male C. ocellatus suffer no fitness deficits and are fertile,
successful mating between XX males and XX females will result in litters with all XX
offspring; the sex of these offspring will be determined by temperature. If the temperature
threshold at which sex reversal occurs is also evolving in this system (as it is in P. vitticeps;
Holleley et al. 2015), divergent selection across altitudes on this sex reversal threshold could
be driving the transition in sex determination by maintaining thermosensitive sex
determination at low elevation, while favouring GSD at high elevation. If the frequency of
XX males increases, there is the potential for a transition to TSD where all individuals are
XX genotype and the Y chromosome is lost, analogous to the P. vitticeps system (Holleley et
al. 2015; Quinn et al. 2011). However, future climates are predicted to become warmer,
which in the C. ocellatus system whilst not necessarily eliminating XX sex reversal, will

reduce its frequency in populations, making it unlikely that this system will undergo a climate
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mediated transition to TSD via sex reversal. In addition, several factors including gene flow,
heritable variation in the threshold for sex reversal and environmental fluctuations are likely
to attenuate transitions to TSD (Schwanz et al. 2020). Further, current models based on long-
term C. ocellatus sex ratio data suggest that sex ratios will become more female biased at low
elevation under climate change, potentially promoting population growth and expansion

(Cunningham et al. 2017).

Female biases in warm temperatures can be achieved without XY sex reversal, thus avoiding
the costs of the YY genotypes that would result from XY females mating with XY males
(Ezaz et al. 2006; Perrin 2009). For example, if the cohort genotypic sex ratio is XX biased,
the phenotypic sex ratio can become biased towards males via sex reversal in cool seasons or
towards females via warm developmental temperature in warm seasons. Our results support
this hypothesis because although female biased sex ratios occur in warm seasons in low
elevation C. ocellatus, all the female offspring in our study have the XX genotype, even in
treatments with a slight female bias (e.g., long bask). Excess XX genotypes could occur due
to several mechanisms. For example, sperm sex ratios biased towards the X chromosome
would result in biased sex ratios at fertilisation, and sex reversed XX males mating in the
population is also a plausible source of excess XX genotypes. Assessing XX male fitness and
investigating the mechanism behind female biased sex ratios will increase our understanding
of how sex reversal, sex ratios and climate interact and allow accurate predictions of the
consequences of warming climate to populations. It will also further our understanding of the
evolution of sex determination in XY systems and will provide insight into broader patterns

of lability in sex determination across vertebrates.
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Chapter Five

Pleistocene divergence in the absence of gene flow
among populations of a viviparous reptile with
intraspecific variation in sex determination.

All of the research contained within this chapter has been published as:

Hill PL, Wapstra E, Ezaz T, Burridge CP 2021. Pleistocene divergence in the absence of gene
flow among populations of a viviparous reptile with intraspecific variation in sex
determination. Ecology and Evolution 00: 1-9. doi: 10.1002/ece3.7458

Abstract

Polymorphisms can lead to speciation if there is differential mating success among
conspecifics divergent for a trait. Polymorphism for sex determining system might be
particularly expected to isolate gene pools, given strong selection for the production of viable
males and females and the low success of heterogametic hybrids when sex chromosomes
differ (Haldane’s rule). Here we investigated whether populations exhibiting polymorphism
for sex determination are genetically isolated, using the viviparous snow skink Carinascincus
ocellatus. While a comparatively high elevation population has genotypic sex determination,
in a lower elevation population there is an additional temperature component to sex
determination. Based on 11,107 SNP markers, these populations appear genetically isolated.
‘Isolation with Migration’ analysis also suggests these populations diverged in the absence of
gene flow, across a period encompassing multiple Pleistocene glaciations and likely greater
geographic proximity of populations. However, further experiments are required to establish
whether genetic isolation may be a cause or consequence of differences in sex determination.
Given the influence of temperature on sex in one lineage, we also discuss the implications for

the persistence of this polymorphism under climate change.
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Introduction

Speciation occurs when lineages become reproductively isolated due to a trait polymorphism.
If mating success is lower among individuals that differ for a given trait, lineages will diverge
in the frequency of that trait and experience further reductions in gene flow, potentially
initiating speciation. Trait polymorphisms that may particularly promote speciation include
those related to mate choice (e.g., sexual dichromatism; Jenck et al. 2020; Portik et al. 2019),
breeding phenology (Taylor and Friesen 2017), parity (Horreo et al. 2019), vocalisations
(Campbell et al. 2019; Luo et al. 2017) and karyotype, particularly those involving
chromosomes that determine sex (i.e., sex chromosomes; Bracewell et al. 2017; Faria and

Navarro 2010; Kitano et al. 2009; O'Neill and O'Neill 2018; Zhang et al. 2015).

Sex determination, which directs gonadal differentiation in sexually reproducing organisms
(Bachtrog et al. 2014; Hayes 1998), often has a strong chromosomal basis which is highly
conserved within groups, reflecting strong selective constraint on the production of viable
males and females. For example, the systems of genetic sex determination (GSD) are fixed in
therian mammals and birds, represented by heterogametic XY male and ZW female
chromosome systems, respectively (Graves 2006; Ohno 1967). However, sex determination
is comparatively labile in reptiles (Alam et al. 2018; Janzen and Phillips 2006; Johnson
Pokorna and Kratochvil 2016), where offspring sex is controlled either by genes (both male
and female heterogametic systems), the environment (e.g., temperature dependant sex
determination, TSD), or by a combination of genes and the environment (GSD with
environmental effects, GSD + EE; Cornejo-Paramo et al. 2020; Ezaz et al. 2006; Holleley et
al. 2015; Quinn et al. 2007; Radder et al. 2008; Sarre et al. 2004). Although transitions

among these systems were initiated as an intraspecific polymorphism, it is unknown whether
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they were accompanied by reproductive isolation. Within squamates, the family Scincidae
shows evidence of conserved sex chromosomal regions between some lineages (Cornejo-
Paramo et al. 2020; Dissanayake et al. 2020) in addition to temperature sensitivity in sex
determination (Holleley et al. 2016). However, variation in the degree of sex chromosome
differentiation, number of sex chromosomes (Ezaz et al. 2009) and system of heterogamety
(Patawang et al. 2017) exists, and our understanding of the mechanisms of evolutionary

transitions in sex determination and how they impact demographics remains poor.

