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Abstract

How doegemperature determine sex? Ever since the discovery of temperature dependent
sex determinatiorfTSD) in the 1960s, thiseemingly simple question has ultimately
remained unanswereflincethis discoverymanyvertebratespecies have been shown to
possessISD, or othertypesof environmentallysensitive sex determination systems
(ESD) This ranges from the incubation temperature influencingnseptile embryos (a
classic TSD system), tthanges in social hierarchies initiating sex change in adult fish
through stress hormone signallipgthways The question then becomes not only how
does temperature determine sex, but how does any environmental cue influerioe sex?
the face of thisoverwhelmingvariety andevolutionary diversity, progress towards
reaching an answer to this question has beerculiff A practical guide to discovering
new species with sex determination systeofmracterised by gerenvironment
interactions is presented in ChaptdipRblished in Sexual Developmerni) answering

how the environmentandetermine sexesearchersra ultimately seeking to uncover a
mechanism that can both sense an environmemedndranslate that to cellular changes
which can determine seXn recent years, due in large part to advances in genetic
sequencing technologies, commonalities in theegeand pathways involved in sensing
and transducing environmental cues have begun to emBrg®ing together this
understanding in a nesynthesigs the foundationof this thesigpresented in Chapté&r

the CaRe modePublished in BiologicaReviews, his modelproposs the proximal
mechanisms sensing and transducing an environmental cue in sex determination is
cellular calcium and redox regulatiorhe predictions made from this model serve as the
basis for the subsequent chapters presenttus thesis.

The subsequenbody of workl presentprovides new advances in understanding
how temperature determines sex in two emerging model reptile spaaighipolurus
muricatusand Pogona vitticeps which has significant implications for undersiang
thermosensitive sex determination systems in vertebrates more bipdipmbiring
classical developmental biology techniques witktrgeneratiosequencing technolgg
this thesis providesnew insights into the genetic mechanisms underlying sex
determination in these two specids.Chapter 4published in Proceedings Bpresent
the first characterisations of embryonic developmentAnmuricatus and provide
evidence that this species has sex reversa.work onP. vitticeps a better understood

model species with temperature induced male to female sex repeesahted in Chapter



5 (published in PLoS Geneticsgveals the genetic underpinningstbé sex reversal
process for the first timémportantly, this research provides new experimental support
for predictions made by the CaRe model Chapter 6 (under review at Science
Advances) new isoforms characterising sex reversal are revealedtlas dyaamics of
gene and morphological responses to temperature switcdmpter 7 (under review at
BMC Genomics). Finally, as an important final step in further establishingticepsas

a model speciespammalian antibodies were established assareacting irthe species
(Chapter 8, published in Biology of Reproduction).

Ultimately, how temperature, or indeed any other environmentaldetermines
sex remaingn incomplete puzzldt seems unlikely thahese complex and diverse sex
determinatio systems will fit cleanly into a specifidefinition. Rather an intricate
patchwork ofgenetic mechanisms will likely make up the sex determination systems of
environmentally sensitive species, where in some cases there may be overlap, but in many
others there will not belTaken together, the work presented in this thbeisgs new
understading to the sex determination systems of two Australian dragon lizards, but also
highlights the complexities of these systearsd how much more there is left to discover
about the intricate mechanisms governing environmentally sensitive sex determination

systems.
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Chapter 1  Introduction

Phenoypic sex is one of the most fundamental traits of any organism as its influence
extends fromembryonic development to sexual nrdyy and eventual reproductive
success. Phenotypic sex underlies many critical life hisi@iys andhas profound
consequences for an individ@a&litness. Nearly all eukaryotic life has two distinct sexes
(males andemales) that allows for sexual reproduction, a key evolutionary innovation

that enhances genetioversity through recombinatidi].

Sexdetermination is the process by which thte of the bipotential gonad is decided
causing it to developas either ovaries or testd3espitethis conserved outcomeex
determining modes are highly variable between different lineages. In wenedrate
groups, like mammalsnd birds sex is determined by genes on sex chromosomes, which
is known as genetic sex determination (GSDther groups, particularly fish and reptiles,
sex is often determined by environmental factsigsh as temperature dependsex
determination (TSD)The evolutionary histories of many reptiéxaare characterised by
numerous transitions between GSD and TI@D and in some species, sex can be
determined by interactions between genes and the envirofismnSo whileGSD and
TSD were longoresumedo exist as anutually exclusivedichotomy,current evidence

indicates thainsteadexist along a continuuip®].

Since the discovery of TSID Agama agaman 1966[6] precisely how temperature,
or indeed any other environmental factor, determinesiasxecome a central question
at the crossroads of genetics, evolutionand developmental biologypproaching a
answer to this questias the central aim of this thesis.order to do this, present in this
thesis a series of publications that together bring new insights into how temperature
determines sex, and theays in which temperature can influence tliéerentiation of
sexual phenotypedn Chapter 2(published inSexual Development provide an
overview of what iscurrently known about sex reveal in reptiles andgive practical
approaches to identifying sex reversal in new spe€ee such approach was used in
Chapter 4(published inProcealings of the Royal Society) B identify Amphibolurus
muricatus as potentially displaying sex revers&hapter 3follows by providing a
theoretical basikjointly developed with Meghan Castelvhichinformsmy subsequent
experimental workThis paper presents a novel model for the biochemical prackgse
which an environmental cue, such as temperature, is sensed by the cell and transduced to
determine sexTermed the CaRe hypothesis, this modedposes highly conserved
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cellular mechanismgalcium signalling and redox status) allow the cell to rexaivd
respond to environmental cues. This mogebvides a critical foundatiorfor
understanding the results presented in the subsequent data chapters. In these chapters, |
present experimental work conducted taro agamid lizards with thermosensitive sex
determinationsystems:the Jacky dragonAfmphibolurus muricatysand the central
bearded dragorPpgona vitticeps The work conducted oA. muricatugs presented in
Chapter 4(published inProceedings of the Royal Society B this paper | present the
first characterisations of embryonic development, includieg differentiationin this
species which is a poplar model for the evolution of TSDThe developmental
characteristics uncovered by this work suggestAhaturicatushaspreviously unknown
cryptic genetic influence on sex determinatidihis work brings new insights into the
complex nature of gepenvironment interactions in thermosensitive sex determination

systems antighlights the need to study these influences across the vertebrate phylogeny.

In my subsequent chapters, | use theegging model specieB. vitticeps which has
a GSD system(ZZ/ZW female heterogametyyvith thermal override causing the
development of sex reversed females (male ZZ genotype and female phedengied
as ZZ) [3]. As the embryonic developmeaot sexual phenotype®r this species have
already been characterisgtj8], | continue tobuild on this foundation by conducting a
large incubation experiment to sequence isolated gonadal tissues at key developmental
stages at different incubation temperatures. This extensive datasetesas botht.6.3
(published inPLoS Genetigsand 5.6.8 (in review atScience AdvancgsThese wo
publicationsfor the first timereveal the gene expression patterh$.3 and splicing
characteristics 5.6.8 of P. vitticepsembryosundergoing temperatursnduced sex
reversalThe gene expression patterns of sex reversal provide support for the prediction
made by the theoretical model presentecCivapter 3 and implicate humerous genes
associated with TSD in other species5l6.8 the splicing of key genes identified in
4.6.3 show patterns unique to sex reverBetditticepshat are not shared with other TSD
species This highlights that although the same genes may be comrmoplicated in
thermosensitiveex determination pathways across evolutionary disparate lindeayes
they araegulatedand the chromatiremodelling actions they perform are not necessarily

conserved.

To further understand the influence of temperature on both gonadal morphology and
gene expression changégresent a temperature switch experimentiapter 7 The

data from this chaptgrovides additional experimental support fgenes and pathways
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implicated in the CaRe modéTkapter 3and in both.6.3and5.6.8 Importantly, it also
provides support for a hypothedisat sex reversal relies dhe male sex determining
signal being overridden by the feminising influence of high incubation temperg8jres

Finally, an important element of this thesssto generate moleculaesourceshat not
only improve current understanding of the influence of temperature on sex determination
and differentiation, but to also pave the way figure researchThe data presented in
Chapter resents the first immunohistochemical stainindPowitticeps validating that
antibodies raised in mammals for mammalian targets can-i@ast inadult reptile
gonads The antibodies usethrget proteinsamplicated insex reversain previous
chaptersand now exists as an essential resource for further stuggotein dynamici
embryonic gonads under the influence of temperature.

Togetherthe data | present in this thepiovides anew understanding of the genetic
mechanisms underlying sereversal andyields new insights into the evolutionary

complexities of thermosensitive sex determinatiodiverse vertebrate lineages.

1.1 Vertebrate sex determination: Fundamental
processes acrofise phylogeny

Millions of years of evolution separatingrtebrategroupscreate a diverse patchworkfo

sex determination mechanismesross the phylogen®,10]. Mammals and birds posses
stable GSD systemsin mammals (XX/XY male heterogametic systempex is
determined by a gene on the Y chromoso8#Y which is the master galator of male
development. Without the action BRYfemale development progresses, and the male
pathway fails to initiatd11]. In birds (ZZ/ZW female heterogametic system), sex is
deermined by dosage @MRTZ1 which lies on the Z chromosomiglale development

is driven by a double dose of this gene, while a single colyMRT1 allows female
development to progreqd42]. The downstream genetic pathways initiated to drive
ovarian or testes development areywsell characterised in mammalad birdsin large

part due to the ability to readily manipulate gene function in model organisms like mouse
and chickerj13]. As a highly diverse taxa, identifying master sex genes in fish has proven
challenging, and so far few have been identified (reviewed 18}). While sex
chromosome systems have badantified in many reptiles, thus faro master sex

determining genes have been identified in any reptile spddgs



Regardless of how sex is determined, the pathways that are initiated to drive ovarian
or testes development are remarkably similar between vertebragslevelopment of
the gonad is a fascinating process, as it is the only organ in the emhbtyoath
differentiate along two opposing trajectori@varies or testes)WVhile their position in
the pathway, or the way they are regulated might change, the same suite olrgenes
consistently implicated in gonad differentiationMale development is typally
characterised by expression of genes suchDBHRT1 and SOX9 while female
development usually involves upregulation BOXL2 and CYP19A1[16]. The
morphological structures of ehdifferentiated gonads are also highly similar between
differentvertebrates, particularly during embryonic development. In mammals, birds, and
reptiles, the bipotential gonad develops in close associatiornthwitkidney, forming the
urogenital system. The cellular structure of the bipotential gonad is largely
indistinguishable between these groups, as are the structures of the differentiated ovaries
and teste$17]. Ovaries are characterised by th@liferation of the cortex layer and
degradation of the medulla, while testes arerattarised by the proliferation of the
medulla and the degradation of the cortex. The cell tgpdsstructuressuch asSertoli
cellsand seminiferous tubulés testes, andogonia in the granulosa layer of ovaries, are
shared between the major verab groups[18]. Given this level of cagervationin
gonad structure why the upstream modes for determinisgx are so diversas an

enduring mystery.

1.2 A unified model forenvironmentally sensitive sex
determination

Environmental sex determination (ESD) is a broad term encompassing a variety of sex
determining modes, such as temperature dependent sex determination (TSD)eamsl syst
whereotherenvironmental cues and genes interact to determine sex. TheyEg&ihs

of many fish and reptile species are poorly understood compar&Sib systems,
particularly those inmammas. TSD is the best studied, though precisely how

temperature, or any other environmental factor, determines sex remains unknown.

Understanding ESIhas seemed an intractable problem due to the complexities of
these systemsvhich has hindered research onnpé&onts.From this complexity arose
a need to succinctly review the currentlerstanding of sex reversal in reptiles, and most

importantly, provide practical steps towards understanding known sex reversal systems



and identifyng new species with sex reksal. Thiscritical gap is addressed @hapter 2

which is published as part of a special issuarual Development

In fish, the interactions between sex and the environment are hugely diverse, and a
wide variety of cues catetermine sexorinitiate sex change in adulthoo@ihe same cue
may cause the opposite outcome in different species, and different cues can cause the
same outcome in a single species (reviewedllgy19,20). In reptiles with TSD there are
three major patterns that have been characteriemdales can be produced at high
temperatures and males at low (Tyipe mdes are produced at high temperatures an
females at low (Typéb), andfemales are produced at both high and low temperatures
andbalanced sex ratios are produced at intermediate temperaturedi(Thigere 1.).
In other speciesthe influence of geneen sex chromosomes can be overridden by
temperature to cause sex revef2al. Given this staggering diversity, it is not stsmg

thatthe complexities of ESD systerhaveremained poorly understood

TSDIb TSDla TSD 1l

0.5+ 0.5+ 0.5+

Proprotion of females
Proprotion of females
Proprotion of females

Temperature (°C) Temperature (°C) Temperature (°C)

Figurel.0.1: Patterns of temperature dependent sex determination (TSD) characterised
vertebratesTSD pattern Ib is characterised by females being produced at low temperatu
males at high temperatures, whil8D pattern la is the opposite. Species with TSD Il prod
females at high and low temperatures, and approximately 50:50 sex ratios at intermediz
temperatures. Blue denotes low temperatures and red denotes high temperatures incre
along the Xaxis.Figure adapted frofb77].

The fundamental questiagm ESD researcls by what mechanism is the environmental
cue sensed to determinexséor many years, research TSD in particulahas focused
on identifying genes that display sensitivity to the environmantapproach based on the
assumption that a single gene is the master regulaf®f However, given the huge
diversity of TSD systers, and the evolutionary flexibility of sedetermination modes, it
is highly unlikely that this would be the ca3&e control of TSby a sindge gene further
begs the question as to how the expression of this gene is regulated by tempHEnature
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sensing of temperature necessarily relies on bioated processes innate to the cell that
have the ability to modulate signalling pathways aitdr gene expression. It is this
biochemical mechanism that is proposedGhapter 3 Termed the CaRe model, it
proposes that temperature, or any other environmental cue, is sensed in the cell by calcium
andreactive oxygen species (hence the abbreviation Car#¢cules that occur in the

cells of all eukaryotes and that are inherentlyimmmentally sensitiveOutlined in this
chapter is support for this model, and importantly additional experimental work has since
been published in a TSD turtlétachemys scriptao further support if22].

T. scriptacurrently hashe best studied TSD systesh any reptile In this species,
males are produced at low incubation temperatures (26°C) and $eatdiegh (31°C).
Functional experiments have demonstraaedhe high female producing temperatures
(FPT),calcium influx occurs in the cell, as was proposed in the CaRe model. This calcium
influx triggers phosphorylation c8TAT3, a protein which then dtks the action of
KDM6B, a chromatin remodelling gene that would othervaistvate the male pathway
through demethylation of theDMRT1 promoter [22i24]. While functional
experimentation is lacking, there is now support for CaRe mechanisisgona

vitticepsas well, outlined irChapter 5 and Chapter 7.

1.3  Understanding the effects of temperature in
Amphibolurus muricatus

The CaRe model also positsathpathways downstream from calcium and reactive
oxygen species may not be conserved between even closely related species. Indeed, even
betweenspecies in the ane genus, the temperature sensitive channels in the cell
membrane that allows intracellular calcium influx are not sh@®@6] This hghlights
the importance of maintaining a phylogenetic perspective on research in ESD systems.
To this end, the research undertakenCimapter 4(published inProceedings Bon
Amphibolurus muricatusought tocreateresources andnimprovedunderstanding of
the influence of temperature on sexa new species in a genus where these presess
were undescribedd. muricatushas a Typdl pattern of TSD andhas been commonly
used as a model in evolutionary studies due to its short generationrtidg® 1, a paper
was published questioning whetlsgrecies with this pattern of TSD may in fact have an
underlying genetic influence. How indean such aange of temperatures produce the
same phenotypic outcometh alternative explanation was proposdgpe Il pattern

species may have sex revem@dboth extreme temperatuf@3]. My investigation of this
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in A. muricatusrevealed that this may in fact be true. In close reld®iwgona vitticeps

sex reversal was shown to be characterised by the presence of ovotestes, a gonadal
phenotypewith both male and female traits. It wagpothesisedhat ovotestes develop

during sex reversal due to competing signals between genes ohremxosomes and
temperaturg8]. It then follows that if ovotestearean indicator of sex reversal, species

with Typell TSD like A. muricatusvould be expected thaveovotestes at a frequency

of approximately 50% at extreme temperatures

Analysis of gonad differentiation at three incubation temperatures revealed ovotestes
occur close to the expected frequencies at high and low female prpdeciperatures
in A. muricatusThis suggests that it indeed may have sex reversal as proposed by Quinn
et al.[27], and provides the impetus for ongoing research on the sex determination system

in this speciesand indeed in other reptile species vathype [ITSD pattern.

1.4  Gendic regulationunderlying sex reversal iA.
vitticeps

Seveal epigenetic processes and cellular pathways have been imaglicatTSD
suggesting they play a conserved role in the regulation of sex determination and
differentiation in environmentally sensitive speciés. outlined by the CaRe model
(Chapter 3, the environmental cue is initially sensed by the cellcal@ium and redox
mechanisms, which initiate a range of changes in the cell leading to alterations in gene
expression.lt is expected thatmany of the same proes would be involved in
temperature induced sex reversal, the genetic changes associated with sex reversal
had never been described. The research presen@tpter 5, Chapter 6, and Chapter 7
describe these processes for the first time usiagsciptomic data from isolated
embryonic gonads at different developmental stadges4.6.3 (published inPL0S
Genetic¥ gene expressigprofiles were compared betweearmal ZW female embryos
incubated at 28°C with sex reversing ZZf embryoosubated at 36°CThis reveals
developmental gene expression changes during sex revepsaitiiceps and implicates

all genes previously asso@dtwith TSD.Two of these genes are particularly critical
(JARID2andKDM6B), and their splicing patterns were investigate8.8(in review

at Science AdvancgsThe final experiment involved switching temperatures at different
developmentastages an@rovided additional support for a central role of these genes in
the sex reversal pathway kh vitticepg(Chapter 7).



Given the imprtance of these genes in sex rever§&dlapter 8presents the first
immunohistochemicadtaining in adult gonads fd?. vitticeps This provides a critical
resource forongoing research on the role dARID2, KDM6B, CIRBPduring sex

reversal.

1.5 Towards a aw understanding &fex reversal in
reptiles

The overarching aim of this thesis is to gain new insight into the ways that temperature
can influence thermosensitive sex determination and differentiation in two reptile species,
the Jacky dragonAmphibolurusmuricatug and the central bearded dragdtogona
vitticepg. To address this aim, | present this thesis as a serigsveh chapter@wo
published reviews and five data chaptetgt togethergive novel insights into the
thermosensitive sex determination systems of these two spaeiethe environmentally

sensitivesystems in vertebrates more broadly.