Low mating success is expected among individuals when differences in sex determination
reflect gross chromosomal differences (e.g., sex chromosome presence, composition, or
system of heterogamety; Haldane 1922; Lima 2014; O'Neill and O'Neill 2018; Phillips and
Edmands 2012). However, not all changes to the sex chromosomes result in incompatibilities.
When genes and temperature interact to determine sex, a temperature override of the genetic
sex determination signal can produce individuals whose sexual phenotype does not match
their sexual genotype (known as sex reversal). This phenomenon is occurring in wild
populations of the central bearded dragon, Pogona vitticeps, which has a thermosensitive
ZW/ ZZ system of sex determination, resulting in the production of females (normally ZW)
with a male genotype (ZZ) (Holleley et al. 2015). While the W chromosome has been lost in
these sex reversed females, and the thermal threshold for sex reversal is evolving in this
system (Holleley et al. 2015; Quinn et al. 2011), the Z chromosomes remain homologous and
77 males can successfully breed with ZZ females under laboratory conditions (Holleley et al.
2015). For a transition in sex determining system to lead to postzygotic incompatibilities via
hybrid inviability or sterility, the transition must involve changes to the sex chromosomes

such that they show deleterious interactions on a hybrid background (Haldane 1922).

The viviparous Tasmanian spotted snow skink, Carinascincus ocellatus (formerly

Niveoscincus), 1s an extraordinary example of a species exhibiting incipient divergence in sex
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determination (Cunningham et al. 2017; Pen et al. 2010; Wapstra et al. 2004). This species is
widely distributed across a broad altitudinal and climatic range in Tasmania, from sea level to
1200 m (Wapstra and Swain 2001; Wapstra et al. 1999). Long-term field data and laboratory
experiments document variation in sex ratio with temperature at a comparatively ‘warm
coastal’ population, but parity of sex ratios regardless of temperature at a ‘cool sub-alpine’
population (Pen et al. 2010; Wapstra et al. 2009). In addition, population-specific sex-linked
DNA variation exists in both C. ocellatus sex determining systems and sex chromosomes in
the two populations have minor structural differences (Hill, et al. 2021). Therefore, a high
elevation population exhibits GSD (50:50 sex ratios facilitated by high elevation XY sex
chromosomes in the absence of thermosensitivity), while a low elevation population has
GSD+EE (biased sex ratios facilitated by low elevation XY sex chromosomes with
thermosensitivity; Hill et al. 2018). In the GSD+EE population, warmer years result in a
female biased sex ratio; cooler years result in a male bias (Cunningham et al. 2017; Pen et al.
2010). In C. ocellatus, the divergence in sex determination appears driven by climate-specific
selection: early birth confers a fitness advantage to females at low elevation because birth
date influences the onset of maturity and females have a higher lifetime reproductive fitness
when born early (Pen et al. 2010). At high elevations the shorter reproductive season and
longer period between birth and maturation preclude any advantage for either sex based on
birth date (Pen et al. 2010). In addition, interannual weather fluctuations selects against
GSD+EE at high altitudes to prevent extreme sex ratios (Pen et al. 2010). C. ocellatus
populations would have experienced this climate-specific selection as they dispersed from

refugia during the inter-glacial periods of the Pleistocene.

Although several studies have provided information regarding the genetic isolation of GSD
and GSD+EE C. ocellatus populations, they each contain caveats (Cliff et al. 2015; Hill et al.

2018). Firstly, phylogeographic analysis of mitochondrial DNA (mtDNA) revealed a lack of
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reciprocal monophyly between these populations and suggested that the ancestors of the GSD
and GSD+EE lineages likely occupied shared lowland refugia during Pleistocene glaciations,
including the Last Glacial Maximum, and were potentially interbreeding (Cliff et al. 2015).
Furthermore, the species is presently more-or-less continuously distributed between the GSD
and GSD+EE sites, with no obvious large-scale barriers to movement (Cliff et al. 2015),
suggesting the possibility of contemporary gene flow. However, the lack of mtDNA genetic
structuring among these populations may not refute contemporary genetic isolation of these
sex determining systems, given the potential for mitochondrial incomplete lineage sorting to
persist in large and recently diverged populations (Funk and Omland 2003). Secondly, a
detailed genomic analysis identified loci with population-specific sex-linked variation (33
loci in the GSD and 42 loci in the GSD+EE populations; Hill et al. 2018), suggesting genetic
isolation. Similarly, linkage disequilibrium amongst sex-linked SNPs common to both
populations is greater in the GSD than GSD+EE population (Hill et al. 2018). This suggests
disparate inhibition of sex chromosome recombination (and differentiation) among
populations, despite some regions being conserved relative to other taxa (Cornejo-Paramo et
al. 2020). However, crosses between individuals with different sex chromosomes could still
maintain population-specific sex-linked loci, while homogenising autosomal variation
depending on the strength of selection on hybrid incompatibilities (Presgraves 2018). Thirdly,
while we have attempted to cross-breed these populations, and copulations occurred
(suggesting no strong pre-mating isolation), there were no subsequent births, but breeding
experiments involving within-population crosses also had low success. Therefore, we lack
knowledge of whether the divergence of these sex determining systems may have impacted
autosomal gene flow between their populations more generally (without precluding genetic

isolation by other mechanisms).
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Here we used ‘Isolation with Migration’ models (Hey and Nielsen 2004) and neutral, non-
sex-linked single nucleotide polymorphisms (SNPs) to investigate whether autosomal gene
flow has accompanied divergence of the GSD and GSD+EE populations of C. ocellatus. This
approach is widely applicable to the exploration of whether gene flow between lineages has
been disrupted by divergence in traits (Hey 2010; Hey et al. 2018; Hey and Nielsen 2004;
Runemark et al. 2012). Furthermore, we used this approach to estimate the age of the
divergence of GSD and GSD+EE lineages, to address whether gene flow occurred between
them during their divergence. Reptiles’ close link with the thermal environment makes them
a compelling group for understanding the interactions between climate-mediated natural
selection on sex determining systems and gene flow among lineages. We discuss our findings
in the context of sex determination transitions against a background of Pleistocene climate
fluctuations and infer the consequences to GSD and GSD+EE populations of C. ocellatus

under climate change.