The centralquestion in ESD research is by what mechanisms are environmental signals
sensedy the cell and transduced to determine Jde publicationspresented in this
thesisbringsimprovedunderstanding of the complexities that underlie environmentally

sensitive sex determinati@ystems angrovides new directions for ongoing research
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2.1 Abstract

Sex reversal is the process by which an individual develops a phenotypic sex that is discordant
with its chromosomal or genotypic sex. Sex reversal occurs in many lineages of ectothermic
vertebrates, such as fish, amphibians, and at least one agamideasainmid reptile species.

Sex reversal is usually triggered by an environmental cue that alters the genetically determined
process of sexudifferentiation butcan also be caused by exposure to exogenous chemicals,
hormones, or pollutants. Despite theweence of both temperature sex determination (TSD)
and genetic sex determination (GSD) broadly among reptiles, only two species of squamate
have thus far been demonstrated to possess sex reversal in nature (GSD with overriding thermal
influence). The lak of species with unambiguously identified sex reversal is not necessarily a
reflection of a low incidence of this trait among reptiles. Indeed, sex reversal may be relatively
common in reptiles, but little is known of its prevalence, the mechanisms b Whiccurs,

or the consequences of sex reversal for species in the wild under a changing climate. In this
review, we present a roadmap to the discovery of sex reversal in reptiles, outlining the various
techniques that allow new occurrences of sex raveis be identified, the molecular
mechanisms that may be involved in sex reversal and how to identify them, and approaches for
assessing the impacts of sex reversal in wild populations. We discuss the evolutionary
implications of sexreversal andise thecentral bearded dragon (Pogona vitticeps) and the
eastern threéned skink (Bassiana duperreyi) as examples of how species with opposing

patterns of sex reversal may be impacted differently by our rapidly changing climate.


https://doi.org/10.1159/000515687

Ultimately, this review serves thighlight the importance of understanding sex reversal both in
the laboratory and in wildopulations an@roposes practical solutions to foster future research.

Key words temperaturaependent sex determination, TSD, genotypic sex determination,
GSD, £x chromosome

2.2 Introduction

The sex of an animal is one of its most fundamental traits as it shapgsesdic morphology,
physiology, and behaviour. In vertebrates, sex can be determined either genetically or by the
environment. For species with genetiex determination (GSD), the sexual phenotype is
concordant with its chromosomal complement. For species with tempedapeadent sex
determination (TSD), the sexual phenotype is determined the environmental conditions that
embryos experience in the &bse of sex chromosomg8]. In some species with GSD,
however, environmental factors (e.g., temperature) can override the genetic determinant and
cause sex reversal during embryonic development, resulting in an individual with a sexual
phenotype that is discordant with its genotyp#,28,29] For species with male heterogamety
(XXIXY), this usually results in reversal of the female genotype and generation of XX males,
and for species with female heterogamety (ZZ/ZW) this results in reversal of the male genotype
and generation of ZZ females. One fish and one amphibian species display refvénsal
heterogametic sex (generation of ZW males in response to temperature), but this has not been
observed in any amniote, presumably because of the reduced fitness or viability arising from
the production of YY or WW individualg30i 32]. In reptiles, temperature is the only factor
definitively demonstrated to influence sex (temperature sex determination; TSD), though some

evidence exists for water restrictifg0].

Sex reversal occurs commonly in fig1,33]and in some amphibiaf34i 36], but has
been confirmed in only two reptiles, the Australian central bearded drRggor{a vitticeps
and the eastern thréieed skink Bassiana duperreyi3,37,38] Sex reversal may also occur
in the yellowbellied water skink Eulamprus heatwolgi the common collared lizard
(Crotaphytus collariy the multiocellated racerunneEfemias multiocellatp the Japanese
gecko (Gekko japonicus the spotted snow skinkN{veoscincus ocellatisand the Jacky
dragon Amphibolurus muricatysthough this has not yet been definitively confirnfeeaf 44].

As a result, little is known about the mechanisms or consequences of sex reversal. The paucity
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of reptile species with confirmed sex reversal systems is not necessarily a reftédoov
incidence of this trait. ldentifying and confirming genotypic sex in reptiles can be challenging,
requiring considerable time and resources to develop reliable assays. Homomorphic sex
chromosomes are common in reptiles, necessitating the useanicad cytological techniques

[45] or sequencing technologies to identify sgpecific segenceqd42,46 50]. There is also

limited understanding as to the individual and populalwel consequences of sex reversal in

the wild, particularly under changing climatic reginfe$,52] The occurrence of sex ragal

in a species has considerable implications for conservation management, particularly given the

climatic perturbations caused by global warming.

In this review, we outline the various techniques that allow new examples of sex reversal
to be identifiel, candidate molecular mechanisms for sex reversal, and approaches for assessing
the impacts of sex reversal in wild populations, with particular attention to the difficulties of
confirming both genotypic and phenotypic sex in reptiles. We discuss thatiemaly
implications of sex reversal usify vitticepsandB. duperreyias case studies to assess how

different species with sex reversal may be impacted by a rapidly changing climate.

2.3 Molecular mechanisms driving sex reversal

How sex reversal occurs atmolecular level is not currently known, though may involve
temperature sensing through calcium and reactive oxygen species signabngiiticeps
[29,53,54] While theseancient and ubiquitous environmental sensing mechanisms are very
promising candidates for the transduction of an environmental signal to a sex determining

signal, experimental demonstration is lackj&8g].

Calcium and redox signalling pathways are conserved between phylogendisghate
species, and thus further insight about sex reversal mechanisms may be gleaned from well
studied TSD models, such as the-ezdled slider turtleJrachemys scriptaln this species,
calcium signalling at high temperatures was causally demagtiatbe required for female
development[22]. In T. scripta, P. vitticeps and the American alligatorAlligator
mississippiensjghe epigenetic modifier KDM6BNd potentially its splicing variants play an
important role in the temperature driven regulation of sex determin@&idnin T. scripta,
KDMBG6B initiates the male developmental cascadedemethylation of the promoter region of

the male pathwajnitiating geneDMRT1[23,24] Despite little being currently understood
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abaut sex reversal, it is clear that there are similarities betReeitticepsand distantly related
alligator and turtle species with TSD. Ongoing research effort is required to better understand

what genes and pathways are conserved between these exallytidisparate lineages.

The reptile phylogeny is marked by numerous transitions between TSD and GSD systems
even between closely related lineages [reviewed8hyThis, coupled with the broad
phylogenetic distribution of developmental processes associated with thermolabile sex
(asynchronous gonadal and genital development), lay the groundwork for future investigations
of the occurrence of sex reverg&b4]. Ultimately sex reversal must occur by repression of the
sex signals originating from the sex chromosomes, and amplification of signals for the
developnent of the opposite sex driven by incubation temperature. The epigenetic mechanisms

by which this occurs remaiimknown ands a compelling area of ongoing research.

2.4 Detection of sex reversal

Sexreversed individuals can be either generated in the laboratory or found in the wild.
However, many reptiles possess poorly differentiated sex rolmammosomes, and many more

have homomorphic sex macrochromosomes, so instances of sex reversal ddyncorea to
attention. This can complicate both the detection of sex reversal and the identification of the
mechanisms driving it, because both genetic and environmental factors may contribute to sex

determination even in the absence of discernible senasome$56].

The first indications of sex reversal in a species may be glefioen incubation
experiments where eggs are incubated across a range of temperatures and the offspring sex
ratios are obtained. Many TSD species exhibit sex ratio patterns where females are produced at
high and low temperatures, and balanced sex ratoopraduced at intermediate temperatures
[Nagahama et al., 2020]. Modelling has lead to the hypothesis that species with this pattern may
possess an underlying ZZ/ZW systgdid]. Indeed, there is evidence to suggest this may be the

case for the Jacky dragohmphibolurus muricatug39].
Cytogenetic techniques present opportunities to detect new examples of sex reversal by

identification of sex chromosomes, anchesmatch between the chromosome complement and

sexual phenotype. Early researched involved using approaches like AFLPs, CGH, and BAC
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mapping [se€l3i 15 for examples. Reviewed bydakin et al., 2019]. Now, a variety of
sequencing based approaches are possible, particularly since the advent of next generation
sequencing, which allows for techniques like assaying théiseed expression of candidate
genes with RNAseq[60], or mapping read depth in whole genome sequencing to identify
regions on sex chromosomi@s,61] Reduced representation sequencing approaches such as
RAD-seq, ddRADseq, and DArTseq [36,41,6264] can also be useful, however these
techniques target only a subsetlod genome and may fail to identify markers in species with
limited genetic differentiation between the seX6§]. It is also becoming increasingly
important to incorporate both cytogenetic and sequencing based approaches to obtain the most
complete picture of sex chromosomes in a species [reviewetbpbyFor example, irB.
duperreyi,heteromorphic sex chromosomes were first detected using cytogenetic approaches
[37] and then sex reversal was first demonstrated using polymerase chain reaction (PCR)
targeting a sequence unique to the Y chromos@hevhich was later refined using similar
methodg67]. New markers for this species have also been identified using an in silico whole

genome subtraction approg&@o].

Laboratory experimentation is necessary to quantitatively characterise tempseature
relationships, typically through examining sexual outcomes resulting from controlled crosses
and incubation experiments. However, it is equally important to demontsteadecurrence of
sex reversal in wild populations, and whether the trigger of sex reversal established in the
laboratory also affects natural populations. Evidence is growing in some fish species that
multiple cues may trigger sex reversal, but thess cugy not always be biologically relevant
in natural populationf34,68,69] Some studies in TSD reptiles show evidence of interactions
between different environmaitvariables, as well as maternal effects like egg size and yolk
hormones[30,70,71] So, while laboratory based experiments will always be essential,
appropriate field studies will be required to avoid dmigrpretation of what could be a
laboratory artefact, caused by condiahat do not occur in the wild.

The identification of species with sex reversal can be difficult, and a lack of clear
direction for how to definitively demonstrate sex reversal in a species has likely contributed to
a lack of identification. We presemat workflow to provide guidance for the process of
identifying sex reversal and propose numerous avenues for research in both field and laboratory
settings Figure 2.1). Ultimately, reliable identification of both genotypic and phenotypic sex

is required to definitively demonstrate the occurrence of sex reversal in a spegiesd.1).
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Figure2.1: Workflow proposing strategies for identifying new examples of sex rev&skdble

confirmation of both genotypic (A) and phenotypic (B) sex is ultimately required to identify sex

reversal in a new species, which is defined as an individual being discordant between its genotypic and
phenotypic sex. Potential research applicetim both field and laboratory studies are also suggested
following the identification of sex reversal. See references for further details of how these approaches
and techniques have been us§e], 250], 3[73], 4[66], °[41], &[74], &[75], °[38].

2.5  Examples of Reptile Sex Reversal

Pogona vitticephas a ZZ/ZW GSD system, but high incubation temperatures (>32°C) result
in reversal of males (ZZ genotype) to phenotypic females in the laboratory and in the wild
[3,38,45] Bassiana duperreyhas an XX/XY system of GSD in which low incubation
temperatures (<20°C) result in reversal of the female XX genotype to phenotypidmalee
directionality of sex reversal in these two cases may not be coincidental, for it avoids the
production of WW and YY individuals and the associated fithess consequences in both cases.

The contrasting GSD systems and sex reversal condaiathgse species make them ideal to
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compare the effects of sex reversal in wild populatiéigufe2.2). We focus our attention on
these two species as the only definitive and-steitlied cases of reptile sex reversal in both the

laboratory and the wild.
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Figure2.2: Schematic representation of sex reversal characteristesgona
vitticepsandBassiana duperreyin P. vitticepgA) sex reversal occurs when
individual with a male genotype (ZZ) is incubated at temperatures above :
causing it to develop as a phenotypic femald.lduperreyiB) an individual
with a female phenotype (XX) incubated at low temperatures eviinse its se
and develop as a phenotypic male.
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In bothP. vitticepsandB. duperreyisexreversed individuals occur in the wild, albeit at
a lower proportion than either of their concordant counterparks. \itticeps sexreversed ZZ
females are fertile, with greater fecundity than concordant ZW ferf@jleand there are other
attributes with implications for their fitness, like increased levels of activity and boldness
[76,77] The offspring of sex reversed females have a greater propensity to reverse, which may
influence sex ratios across populations. There is @binilj evidence for this in wild
populations. The occurrence of sex reversal was reported to increase in a wild population
between 2003 to 201 B] but a second lonterm, rangevide study did not find evidence of an
increase in the rate of sex reversal over-g3&& period78]. Specifically, sexeversal occurred
in 12 of the 38 years, at rates ranging froi2i7/8o of phenotypically female individud[gs]. In
B. duperrey;j 28% sexreversed XX males arise in nefR24] and survive to adulthodd9], but
whether the sex reversed males are fertile remains to be determined.RJniittieeps gravid
females and viable eggs are not evidence of fertility of sex reversed individuals, because the
father of the clutch is typically unknown. Controlled mgtiand incubation experiments will
be required to confirm thaex reversedl X males are in fact capable of producing viable sperm
and fertilizing eggs. Alternatively, parentage studies of exhaustively sampled wild populations
may be able to detect sex eesed fathers of clutches, but this approach is complicated in the
case ofB. duperreyiby communal nesting. Behaviour and survivorship ofresersedB.
duperreyi has not yet been studied, so the fithess consequences of reversal are unclear.
Ultimately, if these phenotypic effects result in altered survivability or reproductive success
then sex reversal can affect population demographic processes and transitions from GSD to
TSD.

2.6  Population processes and transitions between sex
determining systems

The mechnisms of sex determination are rapidly evolving in many vertebrate sp&kies
However, it is not understood whether this rapid evolution of seihination mechanisms in

reptiles is enough to accommodate current climatic change, or indeed if species are exhibiting
sex reversal under pressure from changing environmental conditions. Modelling shows that as
the frequency of sex reversal increases ipopulation, a likely response is a reduction in
frequency and possible | osses of tdegend&tor Y
selection[80,81]]. Alternatively, an evolutionary response that alters the temperature at which

sex reversal occurs could happen, however effective heritability in temperature thresholds is
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low so the former scenario is more likg82]. As a result, evolution dhermal thresholds is

slow, whereas decline in frequency and ultimately loss of the Y or W chromosome is driven by

the much stronger frequendgpendent selectiof80]. Such loss of the W chromosonse

predicted to happen . vitticepsunder a warming climate in small isolated populati®g.

We also predict the complete loss of the Y chromosome from the wild populatiBn of
duperreyi at higher elevational sites should the climate ever ¢09]. Il ndeed, Fi s
frequencydependent selection alone is sufficient to drive transitions between GSD and TSD
under changing climate scenarif. However, conventional selection under a range of
proposed scenarios (see Schwanz and Georgespthime) may still be required to maintain

TSD once it has been achieved.

Latitude and altitude, as landscape correlates of average temperature conditions, are
useful for generating expectations about the frequency and spatial distribution of sex.reversal
Indeed, cooler alpine areas have the highest rates of sex rev&sdliperreyj which decrease
with decreasing elevation and associated increases in mean air temp@@ituiidne field
observations agree well with controlled laboratory experiments, incubating eggs at different
temperature$4,37]. Increasing global temperatures are likely to alleviate the demographic
impact of sex ratio skew iB. duperreyibecause temperatures consistently higher than 23°C
result in a genetic influence onlproducing a 50:50 sex ratio. However, even short term
decreases in temperature (<20°C) during the natural incubation period, likely to persist during
global warming, will be sufficient to cause sex reversal in high elevation populft@nSso
far, we know little about the sex reversal frequency in natural nests compared to the adults in
higher elevational sites where nestperatures are below 20°C. Our proposed modeB.for
duperreyishow that the frequency of the XY genotype is predicted to decline with decreasing
incubation temperature as the system maintains a 1:1 sex ratio equilibrium. In fact, under
current climate egimes within the species range, some with averages below 18°C, we expect
the complete loss of the Y chromosome at some elevational Zies

The case oP. vitticepsappears more complex under warming climatic conditiohe
overproduction of females by the reversal of the ZZ genotype to a female phenotype will deliver
a disadvantage to the ZW females under Fisher's frequency dependent selection. This will
potentially drive the frequency of the ZW genotype down as th&ersysomes to local
equilibrium. We expect to see (a) an increase in the frequency of ZZ reversal and (b) a decrease

in the frequency of the ZW genotype with increasing latitude across the widespread range of
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Pogona vitticepsHowever, widespread sex revarand overabundance of females will result

in selection for the rarer sex (see Schwanz and Georges, this volume), which under warming
conditions would be ZZ males, resulting in evolution of the sex reversal threshold. Although
the frequency of sex revetsa spatially clustered iR. vitticeps no trend in the frequency of

sex reversal was observed with latitude and sex reversal was absent in the hottest parts of the
species rangg’8]. Thus, local adaptation in thegpensity to reverse sex may provide a better
explanation for the distribution of reversal in this spe¢@. Individuals that do not sex

reverse at sereversing temperatures (possessing a higher individual threéshgslek reversal)

have a reproductive advantage, and their offspring may inherit this higher sex reversal threshold
[52]. In this way, a transition to a TSD system and loss of the W dsome may not occur

under climate change, if local adaptation in the pivotal temperature for sex reversal occurs fast
enough to avoid the action of frequency dependent selection in bringing the sex ratio to
equilibrium. The fact tha®. vitticepshas accommodated different climatic regimes across the
landscape through local adaptation in the propensity to sex reverse over evolutionary time does
not necessarily translate to an adequate capacity to respond in the same way under rapid climate
change. Climatelmange may threaten numerous species with environmentally sensitive sex
determination, largely by skewing population sex rafis83 87]. The complex ways that
climate change may interact with sex reversalifferent species remains to be investigated

fully.

2.7 Conclusion

As little is currently understood about sex reversal in reptiles, this understudied area warrants
far greater attention. So long as sex reversal is confirmed only in two species it will remain
unclear as to whether sex reversal is widespread throughout the reptile phylogeny, or if it occurs
only rarely. We suggest there is likely an unappreciated diversity in sex reversal cues and
mechanisms in reptiles, which may impact wild populations,quéatily in the face of a rapidly
changing climate. Future research will greatly benefit from marrying field antalséd
research to better understand all aspects of sex reversal. There is much to be gained from
identifying sex reversal in additionsppedes andestablishing new sex reversal model systems.
This will inform on the commonalities and differences in molecular mechanisms underlying
sex reversal, anis fithess consequences. Ultimately by understanding sex reversal, we can
understand the compleways in which the environment can interact with sex to drive the

evolution of sex determination systems in reptiles, and vertebrates more broadly.
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3.1 Abstract

Many reptiles and some fish determine offspring sex by environmental cues such as incubation
temperature. The mechanism by which environmental signals are captured and transduced into
specific sexual phenotypes has remained unexplained for over 50 pelaesd,lenvironmental

sex determination (ESD) has been viewed as an intractable problem because sex determination
is influenced by myriad genes that may be subject to environmental influence. Recent
demonstrations of ancient, conserved epigenetic procésstee regulatory response to
environmental cues suggest that the mechanisms of ESD have a previously unsuspected level
of commonality, but the proximal sensor of temperature that ultimately gives rise to one sexual
phenotype or the other remains unideetif Here, we propose that in ESD species,
environmental cues are sensed by the cell through highly conserved ancestral elements of
regulation of calcium and redox (CaRe) status, then transduced to activate ubiquitous signal
transduction pathways, or inflace epigenetic processes, ultimately to drive the differential
expression of sex genes. The early evolutionary origins of CaRe regulation, and its essential
role in eukaryotic cell function, gives CaRe a propensity to be independently recruited for

divere rol es as a o6cell ul ar sensoro of environr
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cohesive mechanistic model connecting environmental signals and sex determination pathways

in vertebrates, providing direction and a framework for developingtetgxperimentation.