Methods

Study populations

We studied populations of C. ocellatus representing the climatic extremes of this species’
range: a warmer low elevation population (42 34’S, 147 52’ E; elevation 50 m) and a cooler
high elevation population (41 51°S, 146 34’E; elevation 1200 m. Figure 1). These are the
same populations that underpinned research on sex determination and sex-linked DNA
sequences in this species (Cunningham et al. 2017; Hill et al. 2018; Wapstra et al. 2004;
Wapstra et al. 2009). Mitochondrial genotypes for five and four individuals were included
representing the GSD and GSD+EE populations, respectively, and likewise 42 and 44

individuals for nuclear SNPs.
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Figure 1. Locations of GSD (high elevation; blue circle) and GSD+EE (low elevation; red
circle) populations of Carinascincus ocellatus with divergent sex determining systems.
Altitudinal gradient is indicated and grey shaded region represents the mitochondrial clade to
which these populations belong (Cliff et al. 2015). Inset: C. ocellatus.
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Neutral autosomal SNP and mitochondrial markers

The concatenated mitochondrial sequences (NADH2 and NADH4) were obtained from Cliff
et al. (2015). Neutral autosomal SNPs were derived from the dataset of Hill et al. (2018),
obtained using a high-throughput double digest, restriction enzyme reduced representation
sequencing approach (Kilian et al. 2012). All sex-linked SNPs from this dataset were
removed for this analysis. Secondaries (additional SNPs on the same fragment) were
removed from remaining loci using custom R script (R Development Core Team 2017); the
SNP with the highest reproducibility and polymorphic information content from each locus
was retained. SNP genotypes with an average reproducibility < 0.5, a call rate of < 0.9 and
loci monomorphic within populations were also removed using the dartR package (Gruber
and Georges 2019) in R. This left 11,107 SNPs with an average reproducibility of 0.99 and
call rate of 0.98. These SNPs were used to calculate pairwise Fst, visualise the genetic
similarity of the populations via a principle coordinates analysis in the dartR package (Gruber
and Georges 2019) and to identify individuals of mixed origin using STRUCTURE v 2.3.4
(Pritchard et al. 2000). We used the admixture model as implemented in STRUCTURE with
no prior information on geographic origin included. Runs were replicated five times and we
assessed the likelihood values for K=1 — 5 using the Evanno method (Evanno et al. 2005)
implemented in STRUCTURE HARVESTER (Earl and vonHoldt 2012). For each run we
used a burnin of 10° iterations and a further run length of 10° iterations. SNPs putatively
under selection (Fst in the 5™ percentile) and those not in Hardy-Weinberg Equilibrium
(HWE; p <0.05) in either population were then filtered from the data using Genepop
(Rousset 2008). From the remaining 9,453 loci, a set of 100 SNPs were chosen at random for
coalescent analysis; linkage amongst these loci was ruled out (R?<0.5) using the ‘genetics’

package (Warnes et al. 2013) in R.
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Isolation with Migration analysis

The level of gene flow accompanying divergence of GSD and GSD+EE populations, along
with their duration of divergence, was assessed under the “Isolation with Migration”
Bayesian framework of Hey and Nielsen (2004), employing IMa3 (Hey et al. 2018).
Mitochondrial sequences and dart-tags containing the neutral nuclear SNPs were analysed
concurrently to estimate lineage-splitting time and rates of gene flow between lineages in
each direction (Figure 2). The HKY mutation model (Hasegawa et al. 1985) was employed
for mtDNA sequence data, while the infinite sites model (Kimura 1969) was employed for
nuclear SNPs (Hey and Nielsen 2004). Uniform priors were employed for divergence time
and population size parameters, while exponential priors were employed for gene flow, given
an expectation that low rates were likely (mean of prior distribution 6 x10%, approximating
one individual per generation). Upper limits on uniform priors were initially set broadly, and
then based on inspection of posterior distributions, were narrowed in a subsequent run to
encompass the range of this posterior plus a margin of error; overly large priors reduce the
precision of estimates given the use of a finite number of bins to represent the posterior

distribution.

Isolation with Migration analysis was performed using Markov Chain Monte Carlo sampling
with 112 chains distributed across 14 processors, and a geometric chain heating scheme with
first and second heating parameters of 0.95 and 0.50, respectively. To reduce overall run-
time, an initial analysis was run and traces inspected to ensure stationarity of the sampling
distribution was achieved, and this was then used to seed four simultaneous analyses, each
run for 24-hours following a 10 min burnin and using unique random number seeds, to ensure
independence among runs. All runs were assessed for convergence using Tracer 1.7.1
(Rambaut et al. 2018) prior to combining the results. In total, 111,643 genealogies were
retained for estimation of model parameters.
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Information on mutation rate was employed to scale output into units of years (divergence
time, gene flow). Mitochondrial mutation rates were employed in the analysis, against which
mutation rates at the nuclear loci would be scaled. We followed the mean rate estimate of
1.52% divergence per million years based on calibrations from other squamates (Chapple et
al. 2011) and used by Cliff et al. (2015). To account for potential variation in mutation rate
(Ansari et al. 2019; Ho et al. 2005; Ho et al. 2007), we explored the consequences of using a
faster rate of 2.3% divergence per million years, reported from Canary Islands skinks (Brown
and Pestano 1998). Faster rates may be more applicable to reconstructing demographic
history over recent (<100,000 yr) timescales (Burridge et al. 2008). Failure to entertain time-
dependent rates of molecular change will lead to overestimation of divergence time and

underestimation of gene flow (Burridge et al. 2008).
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Figure 2. Flowchart for estimating divergence time and gene flow amongst GSD (high
elevation) and GSD-+EE (low elevation) populations of Carinascincus ocellatus using an
Isolation with Migration (IMa3) framework. Red denotes steps specific to the mitochondrial
locus.
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Results

The divergence of GSD+EE (low elevation) and GSD (high elevation) populations of C.
ocellatus occurred under negligible gene flow, and commenced between 0.61 and 0.92 Mya
(highest posterior density 0.16-2.30 Mya under different mutation rates, Table 1; Figure 3).
While analysis with a faster mutation rate (2.3% divergence/Myr) produced a more recent
estimate of the divergence time (Table 1), divergence still occurred within the Pleistocene,
and substantially pre-dated the Last Glacial Maximum. This result, and that of Cliff et al.
(2015), indicates that GSD and GSD+EE lineages were likely sympatric, and definitely more
proximate, at low elevation refugia through multiple Pleistocene glaciations, yet they still

diverged under negligible gene flow.

Table 1. Posterior estimates of divergence (split) time, gene flow and effective population
size (Ne) of GSD and GSD+EE populations of Carinascincus ocellatus based on
mitochondrial mutation rates of 1.52% and 2.30% divergence per million years. Median
values from posteriors are reported, along with 95% highest posterior densities (HPD) for
population splitting time (values for migration posterior were sensitive to prior distribution,
and hence are not reported). Note that migration rate (gene flow) posteriors are described
“backwards in time”.