Key words oxidative stress, reactive oxygen species, calcium signalling, temperature

dependent sex determination, epigenetics.

3.2 Introduction

The mechanisms by which sex is determined and the processes by which sexual phenotypes
subseqantly differentiate (sexual differentiation) have been a focus of enquiry for many
centuries[88,89] The structures of the testes and ovaries are highly conserved across
vertebrate417,90] so it is not surprising that the genes and regulatory processes governing
gonad brmation and differentiation share a high degree of commoijaitg,91] Despite the
conservation ofyjonadal morphology, sex in vertebrates is influenced by a wide variety of
mechanisms, broadly divided into genetic sex determination (GSD) and environmental sex
determination (ESD), as well as mixed systems in which genes and environment interact to
detemine sex[1]. ESD systems occur in species from 15% of vertebrate orders. They use

several different environmental cues including light regime asatiess, pH and temperature

[1].

Decades of research on model and -nmdel organisms have documented the
extraordinary variety of sedeterminingenvironmental signals, and characterised different
downstream elements of sex differentiation pathways in ESD systems. However, recent work
implicating ancient, conserved epigenetic mechanisms in the regulatory response to
environmental cues suggests ttiet mechanisms of ESD have a previously unsuspected level
of commonality[24,55,92] This poses the fundam@l question: what is the mechanism by
which such a wide variety of environmental cues are transduced to determine sex by a common

molecular sensor?

The conservation of epigenetic elements in ESD suggests the action of a biochemical
sensor common to aESD species. Such a sensor mustibenferently environmentally
sensitive, if) capable of interacting with components of known sex differentiation pathways,
and (i) conserved in function yet plastic enough to be recruited to capture and transduce

different environmental signals for different phenotypic outcomes.
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Here, we propose a general model in which sex determination is mediated by cellular
calcium (C&") and redox (reactive oxygen species; ROS) status, which are subject to
environmental influence. Elements of this hypothesis have been discussed in six recent papers
that explicitly posited the involvement of either ROS production &t @& in directing the
outcomes of ES[P5,26,93 96]. We suggest that these two interrelated signalling syg&fhs
work together to initiate sex determination.

Here, we refeto calcium and redox status collectively as CaRe status, and propose a
model for its biological action in ESD. We review evidence that CaRe status (and its subsequent
effects on CaRsensitive regulatory pathways) is an environmentally sensitive medaiator
complex biochemical cascades, and therefore a promising candidate for the capture and
transduction of environmental signals into a sexual outcome. We propose that these CaRe
sensitive regulatory pathways have beeropted independently and repeatediydetermine
sex in different vertebrate lineages, acting as the crucial missing link between sex and the

environment.

3.3  Calcium and redox regulation in the cell

3.3.1 Roles of ROS and Ga

ROS and C# constitute some of the most important signalling moleculésércell, and are
both involved in a staggering variety of essential cellular proc§d8es00]. The subtle ways
in which these interactions can be modulated allows cellular responses to {enéide
according to the cellular conteft01,102]

ROS are highly reactive byroducts 6 cellular respiration, and can cause cellular
damage when production exceeds[103,h04d]tRODHre t h e
produced mainly in the electron transport chain in the mitochondria, butecgernerated
elsewhere in the cell. They are typically rapidly dismuted through a series of antioxidant
reactiong99,101,105] If ROS production outweighs the antioxidant capacity of the cell, the
redox environment can be altered to an oxidizing qtH26€]. However, at physiologically
moderate leels (eustress), ROS possess vital cellular signalling roles in growth, homeostasis,
reproduction, and programmed apopt¢sdi 109]. When acting in their capacity as signalling
molecules, ROS can influence protein conformation and function through the oxidative

modification of accsesible cysteine residues and reversible changes to disulphide bonds
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[107,11G112] Even subtle subcellular alterations in redox state can drive differential gene
expression[113,114] through physiological or epigenetic mechanisfdd5,116] and

ultimately influence cell and tisstgpecific environmental responses

In close concert with redox sigls, C&* flux co-regulates many cellular signalling and
environmental sensing functionfd00,117119], and displays considerable evolutionary
flexibility in recruitment to these different functioft20]. C&* concentrations insalthe cell
are tightly controlled by numerous calcium pumps and channels on the plasma m¢ir#ifane
and are mediateoly C&* release from internal stores in the mitochondria and endoplasmic and
sarcoplasmic reticulf122i 124]. Ca¢*-mediated signalling is acial for orchestrating cell
signalling cascades, which are highly sensitive to and modulated by the amplitude, duration,
and subcellular localisation of €4122,125] Such finely tuned signal transduction cascades,
which primarily involve protein prephorylation or dephosphorylation, allow?C# control a

wide variety of highly specific responses to environmental varigbi5126]

3.3.2 Environmental sensitivity of Gadand ROS

We propose that CaRe status is the most promising caedfdatencoding extrinsic
environmental signals in the cell, and provide a framework in which CaRe status determines
sex in environmentally sensitive species. On a biochemical level, ROS &hié\@ds in the

cell are affected by many environmental factors, such as tempejB2iije ultraviolet (UV)

light [128,129] and hypoxia[130]. CaRe status can therefore indicate the presence and

magnitude of an environmental signal and initiate a cellular response.

C&*signalling has been implicated in temperatdependent sex determination (TSD)
through the temperatwsensitive regulation of transient receptor potential (TRP) cation
channel expression in two TSD alligator species (American alligatmyator missisgpiensis
and Chinese alligatolligator sinensis[25,26] and a freshwater turtiMauremys reevesii
[131]. These plasma membrane channels control the flow &fi@as into the cell, and are
thermosensitive at least in mamm§lR0], although TRP channel function is unknown for
other vertebrate$25,120] Within the TRP family, TRPV4 exhibits temperaturspecific
differential expression iA. mississippiensig5], and three other TRP family gendRkfV2
TRPC6 andTRPM§ displayed temperatuwrand sexbiased expession inA. sinensig26]. It
was suggested thttese channels act as the initial temperature sensor mechanism in alligators

that regulates the expression of downstream sexual development genes thfésign@aling
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[26]. The application of RPV4antagonist drugs iA. mississippiensigartially interfered with

male development, producing testé® gonads with incomplete Mullerian dud®5]. This
suggests thatRPV4operates alongside other, as yet unidentified, thermosensitive mechanisms
acting in concert with G4, such as those involving ROS. In the turife reevesii the
application of a TRPV1 and TRPMS ittiior altered sex ratios under certain incubation
conditions, and although the authors accredited this to inhibited thermoregulatory behaviour
rather than altered sex gene expression, the result could be due to inferencé"witin@iting

[131].

TRP channels also respond to different wavelengths of visible [A§2§, and other
research has propostte effect of light on intracellular calcium concentrations to be mediated
by ROS productioril33]. Additionally, the oxidation of cysteine residues can sensitize and
activate TRPAL134] and TRPV1[135,136] further substantiating the link between the two
messenger systems in response toua stimuli. TRP channels are also sensitive to and can

be modulated by steroid hormones, particularly in sperm [d&1§.

ROS production is directly influenced by the environment, milgnahrough the
metabolisrrenhancing effects of temperatUd38,139] although pH(Maurer et al., 2005;
Wang et al., 2009)UV light [142] and photoperiodnfluenced circadian rhythmd43] can
also alter oxidative state. Developmental rate in some reptiles accelerates with temperature, as
does mitochondrial respiratigdi44], so it is feasible that that ROS could accumulate more
quickly at a higher temperature, activating responses to oxidative streser Fantioxidant
capacity in embryos varies in response to incubation temperature in a TSD turdargdd
slider, Trachemys scripta elegansndicating that metabolic rate and ROS accumulation vary
with temperaturg106]. Additionally, yolk deposition of antioxidants is greater in birds with
shorter developmental periofs45], suggesting that even in a homeothermic taxon, faster
development results in greater oxidative stress. In some fish species, water temperature affects
redox status and oxidative damage, althotlgh effects have not been investigated in the

context of sex determinatiqf46].

Environmental cues do not necessarily need to be abiotic, as many species of fish
display forms of socially cued sex change, commoniyugh the reorganisation of dominance
hierarchieqd20]. Oxidative stress has been shown to correlate with social status in species of
fish [147] and primate$148], probably through the increased behavioural costs of defending

and maintaining dominance. Signals of differential calcium regulation and responses to
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oxidative stress were both observed in dominant nidieehead wrasseTlalassoma
bifasciatum), further indicating differential regulation of these messenger systems during sex
changgq149].

Combined with evidence on the environmental sensitivity of calcium channels, these
studies show that a wide range of environmental conditioogjding temperature, during
development can alter both redox state and calcium flux. This raises the possibility that CaRe
status could have a role as a cellular sensor for a broad range of environmental cues responsible

in developmental programming amdriation in different species.

3.4 Connections between CaRe status and sex
determination

3.4.1 Signal transduction pathways

As discussed above, CaRe status is clearly a strong candidate for the capture of environmental
signals by the cell. We propose here thatsigeal captured by CaRe status is then transduced

via ubiquitous signalling pathways that influence epigenetic processes to govern sex
differentiation.

The interactions between CaRe status and cellular organisation and function are
complex, and so cantigract with a variety of pathways involved in sex determination. Here
we discuss CaRsensitive candidates likely to transduce an environmental signal; the nuclear
factor kappdight-chainenhancer of activated B cells (NFB) heat shock re
antioxidant response pathways, and explore the potential interactions between CaRe status and
another candidate pathway for ESD, the vertebrate stresSakie8.1)
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Figure3.1. A subset of environmental response pathways hypothesised to be involved in
environmental sex determination, activated by external signals integrated into the cell as calcium and
redox (CaRe) statughis simplified model outlines how an environmental,énehis case

temperature, can alter CaRe status by causing an influx?ofa@a through innately thermosensitive
transient receptor potential (TRP) channels, and an increase in reactive oxygen species (ROS)
production by mitochondria through increaseetabolic rate. With their reciprocal-cegulation, both

Ca* and ROS can act in concert to activate transcription factors [heat shock factor 1 (HSF1); nuclear
factor erythroidrelated factor 2 (NRF2)] and pathways [nuclear factor kdigp&chainenhaner of
activatedBecels(NB) ], which then translocate from the ¢
transcription of target genes involved in sex determination. HSP, heat shock protein; KEAP4, Kelch
like ECHassociated protein 1.

3.4.1.1 TheNF-ae B pat hway

TheNFFeB pat hway is involved in a wide variety
Caz2+ influx, ROS, and ROMduced glutathione productigh10,111,122,150]Figure3.1).

TheNFe B p at h waegstablishesl asaoeiftibns with numerous sex determination
genes in mammalian development. However, its role has been less well studied in ESD taxa
[1517 153] (Table3.1). Analysis of the transcriptome during deyanent in two TSD species

(the alligator A. sinensisand painted turtle Chrysemys piclashowed that differential
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expression of various genes in the-BlIB pat hway i1 s associated wi
developmental stages, but this has not been backed fupctional studief26,154]

A single study directly demonstrated arole for-8lB i n vertebrate sex
using the zebrafisiD@nio rerio) [155]. While the genetics of sex determination in laboratory
strains ofD. rerio lacking a W chromosomj56] are not yet well understood, it appears to
have a polygenic basis that is sensitive to environmental factorsasuttmperature and
hypoxia[157,158] Danio rerio is unusual in that a juvenile ovary initially forms, and either
continues to mature as an ovary, or transitions into testes through the promotion of selective
apoptoss [159,160] Manipulating the induction or inhibition of the NFB  p at hway pr i
gonadal commitment led to a female or male bias, respectively, demonstrating its role in
suppressing the apoptotic pathways that triglgertransition to testis developméghb5]. Sex
cell-specific apoptosis is a wealstablished mechanism in sex determinatioD.inerio [161],
as well as in other teleos{d62 164] and other model organisms such @eosophila
melanogastef165] andCaenorhabditis elegar{466i 168]. Manipulatingthe Nl B pat hway
thus presents opportunities for exploring the link between CaRe regulation andrFig8i2 (

3.2).
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Table3.1: Calcium and redox (CaRsEnsitive elements, thdimctions relating to epigenetic modulation, cellular localisation and their roles in
environmental sex determination (ESD) or temperature sex determination (TSD).

Candidate element Cellular functions and known roles in environmental sexdetermination References

Nuclear to cytoplasmic translocation

CIRBP Functions  { Translocation to cytoplasm induced by numerous environmental stressors includin [90,92,154,169,170]
Cold-inducible RNA temperature and oxidative state
binding protein 1 Typically associates with cytoplasmic stress granules where it acts as a mRNA
chaperone
ESD roles { Candidate gene for TSD helydra serpentina
1 Thermosensitive expression@hrysemys pictandApalone spirfera

hnRNPs Functions  {Involved in numerous cellular processes including splicing regulationmpeA [171i 174]
Heterogeneous processing, nuclear export of mMRNA, chromatin remodelling
ribonucleoprotein 1 Interacted wittp38 MAPKstress induced signalling pathway, and the EED subunit o
particle family the PRC2 complex

ESD roles  { Thermosensitive expression@aretta

i Posited as candidates for the regulation of TSD

Cytoplasmic to nuclear translocation

NRF2 Functions  Regulates expression of antioxidant genes under oxidative stress through transacti [107,175]
Nuclear factor of antioxidant response elements
(erythroid-derived 2)
like 2
HSF1 Functions  { Transcriptional regulator of all heat shock proteins [26,171,176179]
Heat shock factor 1 1 Redox and temperature regulated

9 Induced byp38 MAPKphosphorylation

ESD roles {Role of heat shock response established for majority of TSD species

1 Involved in female sexual developmentOmyzias latipes
HSPs Functions  { Molecular chaperone for steroids and hormones, participates in cell signalling (Harry et al., 1990; Brostrom &
Heat shock protein f Roles in maintaining protein stability, folding, and transmembrane transport Brostrom, 2003; He et al., 2009;
family ESD roles  { Thermosensitive expressionAtligator mississippiensiandAlligator sinensis Kohno et al., 2010; Tedeschi et

o X al., 2016, 2015; Casas et al.,
9 Markers of thermal stress, and thermosensitive expressitaretta 2016: Czerwinski et al., 2016:

i Dovynregulation oHS-Plefassocigted apoptosis QUring sex reygrstxmopterus albus Bentley et al., 2017; Lin et al.,
1 Various HSPs associatevith social sex change f&mphiprion bicinctus
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1 HSP90upregulated ifdOreochromis niloticusindergoing temperatwiaduced sex
reversal

2018; Tao et al., 2018; Wang et
al., 2019)

Protein kinases Functions  { Multitude of cellular roles centring on ability to catalyse protein phosphorylation, so [26,154,184]
quily inclgdes playing an integral role in numerous signal transduction cascades

mAt&%egactlvgteci, ESDroles { Temperaturalependent expression Adligator sinensiandChrysemys picta

cAMP-dependent, 1 Male-biased expression ihagellus erythrinusndPagrus pagrus

calcium/calmodulin

dependent

JAK-STAT pathway Functions  fRedoxregulated signalling cascade for stress response [149,154,185]
Janus kinase/signal egp roles  § Components of pathway show thermosensitive expressiGhriysemys picta

transducers and
activators of
transcription

9 Progressive upregulation during sex chang€halassoma bifasciatum

NF-a B p at h w Functions
Nuclear factor kappa

9 Redoxregulated signalling cascade for environmental stress response
1 Activation has antapoptotic effects

light-chainenhancer

. ESD roles
of activated B cells

1 Components of pathway show thermosensitive expressiGhriysemys pictand
Alligator sinensis

1 Crucial for sexual differentiation iDanio rerio

9 Male-biased expression iates calcarifer

[26,154,155,186]

No subcellular translocation known/not applicable

JARID2 & JMJD3 Functions  Members of the Jumonghromatin remodelling gene family [24,55,149,154,187,188]
Jumoniji and Atrich 1 JARID2mediates Polycomb repressive complex (PRC2) deposition of silencing
interaction domain H3K27me3 marks
containing2 1 IJMJID3catalyses demethylation of H3K27me3
((j‘]:n?;ailsgg (ISyBsme ESDroles ¢ R(_ata_ine_d ir_1tror_1 associated wibx r_eversal ifPogona vitticepsAlligator
mississippiensiand Trachemys scripta elegans
(JIMJID3/KDM6EB . . : -
1 TSD inTrachemys scripta eleganShrysemys pictaandApalone spinifera
1 Thermal adaptation iAnolislizards @. allogus, A. homolechis, A. sagrei
1 Associated transition to masculine phenotype during sex chafigmliassoma
bifasciatum
9 Upregulated in response to temperaturBiicentrarchus labrax
AP1 Functions  {Acts as a point of integration of many sifjimg pathways involved in responses to [189]

Transcription factor,
activator proteinl

environmental signals (e.g. MAPKs, NFB , HSPs)
1 Redox controlled switch determines ability to bind DNA
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TRPs Functions  {Innately thermosensitive channels that allow the passive transfef'odictass the [25,26,149,190]
Transient receptor plasma membrane
prc:tentlelll cation ESDroles  {Known thermosensitivity, temperatudependent expression Adligator sinensisand
channeis Alligator mississippiensis
1 Calcium signalling enrichment during sex changg&lialassoma bifasciatum
TET enzymes Functions  { Redoxdependent DNA methylation [149]
Tenreleven ESD roles  { Expression strongly associated with sex changéalassoma bifasciatum
translocation
methylcytosine
dioxygenases
DNMTs Functions  { Sensitive to redox state and calcium concentration [149,184,191]
DNA 1 Action influenced by the redox microenvironment of chromatin
methyltransferases  “eqp roles g Associated with sex changeTialassoma bifasciatum

1 Sexbiased expression Pagellus erythrinugndPagrus

Abbreviations: MAPK, mitogeractivated protein kinase; mRNA, messenger ribonucleic acid; PRC2, polyepngssive complex 2
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Figure3.2. Generalised model for the influence of environment on sexual fate in vertebrates,
identifying target stages for manipulation techniques tlifate rigorous testing of the model.