) ) . Gene flow (per gene  Population size (Ne, million
Mutation  Split 95% per year) individuals)

ratef\}% 1t\i/Ime ‘I:IPDI GSD+EE GSDto GSD+EE GSD  Ancestral
perMyr) — (Mya) interval =/ GSD GSD+EE

1.52 0.92 Of;‘o‘ 3x10°  4x10°  0.63  0.55 9.8
0.16 ; ;
230 061 %107 axa0t axio 042 036 65
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Figure 3. Estimated marginal posterior densities for parameters from the Isolation with
Migration (IMa3) analysis of Carinascincus ocellatus populations with divergent sex
determining systems. (a) divergence time of populations, (b) Effective population sizes (Ne)
of ancestral, GSD and GSD+EE populations and gene flow from (c¢) GSD to GSD+EE and
(d) GSD+EE to GSD populations.

Pairwise Fst between the populations is 0.24, consistent with negligible gene flow compared
with both inter and intraspecific values reported for squamates (Dennison et al. 2012; Koc et
al. 2017; Tucker et al. 2014). In the principle component analysis, the major axis of variation,
PC1, explained 21.8% of the total variation in SNP genotypes and placed individuals into two
distinct groups representing our populations, with PC2 explaining a further 1.7% (figure 4).
These results were corroborated by STRUCTURE which assigned all individuals as pure

GSD or pure GSD+EE in origin (K=2; figure 4).
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Figure 4. Principle Coordinates Analysis (upper panel) and STRUCTURE (lower panel)
analysis conducted on 11,107 SNP genotypes of individuals collected from two populations

of Carinascincus ocellatus with divergent sex determining systems. Populations are GSD
(grey) and GSD+EE (black).

Discussion

The presence of contemporary genetic structure and an absence of gene flow during the
Pleistocene divergence of GSD and GSD+EE populations of C. ocellatus, across recurrent
periods of likely sympatry, raises the possibility that divergence in sex determining system
promoted broader genetic isolation. When mutations occur on a sex chromosome that
disrupts sex determination and leads to sex ratio skews (e.g., hybrid sterility in the
heterogametic sex which leads to sex ratios in favour of the homogametic sex; Haldane’s rule

e.g., Olsson et al. 2004), compensatory mutations that return sex ratios to parity are favoured
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(O'Neill and O'Neill 2018). These can occur on the alternative sex chromosome or the
autosomes (Meiklejohn and Tao 2010). This process, driven by genetic conflict over the sex
ratio, presents opportunities for further divergence of sex determination. If subsequent mating
occurs between lineages diverging in sex determination, incompatibilities at the genomic or
chromosomal level can result in post-zygotic isolation, inhibiting gene flow (Faria and
Navarro 2010; Meiklejohn and Tao 2010; Zhang et al. 2015). The Pleistocene represents an
important mediator of speciation in ectotherms (Avise et al. 1998). A mutation or a
polymorphism for epigenetic regulation arising and segregating on sex chromosomes in the
ancestral C. ocellatus population, once exposed to selection gradients across climate during
Pleistocene glacial cycles, could rapidly inhibit gene flow between sex determining systems.
Any of the population-specific sex-linked loci described for C. ocellatus (Hill et al. 2018)
could be responsible for initiating the observed differences in sex determination, and

potentially the isolation of their populations.

Although we have observed low gene flow during the divergence of sex determining systems
in C. ocellatus, we cannot yet exclude the possibility that divergence in sex determination
postdates the emergence of an alternative isolating trait. For instance, the impact of
geographic distance on genetic isolation requires consideration; in essence, whether the
genetic isolation we observe here exceeds that across a comparable geographic scale within a
sex determining system. Furthermore, testing whether sex reversal contributes to observed
population-specific sex determination in C. ocellatus is important, as sex reversed individuals
can provide a conduit for gene flow between systems (Holleley et al. 2015). While
morphologically distinct sex chromosomes are known to isolate lineages (Phillips and
Edmands 2012), the degree of differentiation required for this to occur is unknown. In the
case of C. ocellatus, sex chromosomes are similar between systems, with slightly more

repeats and heterochromatin on Y chromosomes from the GSD population (Hill et al. 2021).
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Likewise, the number of population-specific sex-linked markers (GSD n =33, GSD+EE n=
42) 1s small relative to those still shared between populations (n = 201; Hill et al. 2018). High
chromosomal similarity would also be expected if the difference in sex determining system is
merely a polymorphism for a temperature threshold in a shared gene product (Quinn et al.
2011). On the other hand, close examination of the life history of this species has not revealed
strong evidence for population-specific local adaptation in traits that may explain their
genetic isolation (Cadby et al. 2014; Caldwell et al. 2017; Cliff et al. 2015; Wapstra and
Swain 2001; Wapstra et al. 1999). For example, temperature reaction norms for gestation
length and offspring development are remarkably similar in each population (Cunningham et
al. 2020), however, further studies will reveal if local thermal adaptation has occurred since
isolation resulting in population-specific thermosensitivity of sex determination. Regardless
whether sex determination isolated populations or occurred subsequent to their isolation, our

estimate of divergence time places a lower limit on the timeframe of their divergence.

With evidence for isolation of populations at the extremes of the species range, it is important
to understand how different sex determining systems will impact population responses to
increases and fluctuations in temperature over rapid timescales. As temperatures rise, sex
ratios across the current C. ocellatus range will become increasingly female biased in
populations with GSD+EE (Cunningham et al. 2017; Pen et al. 2010; Wapstra et al. 2009).
Climate change is also shifting species’ distributions (Bonebrake et al. 2018), with higher
elevations becoming accessible to phenotypes that were historically excluded (Sinervo et al.
2010). Increased population growth due to an excess of females in GSD+EE populations
(Wedekind 2002), will also promote range shifts (Boyle et al. 2014; Boyle et al. 2016). If the
GSD and GSD+EE sex determining systems isolate these populations, this will inhibit the
transmission of potentially beneficial autosomal alleles between populations on secondary

contact, representing a potential impediment to their adaptation to changing environmental
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conditions. Alternatively, as climates warm and temperature fluctuations become more
extreme, and if dispersal is a limiting factor, a mismatch may occur between the climate
experienced by populations and their ability to sustain fundamental metabolic processes,
leading to local extinctions (Sinervo et al. 2010). Experiments designed to map the
geographic distribution of sex determining systems in C. ocellatus, combined with modelling
of future climate scenarios across its range, will confirm potential contact zones between
alternative sex determining systems and regions of the current and future distribution where

mismatches are most likely to occur between optimal sex determination and climate.
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Chapter Six

General Discussion

The evolutionary lability of sex determination is perplexing. Development as male or female
is near-ubiquitous amongst sexually reproducing organisms, yet the mechanisms that govern
this process are diverse (Bachtrog et al. 2014). Sex determination systems also display a
phylogenetically complex distribution, suggestive of multiple independent evolutionary
transitions (Janzen and Phillips 2006; Pokorna and Kratochvil 2009). Classic theory (Bull
1981) and contemporary mechanistic models (Sander van Doorn and Kirkpatrick 2007;
Perrin 2009; Pen et al. 2010; Sander van Doorn and Kirkpatrick 2010; Quinn et al. 2011;
Schwanz et al. 2013; Blaser et al. 2014; Schwanz et al. 2020) explain why these transitions
occur, however, understanding how they occur is difficult because of the evolutionary
timescales involved (Bachtrog et al. 2014; Vicoso et al. 2013). The distribution of genetic and
environmental sex determination and the variety in sex chromosome morphology and
homology across plants and animals (Adkins-Regan and Reeve 2014; Charlesworth and
Mank 2010; Gamble et al. 2015; Pennell et al. 2018; Quinn et al. 2011; Sarre et al. 2011),
suggests it is unlikely that there is a universal mechanism responsible for transitions between
systems. Our understanding of the general mechanisms responsible for transitions in sex
determination is limited and remains a major challenge in evolutionary biology. However,
characteristics of the genome, behaviour and physiology and aspects of population dynamics
in sex determination transitions are important to investigate, because these mechanisms are
often, but not ubiquitously, involved in transitions (Matsumoto et al. 2017; Pokorna and

Kratochvil 2009; Sarre et al. 2011).
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In this thesis, I combined next generation sequencing, traditional cytogenetic techniques,
experimental manipulation of development, traditional population genetics tools and
coalescent analysis to understand evolutionary transitions in sex determination using the
Tasmanian spotted snow skink, Carinascincus ocellatus as a model. This species is an
exceptional model for understanding the mechanisms that occur during a transition in sex
determination because populations at the elevational range extremes have different systems.
A high elevation population has genetic sex determination (GSD) and a low elevation
population has thermosensitive GSD (GSD+EE, sensu Valenzuela et al. 2003). This
difference is characterised by the population-specific response of offspring sex to temperature
captured in both long-term field studies and in laboratory temperature manipulations during
gestation (Cunningham et al. 2017; Pen et al. 2010; Wapstra et al. 2004; Wapstra et al. 2009).
I show that the underlying architecture of this transition is very subtle at a molecular (Hill et
al. 2018), chromosomal (Hill et al. 2021a) and physiological (Chapter 4) level. Whilst the
divergence was initiated during Pleistocene glaciations, it is likely still ongoing (Hill et al.
2021b). In this general discussion, I summarise the main findings and integrate these with
existing knowledge on sex determination across vertebrates to provide a mechanistic
overview of sex determination transitions. I also discuss some questions that have emerged
from this work and are important future directions for sex determination and sex chromosome

research.

Minor changes to the genome underpin sex determination transitions
Sex ratios in high and low elevation populations of C. ocellatus show different responses to
developmental temperature (Cunningham et al. 2017; Pen et al. 2010). Theoretical models
based on sex allocation theory and life history theory predict that selection across the
altitudinal gradient occupied by C. ocellatus favours emergence of sex determining genes and

thus GSD at high elevation, and loss of sex determining genes, and the emergence of TSD at
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low elevation (Pen et al. 2010). However, my research provides several lines of evidence that
suggest the observed population divergence in sex determination is underpinned by subtle
molecular, chromosomal and physiological mechanisms (Chapter4; Hill et al. 2018; Hill et
al. 2021a). This is likely because of the short timeframe over which sex determination has

diverged (Hill et al. 2021Db).

Both populations of C. ocellatus have XY heterogamety (Hill et al. 2018; Hill et al. 2021a).
This is evidenced by male-specific genetic sequence (Hill et al. 2018) and by homomorphic
sex chromosomes with a male-specific region (Hill et al 2021a). The C. ocellatus Y
chromosome is at least 79 million years old, based on sequence homology to the sex
chromosomes of the water skink, Eulamprus heatwolei (Scincidae; Cornejo-Paramo et al.
2020). The sex chromosomes are the same chromosome pair (pair 7) as in two further
scincids: Bassiana duperreyi and Pseudemoia entrecasteauxii (Donnellan 1985). Sex
chromosome sequence homology among C. ocellatus, B. duperreyi and P. entrecasteauxii is
yet to be explored and would be a worthwhile avenue for future research because it will allow
reconstruction of the ancestral sex chromosomes in this lineage and broader taxa (Ezaz et al.
2017; Kostmann et al. 2020). The homology between C. ocellatus and E. heatwolei combined
with the likely lack of homology between C. ocellatus and Liopholis whitii sex chromosomes
is particularly relevant (Hill et al. 2021a) and reflects the broader, seemingly haphazard
pattern of sex chromosome homology found between ZW birds, XY mammals and ZW, XY

and GSD+EE reptiles (Ezaz et al. 2009a; Kawai et al. 2009; Matsubara et al. 2006).

The sex chromosomes in both populations of C. ocellatus retain shared sex-linked sequence
(Hill et al. 2018). In addition, both C. ocellatus populations have retained a Y chromosome
region that is likely an ancient region of recombination suppression (Hill et al. 2021a;

Charlesworth et al. 2005; Ezaz and Deakin 2014; Matsubara et al. 2016; Ponnikas et al. 2018;
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Reichwald et al. 2015). Genes are therefore important to sex determination in both
populations, and each retains an ancestral molecular component to sex determination and a
region of recombination suppression on the Y chromosome (Hill et al. 2018; Hill et al.
2021a). My results from Hill et al. (2018) and Hill et al. (2021a) suggest that the predicted
emergence / loss of genes in C. ocellatus high and low elevation populations proposed by Pen
et al. (2010), may be ongoing, and that only minor changes to the genome are required before
population-specific sex ratio responses to temperature emerge. Alternatively, population
divergence in sex determination has reached its evolutionary endpoint and fallen short of the
predicted GSD / TSD dichotomy (Pen et al. 2010), because current population-specific
systems are optimal. If minor genomic changes are all that is required for a transition in sex
determination to occur, this can explain the high frequency of evolutionary transitions in sex
determination (Capel 2017; Janzen and Phillips 2006; Pennell et al. 2018; Pokorna and
Kratochvil 2009) and provides a mechanistic context for understanding the lability of sex

determination in vertebrates.