Solid lines indicate the tegown influence from environmental cue to sexual outcome, while
dashed lines indicate areas where there is potential for feedback loops to occur.
Incubation/rearing conditions duringetienvironmentally sensitive period can be expanded to
include not just the environmental stimulus the species is known to respond to, but other

calcium and redox (CaR@Jtering stimuli, such as ultraviolet (UV) light, green light, or pH (1).

Ca2+ flux carbe manipulated either through the addition of calcium (typically accompanied by

the calcium transporter ionomycin) or through altering the function of transient receptor

potential (TRP) channels, either through RNA interference or the administratiorPatfidRnel

agonist and antagonist drugs (2). Reactive oxygen species (ROS) production can be manipulated
by the direct addition of oxidants (e.g. H202) or antioxidants, or by application of ROS

inducing drugs (e.g. doxorubicin) (3). A range of approachekdme taken to interfere with

cellular signal transduction pathways, which would vary depending on the pathway of interest

(4). Subcellular localisation is similarly pathway specific, but for example small peptides can be
used to inhibit nuclear factor gpalight-chainenhancer of activated Bcels(MFB) nucl ear
translocatiorj192] (5). The role of epigenetic regulators can be investigated using agents for
histone demethylation (e.g-é&acytidine), or through agents that inhibit the epigenetic

regulatory machinery, for example polycomb repressive complex 2 (PRC2) inhjb@8i£6).

Genes suspected to be involved in the determimaticexual fate can be downregulated
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through gene knocllown, RNA interference, or the additiondifwnstream products including
hormones or hormone disruptors (e.g. oestrogen, testosterone, corticosterone, or fadrozole) (7).

3.4.1.2 Heat shock proteins and theat shock response

Several authors have proposed a role in TSD for heat shock proteins (HSPS)
[171,176,178] Table3.1). These proteins are chaperones and regulators of transcription
factor binding, functions which are essential for maintaining cell function at extreme

incubation temperaturg¢$94,195]

Heat shock causes €aoncentration to rise according to time and temperature,

and concurrently increases levels of the oxidising agent hydrogen pefbRiti&96]

This change in CaRe status can activate heat shock factdSRIL)( which in turn
regulates expression of heat shock protein genes (nat#8M7(Q, whose actions are
required for protection against heatluced cell damag@27,177,182,196(Figure3.1).
Incubation temperature affects the expression of many HSPs in repibke 8.1),
however, no consistent patterns have emerged even between closely related species,
suggesting that HSPs exhibit considerable evolutionary flexilp@ityl71,176,178,194]
Inconsistent patterns of expression of HSPs across species, and their role as molecular
chaperones across a wide range of temperatures, might explain the warie8D

responses to temperature across sp¢tiés182]

Particularly interesting is that environmental triggers of HSPs extend beyond
temperature. Some members of the HSP family show differential expression during
socially induced sex change in the thanded anemonefishAnphiprion bicinctug
[183], and HSP10 is associated with female to male sex reversal (the triggex o
reversal is not yet known) in the rice field ellohopterus albus where it plays a role
in inhibiting apoptosis in male germ ce]l62]. Given HSPs demonstrated roles in sex
determination across ESD taxa, and responsiveness to diverse environmental stimuli, they

are promising candidates for further stubigre3.2).

3.4.1.3 Oxidative stress and the antioxidant response

Cellul ar responses to oxidative stress com
antixidant defence systefl97]. The response is generally initiated by nuclear factor
erythroidrelated factor 2 (NRF2), whose action is critical for the oxidative stress response

and cytoprotectionl75,198] Ordinaily NRF2 persists in the cytoplasm at low levels

bound in an inactive state with KEAP1 (Keltke ECH-associated protein 1). However,
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in a state of oxidative stress the bond with KEAP1 is broken, allowing NRF2 to
translocate to the nucleus where it bitmlantioxidant responsive elements. This initiates
expression of genes such as thioredoxins, peroxiredoxins, and glutaredoxins that are

critical to launching an antioxidant response to oxidative sit®€3 (Figure3.1).

These antioxidants quench ROS and ctaliswith proteins involved in the NF
9 B p a {1bhly@lytathione is partidarly crucial in the oxidative stress response, as
the ratio of its oxidised and reduced states (GSH:GSSG ratio) is responsible for sensing
the redox status of the c¢110,115,200,201]Glutathione directly modifies chromatin
structurevia histone glutathionylation, increasing the binding of transcription faetod
upregulating gene expressif##02]. This has been demonstrated in mammals, in which
glutathione enhances decondensation of the paternal genome inyaferiided egg
[203i 205]

Broadly, theresponse of antioxidant genes to environmental changes may be able
to affect chromatin structur e, essential]l
transcription factors, such as components of theN&= p a {110jvang the polycomb
repressive complex PRC2, which is likely to be involved in reptile sex reygtsa06]
The antioxidant response can therefore induce changes in gene expression and protein
function which may contribute to the broader procestking place during sex
determination and differentiation in environmentally sensitive spetaddd3.1).

3.4.1.4 Synergism between hormonal and oxidatitress

The hypothalamidpituitaryi adrenal (HPA) axis in reptiles, birds and mammals or-inter
renal (HPI) axis in fish and amphibians has a role in sex determination in a range of taxa
(see reviews if207,208). Among gonochoristic (singieex) fish, cortiseimediatel sex
determination in response to temperature is well supported by experimental application
of cortisol[32,209 211]. Cortisol has not yet been experimentally demonstrated to be a
mediator of sex change in sequentially hermaphrotileost fish, but transcriptomic
evidence suggests cortisol upregulation, supporting a role for the HPI axis in the
repression of aromatase and the regulation of downstream epigenetic effectors of gene
regulation[149,207,22,213]

Even in these fish species in which the stress axis has begptemb as the
environmental sensory mechanism, CaRe pathways may play a synergistic role in

initiating, maintaining or mediating sex determination or sex change. Hormonal stress
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results in oxidative stresgia an increase in metabolic rg214], and C&" has a very
strong association with sexual reproduction in fi&I6i 217]. For example, a social cue
such as the removal of a dominant male induces HPI activation and glucocorticoid
production in the dominant female of some spefd83]. Elevated hormonal stress then
results in aromatase repression and elevated androgen production through glucocorticoid
receptor (GR) nuclear localisation and glucocorticoid receptor element (GRE) occupation
in key genomic regiond49,218] Concurrently, hormonal stress leads to oxidative stress
through elevated metabatisand energy productidq@14], and alteration in CaRe status
through one or more of the mechanisms described herein. There is extensitalkross
between the hormonal stress axis and Csdsitive pathways, creating opportunities for

the two to synergise. CaRensitive HSPs chaperone GRs, and GRs further interact
extensively withthe N B pat hway -itime, and selispeaific maneer to
control responses to stimu[R19]. Whether CaRe pathways play a causative or
synergistic role with stress hormoriasspecies that have -@pted the HPI axis for sex
determination (as many teleost fish clearly have) is not yet known, but there is evidence

to suggest that these interactions exist.

Among crocodilians, turtles, and squamates there is little, and cattnagli
evidence for the involvement of stress hormones in ESD. Temperatureveesed adult
bearded dragondP¢gona vitticepsdisplay greatly upregulated popiomelanocortin
(POMOQO) gene expression in the brain, suggesting stress axis upreg{b&afiddowever,
in other reptiles, manipulating incubation temperature and yolk corticosteroids during the
embryonic period of sex determination has not demonstratedisalcbnk between
temperature and glucocorticoid producti@®,22Q 222]. Additionally, gonads of $D
reptiles cultured in isolation from the brain were still found to respond to temperature,
suggesting that the effect of temperature on the HPA axis is not the tempseaisita/e
mechanism in reptile223/ 225]. Thus, there is substantial evidence that the stress axis
plays a role in ESD in teleost fish, but evidence for stress axis activation as a cause or
consequence of sex reversal among reptiles remains equivocal. dtafoth unlikely
that the stress axis is central to the temperaensitive mechanism in all vertebrates,
but a common role for CaRe mechanisms is plausible in both teleost fish and reptiles with
ESD.
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3.4.2 Subcellular localisation

A commonality among many ¢fie candidate pathways and proteins discussed herein is
that their mode of action requires cellular translocation in response to changes in CaRe
statug226,227](Figure3.1, Table3.1). A change in localisation of transcription factors

is necessarily upstream afiy changes in nuclear organisation and gene expression. For
example, in mammals the testmlucing transcription factor (SOX9must be
translocated from the cytoplasm to the nucleus for normal testes development to occur.
Otherwise, the developing gorsacktain ovanlike characteristics even when expression
levels ofSOX9are maintainefR28]. This process in mammals is regulated by the €aRe
sensitive catabolite activator protein cyclic AMP (cAMP) and protein kinase A
phosphorylatiorj229,230] and by C&-calmodulin nuclear entry pathwaj231]. It is
plausible that a similar process, linked more diretctlgnvironmental conditions, occurs

in vertebrates with ESD. While numerous candidates whose function relies on changes in
cellular localisation have been associated with ESD, functional studies in this context are
currently lacking, so future experimentat would benefit from considering these

processesHigure3.2).

3.4.3 Alternative splicing and epigenetic remodelling

As well as the signatansduction pathways discussed above, there are other mechanisms
that can also modulate gene expression in response to environmentally driven changes in
CaRe statusT@ble3.1). While these are as yet poorly understood, evidence is building
that posttranscriptional processes including alternative splicing and epigenetic

remodelling are involved in ESD.