The divergence in C. ocellatus has occurred recently and lineages are reproductively isolated
despite potential sympatry during Pleistocene glaciations (Hill et al. 2021b; Cliff et al. 2015).
While my results do not imply causation, the lack of gene flow between diverging
populations may contribute to the rapid nature of this transition, and lineage isolation
occurring at, or near, the time of divergence may constitute a common feature of older
vertebrate transitions in sex determination. While the transition in sex determination in C.
ocellatus is recent, population differences between sex-linked sequence and sex
chromosomes, although minor, are apparent. One key difference concerns the continued
accumulation of population-specific sex-linked sequence since high and low elevation
populations diverged from their common ancestor (Hill et al. 2018). Selection across the

altitudinal gradient occupied by C. ocellatus populations favours the sex-linkage of different
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genomic regions. These regions are of interest to further research into the mechanisms
underpinning sex determination, as they may be relevant to how sex determination functions

in each population.

Another difference between the populations concerns the interaction between the X and Y
chromosomes (Hill et al. 2018; Hill et al. 2021a). Linkage disequilibrium between sex-linked
alleles is a direct measure of how often alleles on the sex chromosomes are inherited together
and 1s therefore an indication of recombination suppression. Recombination suppression is a
key evolutionary mechanism associated with morphological and genetic differentiation of sex
chromosomes (Charlesworth et al. 2005; Rice 1987). I found both molecular and
chromosomal evidence that recombination suppression between the X and Y chromosomes
differs in the study populations. Specifically, recombination among sex-linked alleles is
suppressed to a greater extent in the high elevation GSD population (Hill et al. 2018), and the
Y chromosome has accumulated more heterochromatin and repeats (Hill et al. 2021a). This
demonstrates the link between recombination suppression at a molecular level and the
accumulation of heterochromatin and repeats on the Y chromosome. C. ocellatus high
elevation X and Y chromosomes are more differentiated than their low elevation counterparts
which is expected given sex ratios in the high elevation population imply GSD (Pen et al.
2010). My work reveals the link between population specific selection for different systems

of sex determination (Pen et al. 2010) and sex chromosome evolution.

The presence of sex-linked sequence and sex chromosomes in both C. ocellatus populations
raises the question of how temperature impacts the sex ratio in the low elevation population.
The sex inherited at fertilisation can be overridden by temperature in reptiles, even species

with heteromorphic sex chromosomes (Quinn et al. 2007; Shine et al. 2002). Offspring then

develop as the phenotypic sex that is opposite to their genetic sex and are thus sex reversed.
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In oviparous reptiles, such as Pogona vitticeps (Agamidae) and Bassiana duperreyi
(Scincidae), sex reversal occurs in the homogametic sex (ZZ sex reversed female P. vitticeps,
Holleley et al. 2015; XX sex reversed male B. duperreyi, Holleley et al. 2016). The fitness
consequences of sex reversal have been demonstrated (Holleley et al. 2015) and have been
used to model its evolutionary outcomes (Quinn et al. 2011). Mating of sex reversed
individuals can lead to the loss of the sex-specific chromosome (Y or W) and the evolution of
TSD (Holleley et al. 2015; Quinn et al. 2011). The demonstration of sex reversal in a
viviparous system provides an opportunity to examine the generality of these models to a

broader range of taxa.

Because sex ratios do not deviate from parity in the high elevation, GSD population of C.
ocellatus (Cunningham et al. 2017; Pen et al. 2010), I predicted that I would not find sex
reversal in this population. However, because sex ratios can be biased in either direction in
the low elevation population, I predicted sex reversal of the homogametic sex (XX) to male
in cool temperatures and of the heterogametic sex (XY) to female in warm temperatures.
However, I found sex reversal of the homogametic sex (XX male) in both populations of C.
ocellatus and no sex reversed (XY) females in either population. Sex reversal, along with
conserved genetic sequence (Hill et al. 2018) and conserved Y chromosomal regions (Hill et
al. 2021a), is therefore another aspect of sex determination that is shared between populations
and 1s not reflected in the different sex ratio response to temperature observed in nature or in
previous experiments (Pen et al. 2010; Wapstra et al. 2004; Wapstra et al. 2009). This

suggests there is another mechanism contributing to the population-specific sex ratio
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response to temperature observed in C. ocellatus. Such mechanisms may, for example,

involve population differences in the epigenetic regulation of sex determination.

Sex reversal in C. ocellatus in my experiments is significantly correlated with temperature
and restricted to the homogametic sex (XX, Chapter 4). My results therefore explain the
mechanism behind observed male biases in the GSD+EE population of C. ocellatus. Cool
experimental temperatures and reduced basking opportunity for females resulted in a higher
proportion of sex reversed XX males, consistent with male biases in cool seasons at low
elevation. However, the mechanism responsible for the female bias at warm temperatures in
this population remains unknown. In addition, because sex reversal occurs in the GSD
population, there must be an additional mechanism maintaining sex ratios at parity in this

population.

The relationship between incubation temperature and sex reversal is not straightforward in
reptiles with thermosensitive sex determination. For example, individual variation in thermal
thresholds explains variation in sex reversal across the P. vitticeps distribution (Castelli et al.
2020). I also found evidence of variation in individual thermal thresholds for sex reversal in C.
ocellatus (Chapter 4), which emphasizes the complexity of sex determination. Evidence of
variation in thermal thresholds in C. ocellatus comes from two observations in Chapter 4.
First, litters with XX sex reversed males also contained XX females, suggesting that litter mates
had different thermal thresholds for sex reversal. Second, sex reversed XX males were found
in the hotter / longer thermal treatments suggesting that the variation around thresholds for sex
reversal is high. Evolving thermal thresholds for sex reversal are a likely component of the
evolutionary transitions in sex determination and populations of C. ocellatus may be divergent
for this trait. Thresholds for sex reversal are lower in offspring of sex reversed P. vitticeps

females, resulting in ZZ offspring that reverse to female at lower temperatures than ZZ
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offspring from ZW females (Holleley et al. 2015). Despite the challenges involved with
examining such effects in viviparous species, assessing thresholds for sexual phenotype in C.
ocellatus populations would be a valuable avenue for further research into how and why they

vary and whether they contribute to evolutionary transitions in sex determination.

Sex determination in Carinascincus ocellatus can help infer the
ancestral state in Squamata

At high elevation, selection for stable sex ratios is driving this C. ocellatus population
towards GSD (Pen et al. 2010). While both populations possess sex-linked sequence, linkage
between sex-linked loci is tighter (Hill et al. 2018) and sex chromosomes are more
heterochromatic and repeat rich at high elevation (Hill et al. 2021a). However, while sex
ratios in nature are always at parity in this population, in the laboratory sex reversal still
occurs; at cool temperatures some high elevation XX genotypes reverse to male (Chapter 4).
Therefore, both populations of C. ocellatus possess a genetic and thermal component to sex
determination (Hill et al. 2018; Hill et al. 2021a; Chapter 4). Because transitions from
environmental to genetic sex determination in squamates are higher than the reverse, GSD is
likely more stable (Pennell et al. 2018) and the processes governing sex chromosome
evolution are likely irreversible (Hill et al. 2021a). My results suggest sex determination in
the low elevation population is thus closer to the sex determining system present in the most
recent common ancestor (Hill et al. 2021a). Therefore, rather than strict GSD or TSD being

ancestral in C. ocellatus, thermosensitive genetic sex determination may be ancestral.

The ancestral squamate sex determining system is suggested as TSD, however, the ancestral
state of sex determination in Scincidae is equivocal and depends on whether putative TSD
skinks are included (Gamble et al. 2015). Estimates of the ancestral state of sex determination
in squamates as either TSD or GSD is inconsistent with the idea that sex determination exists

along a continuum between TSD and GSD (Sarre et al. 2004). The likelihood that
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thermosensitive sex determination is common in both XY and ZW squamates and across both
oviparous and viviparous taxa (Chapter 4; Holleley et al. 2016) suggests that the ancestral

state may exist on a continuum between TSD and GSD, rather than as either TSD or GSD.

Understanding broader patterns of sex determination transitions
Reptiles represent an ideal taxon for answering questions surrounding both sex determination
transitions and sex chromosome evolution because sex determination and sex chromosomes
are diverse in this group and transitions have occurred rapidly and frequently (Janzen and
Phillips 2006; Pokorna and Kratochvil 2009). Sex determination and sex chromosomes
among both distantly and closely related vertebrate lineages share evolutionary origins
(Cornejo-Paramo et al. 2020; Dissanayake et al. 2020; lannucci et al. 2019; Kawai et al.
2009; Rovatsos et al. 2014; Rovatsos et al. 2016), while others have evolved independently
(Hill et al. 2021a; Ezaz et al. 2009a; Koubova et al. 2014; Matsubara et al. 2014) and

understanding the complex phylogenetic patterns of homology remains challenging.

Research using C. ocellatus is important because it represents a recent transition in sex
determination. Thermosensitive sex determination may be widespread in reptiles (Holleley et
al. 2016), contributing to the diversity observed in sex determination in this group.
Comparisons of sex determination and the sex chromosomes of C. ocellatus to those of
congenerics and more distantly related species will facilitate informed conjecture into the
ubiquity of mechanisms that allowed ancient transitions in sex determination and further
illuminate the complex architecture of its evolution. Investigating the homology of sex
chromosomes and the mechanisms that underpin sex determination in squamate lineages
should be a continued focus of future research into the diversity of sex chromosomes and sex
determination because it will help inform the earliest origins of sex chromosomes and sex

determination.
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Emerging Questions

How are female sex ratio biases achieved in Carinascincus ocellatus
at low elevation without XY sex reversal?

Investigating the genetic sex ratios that underly the phenotypic sex ratios in high elevation
GSD and low elevation GSD+EE populations of C. ocellatus may provide an explanation for
population-specific sex ratio biases occurring in the wild. The gene dosage model (Quinn et
al. 2007), which is often used to explain sex reversals assumes that a 50:50 genetic sex ratio
at fertilisation underlies the interaction between genes and temperature. In thermosensitive
XX/XY, the proportion of XX embryos at fertilization determines the number of females that
can develop, but also the potential number of male sex reversals, depending on thermal
conditions. If 50% of embryos are XX then 50% of progeny have the potential to sex reverse
to male (e.g., C. ocellatus in cool temperatures). If all these embryos reverse, 100%
phenotypic male litters can result (e.g., Wapstra et al. 2004). If no sex reversal occurs, litters
are expected to comprise, on average, 50% females and 50% males. However, if the
proportion of thermosensitive XX embryos at fertilization is 65%, for example, sex reversal
of males can still occur at low temperatures (and still achieve 100% phenotypic male litters if
all XX genotypes reverse), however, female biased sex ratios can occur at warmer
temperatures (up to 65% female in this example), if all the XX genotypes achieve female

phenotype. Note that a small number of male reversals (15%) brings the sex ratio to parity.

An excess of XX genotypes at fertilisation could occur several ways. First, if XX sex
reversed males are viable and fertile and successfully mating with XX females in the wild,
this would result in an excess of XX genotypes in the population. Clutches from XX males

would be expected to contain only the XX genotype, analogous to ZZ offspring from ZZ sex
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reversed female P. vitticeps (Holleley et al. 2015). Understanding XX male fitness is a logical
next step for research into sex determination transitions because there are consequences to
populations associated with sex reversal and biased sex ratios (Chapter 4; Boyle et al. 2014;
Schwanz et al. 2020; Wedekind 2017). Sex ratios that become heavily biased towards either
sex can have consequences for population growth and persistence if one sex becomes limiting
(Boyle et al. 2014; Le Galliard et al. 2005; Valenzuela et al. 2019; Wedekind 2017), resulting
in deterioration of genetic diversity and reduced adaptive potential, with consequences for

species distributions (Mitchell and Janzen 2010).

A second possible source of an XX bias at fertilisation is X chromosome meiotic drive, where
transmission of the X chromosome is favoured during spermatogenesis (Lindholm et al.
2016). This would result in X-biased sperm sex ratios (Helleu et al. 2019; Pokorna et al.
2014). This type of genomic conflict between the X and Y chromosome over transmission
during meiosis can evolve rapidly and contribute to hybrid incompatibilities and species
divergence (Meiklejohn and Tao 2010; O'Neill and O'Neill 2018). If the X chromosome is
preferentially favoured over the Y during spermatogenesis in C. ocellatus, litters would
comprise on average an excess of XX genotypes but also contain XY genotypes because
males would still possess Y-bearing sperm. The population genotypic sex ratio of offspring

would reflect the population sperm sex ratio.

Lastly, sperm sex ratio biases can occur subsequent to spermatogenesis via sperm
competition. This has been documented in a wide range of vertebrates including mammals,
birds and reptiles, and can occur in the female reproductive tract during sperm storage
(Birkhead and Moller 1993; Friesen et al. 2020). Mating in C. ocellatus mostly takes place
prior to winter hibernation and females store sperm until they ovulate after spring emergence
in both populations (Jones et al. 1997; Wapstra et al. 1999). In another squamate, the painted

dragon, Ctenophorus pictus, excess sons are produced from older, stored sperm (Olsson et al.
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2007). C. pictus has ZW heterogamety (Ezaz et al. 2009b); male biases could therefore be a
result of W chromosome-bearing sperm death during storage. If the equivalent mechanism is
operating in C. ocellatus (increased death of Y-bearing sperm), this would result in an excess

of X chromosome-bearing sperm and an excess of XX genotypes at fertilisation.

The female biased sex ratios consistently associated with warm seasons in the GSD+EE
population of C. ocellatus are possible without XY reversals if sex ratios at fertilisation are
XX biased. The capacity for sex reversal of the XX genotype to male at low temperature
persists in the GSD population, albeit to a lesser extent than in the low elevation, GSD+EE
population (Chapter 4). The lack of female bias in the GSD population may be a result of
genetic sex ratios that are closer to 50:50. If sex reversal occurs in the wild at high elevation,
it may be occurring at a low enough frequency that XX reversal to male phenotype may not

appreciably bias the population phenotypic sex ratio towards males, and thus go undetected.

The prevalence of sex reversed adult males can be assessed by genotyping adult males from
each population using loci I designed in Hill et al. (2018) or from experiments designed to
test the survival and fitness of experimentally produced sex reversed males. Further, cohorts
from each population across years can be genotyped to track genotypic sex ratios of litters
using the panel of sex-linked markers developed in Hill et al. (2018) or a subset thereof. In
addition, sperm sex ratios both at the time of mating and at various time points during storage
in the female reproductive tract are easily investigated using the Y chromosome probe set
developed in Hill et al. (2021a) or by testing the paternity of offspring from mating before
and after hibernation as per Olsson et al. (2007), and represents a valuable extension of my

work.
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Why are the intrauterine effects of viviparity compatible with sex
reversal?

TSD is favoured when there are sex-specific fitness benefits related to developmental
temperature (Charnov and Bull 1977). However, viviparity is expected to constrain sex ratio
evolution because of the intra-uterine effects on the fitness of the minority sex (Uller 2003).
For example, in a female biased clutch, sex steroids can cross the fetal membrane of male
siblings, resulting in their feminisation (Even et al. 1992; Uller and Olsson 2003). My results
demonstrate that sex reversal occurs in a viviparous species. Further by manipulating female
body temperature in experiments that either restricted or allowed females to thermoregulate, I

showed that maternal basking does not buffer the prevalence of sex reversal (Chapter 4).

In C. ocellatus, development rate is correlated with basking opportunity in both populations
(Cunningham et al. 2020), as are sex ratio biases in the GSD+EE population (Wapstra et al.
2004). However, because females bask differently at high and low elevation and this has
implications for offspring fitness (Cadby et al. 2014; Caldwell et al. 2017; Uller et al. 2011),
and because temperature-induced sex ratio biases at low elevation are driven by sex-specific
fitness, it is surprising that population-specific maternal basking behaviour does not influence
the sex ratio response via sex reversal (Chapter 4). The physiological mechanisms
responsible for translating developmental temperature into offspring sex via temperature-
induced sex reversal operate in both populations and are therefore ancestral. These
mechanisms are yet to be resolved but may be similar to those that translate developmental
temperature to offspring sex in oviparous taxa because sex reversal occurs both when females

are free to bask and also when they are held at specific temperatures (Chapter 4).

My results challenge the idea that viviparity constrains sex ratio evolution (Uller 2003).
Experiments using C. ocellatus, to assess the fitness of the minority sex in litters with biased

sex ratios, will further refine our understanding of the mechanisms behind sex ratio biases in
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viviparous taxa. Because the transition in sex determination is recent (Hill et al. 2021b), it is
potentially ongoing and the mechanics of GSD and GSD+EE are retained in both populations
to different extents. If fitness deficits of biased sex ratios to the minority sex are minor, or
outweighed by the fitness benefits to the majority sex (e.g., P. vitticeps; Holleley et al. 2015),

this may favour the evolution of thermosensitive sex determination irrespective of parity.

How do heteromorphic sex chromosomes evolve in taxa with
thermosensitive sex determination?

Sex reversal and dosage of thermosensitive sex determining gene products has been implied
in ZW reptiles (Quinn et al. 2007). My results provide strong evidence that genes and
temperature also interact in a dosage-dependent manner in an XY system (Hill et al. 2018;
Hill et al. 2021a; Chapter 4). Sex determination via dosage of thermosensitive sex
determining genes in an XY species implies a crucial role for the X chromosome in sex
determination. Male phenotype can be achieved without the Y chromosome, evidence that a
gene or genes on the X chromosome have taken on a sex determining role via dosage in C.
ocellatus and likely other XY skinks (e.g., B. duperreyi; Holleley et al. 2016; Shine et al.
2002). Dosage above a sex threshold (XX genotype) switches development onto the female
pathway; dosage below this threshold (XY genotype or temperature-induced down regulation
of the XX genotype) switches development onto the male pathway. In this case, the Y
chromosome in C. ocellatus determines the male phenotype not because it carries sex
determining genes, but because its presence in the zygote limits the dosage of an X
chromosome gene product. No sex determining genes have been identified in squamates
although candidates will likely emerge from the vast network of genes involved in sexual
differentiation across vertebrates (Graves 2013; Pan et al. 2016; Uller and Helantera 2011).

My results suggest that focus needs to shift in this regard and challenges the paradigm that
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sex in vertebrates is governed by the presence, absence, or dosage of male-determining genes

residing on male-determining chromosomes.

Dosage dependent sex determination raises questions surrounding the current model of sex
chromosome evolution. This model proposes that sex chromosomes evolve from an
autosomal pair when one member of the pair acquires a sex determining locus (Graves 1995;
Waters et al. 2007). The sex-specific (Y or W) chromosome then begins to differentiate from
its counterpart via recombination suppression and the accumulation of sexually antagonistic
alleles to keep these alleles in the sex they benefit (Charlesworth 1991; Rice 1987). However,
if sex in birds (Smith et al. 2009) and reptiles such as P. vitticeps (Quinn et al. 2007), and
very likely B. duperreyi and C. ocellatus is determined via dosage of a gene on the X or the Z
rather than the presence of a gene on the Y or the W, why and how did these species evolve
differentiated — and in the case of P. vitticeps, B. duperreyi and most birds — heteromorphic
sex chromosomes? This implies there are mechanisms involved in sex chromosome evolution
in taxa that have dosage-dependent sex determination that result in the degeneration of the

member of the sex chromosome pair that does not contain the sex determining gene.

Sex reversal of the homogametic sex changes the selective landscape of sex chromosomes
(Charlesworth 2009; Ezaz and Deakin 2014; Johnson and Lachance 2012; Wilson Sayres
2018). For example, in C. ocellatus, due to sex reversal of the XX genotype (Chapter 4), the
X chromosome is present in males to a greater extent than it would be if strict GSD were in
place, meaning the X chromosome is sometimes exposed to male recombination rates and
male-specific selection. This may have resulted in novel conditions that favour a departure

from the classic model of sex chromosome evolution.
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