In the 1990s, differential splicing was proposeddatrol TSD after differential
expression of heterogeneous ribonucleoprotein particles (hnnNRNPs) was discovered in two
TSD turtles (diamondback terrapiMalaclemys terrapirand loggerhead turtl€aretta
carettg [171,172,232]Table3.1). Splicing factors in the hnRNP family were suggested
to regulate expression of key genes in a temperaependent manner at crucial stages
in development, although the mechanism by which thermosensitivity is conferred on
hnRNPs was (and remains) unidéed [172,173,233,234]

Subsequently, sespecific assciations with a single nucleotide polymorphism,
embryonic expression profiles, and protein localisation in the TSD snapping turtle
(Chelydra serpentinasuggested thaCIRBP (cold-inducible RNAbinding protein;
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CIRP, A18 hNRNPwas critical for determinign sex[90]. This gene hathermosensitive
expression in the pond slider turtleréchemys scripe[235] and Chinese alligato”(
sinensi$ [26], so this gene may be involved in TSD more broa@gRe status may be
involved in the regulation dZIRBP, as it can be activated by a variety of environmental
stressors that cause changes in €aRcluding osmotic shock, hypoxia, heat, and
oxidative stres§170]. CIRBP may also be involved in mediating CaRsgulated
feedback loops, as upon activation it can function as an RNA chaperone or post

transcriptional regulator of many CaRensitive geneld69,170,236,237]

Recent work supports the early evidence for a role of alternative splicing of key
chromatin remodelling genes in TSD in reptiles. A-asgociated retained intron event
in two members of the Jumonji gene familkkRID2and JMJD3 (also calledKDMG6B)
occurs in three thermally sensitive reptile speci®ogbna vitticeps Alligator
mississippiensjandTrachemys scriptd55]). In P. vitticeps intron retention (IR) occurs
only in sexreversed females produced at high incubation temperatures. There is variation
among these species in the pattern ofassociated IR, perhaps arising fronffetient
ancestral genetic sex determination systgsb$ In a fish that undergoes socially cued
sex change, the bluehead wra3éalassoma bifasciatunrdARID2and other cofactors
within the PRC2 EZH2 SUZ12 EED, RNF2 are transiently downregulated during
female to male transitiofi49]. Both JARID2and JMJD3 also exhibit thermosensitive
expression in the brains of seaversed (neomale) Nile tilapi®(eochromis niloticus
[238]. The PRC2 complex issb involved in orchestrating the commitment of sexual fate

in GSD species, primarily through chromatin remodelling on the sex chromof88gs

JARID2 and JMJD3 egulate the trmethylation of histone H3, lysine 27
(H3K27), and are involved in orchestrating embryonic development and sexual
differentiation[240,241](

Figure3.3). Knockdown ofJMJD3in a TSD turtle T. scripta elegarsat male
producing temperatures triggers female development in 80% of embryos that survive
[24]. IMJID3 mediates transcription of the md&termining gendDMRT1 [23] by
demethylating the repressive H3K27me3 near its pronj@®r Downregulation of
JMJID3by upstream mechanisms responding to high temperature results in persistent tri
methylation of H3K27, which suppresse@MRT1 and promotes the female

developmental pathway (
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Figure3.3). Upregulation 08MJD3in response to lower temperature results i de
methylation of H3K27me3 near tiVIRT 1promoter activatingDMRT 1expression and

promoting the male developmental pathway

Figure 3.3). In alligators, switching embryos from a low femal®ducing
temperature to a high maproducing temperature results in downregulatiodARID2
and JMJD3 further demonstrating the commonality of these chromatin remodelling
pathways in reptilef©3]. The interplay between theramesponsive intron retention and
activity of IMID3[24,55]is not wel understood206]. However, these recent findings
have dramatically shifted the focus of inquiry from direct thermosensitivitpiodidate
sexdetermining genes to higherder thermosensitive epigenetic processes that

differentially downregulate or upregulate influential sex g¢aes].

CaRe status may be directly linked to the epigenetic processes discussed above.
ROS release from mitochondii242] and hydogen peroxide exposuf243] can alter
histone methylation, and the oxidative status dMdD3-regulating transcription factor
(STAT6) directly alterdMJID3[244]. JARID2 and the associated epigenetic remodelling
complex PRC2, and JMJD3, exhibit a wide range of responses to oxidativether
cellular stressors, triggered by environmental signals such as heat [8A6¢kThe
actions of hnRNPs also change depending on their oxidation status. For example, the
activity of hnRNPk (a chaperone and inhibitoH$F1 binding to heat shock elements)
alters depending on the oxidation status of a singtlxsensitive cysteine residue,
affecting the activation of heat shock response g§hag]. Alternatively, epigenetic
processes may be mediated by the Caf®ponsive signalling pathways detailed above.
TheNFe B pathway i s known to control vimome hi s
the transcriptional regulation &§DM2B, another lysine demethylag246], and HSF1
has been demonstrated to open chromatin structure to assist the recruitment of other
transcription factorf247]. These examples point to a promising area of future research,
directed at the CaR&ensiti\e epigenetic processes driving ESD.
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Figure3.3. A schematic diagram showing the action of Jumoniji family genes in altering the
expression of a key sex gene in the-eaded slider turtle (Trachemys scam@leganspased on

the work ofGe et al., (2017, 2018\t femaleproducing temperatures (FPT), the chromatin
modifier IMJD3, a histone demethylase, is downregulated, presumably under the influence of
calcium and redox (CaR@)ediated upstream signal transduction pathways. This allows the
polycomb repressiveomplex 2 (PRC2) complex to deposit heritable methylation marks on
histone 3 lysine 27 (H3K27me3), in part due to the action of JARID2. The methylation marks
deposited in the DMRT1 promoter give permanence to the trimethylation and repression
through cell dvision, ultimately leading to ovary development. At mpteducing temperatures
(MPT), JMJD3 is upregulated, likely under the influence of upstream-@aRiéated signal
transduction pathways. JMJD3 removes the H3K27me3 marks deposited by the PRC2 complex
on the DMRT1 promoter, which then opens this region for transcription by as yet unidentified
transcription factors, so altering the developmental trajectory toward a male fate Gafteyes

& Holleley (2018]. Image credit (turtle silhouette) Roberto Diaz Sibaja under PhyloPic
Creative Commons attribution unported license 3.0.

3.5  Evolutionary significance of CaRe regulation

Tightly controlled regulation of intracellular levels ofand ROS is essential for life,

and has been since the emergence of the earliest eukaj248s The regulatory
mechanisms by which €aand ROS are sensed, and the genetic pathways involved in
responihg to these signalling molecules, are therefore highly consd@4%]. The
evolution of sexual reproductionself has been proposed as an adaptive response to
mitigate the subcellular damage caused by increased production of ROS in an oxygen
rich environment[250]. An alternative view is that ROS production by bacterial
endosymbionts may have driven the evolution of sexual reproduction as a mechanism to

allow for DNA repair through recombinati¢251].

In a facultatively sexual multicellular alge@lvox carter), temperaturénduced
ROS production triggered sexual reproductj@b?], and treatment with antioxidants
completely inhibited temperatureduced sexual reproductiof50]. There is a

fundamental association beten ROS and the regulation of sexual reproduction in all
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three eukaryotic domairf253]. ROS are known to control sexual/asexual reproductive
modes in fungi254], affect germination and gametogenesis in pl§?%&,256] and
influence reproductive phenotypes in multicellular anini2és].

Canalisation of the downstream regulatory pathways of gonad development,
indicated by the relative commonality of gonadal structure, releases upstream elements
of the regulation from selection. Provided functional ovaries or testes result, diversity in
the upstream regulatory processes will be tolerated by sel¢t@¢2b68] The resultan
evolutionary flexibility might account for the phylogenetic variability of ESD systems,
which has been difficult to explajf,5,259] In particular, the independenteenergence
of TSD from GSDcan be seen as a gain of sensitivity to the environment without the
disruption of underlying CaRe mechanisms, which are essential f¢2%8260,261]
Sensitivity to CaRe status can therefore be rapidly regained if there is selective pressure
to do so. This may require only smaltale biochemical changes, allowing rapid
responses in shorter evolutionary time scales compared with larger scale genetic or

physiological changes.
3.6  Applying the CaRe model in theory and practice

3.6.1 Summary of the model

We have provided a simplified and generalised framework that proposes a critical role
for CaRe regulation in environmentally sensitive sex determination systems. The CaRe
model we present posits that an environmental influence, for example temperature, acts
as a cue to stimulate a regulatory cascade that ultimately delivers a sexual outcome (testes
or ovaries) Figure3.2). Such temperature cues act upon thermosensitive ion channels to
regulate C# flux, interacting with ROS production driven by metabolic rate, resulting in

a CaRe status that captures the mmrental signal. CaRe status is decoded and
transmitted to the nuclewsa signal transduction pathways, suchastheeNB and heat
shock response pathways, potentially moderated by antioxidant actigyre 3.1).

Each of these signal transduction pathways is likely to involve changes in subcellar
localisation of key transcription factors such as HSF1, which can influence expression of
genes respondid for developmental outcom§62] (Figure3.1). CaRe status can also

be transmittediia epigenetic or podranslational modifications, so that a diverse array

of CaResensitive cellular pathways can ultimately drive differential gene expression and

direct sexual outcomes.
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3.6.2 Testing hypotheses dervdrom the model

While our model is necessarily speculative, it forms a basis for the generation of testable
hypotheses and the-examination of existing data. Models such as this have proven
immensely successful in setting priorities and giving direditoresearch on the genes

and gene products responsible for sexual differentiftidyi7]

Functional analysis will be critical for determining the role of CaRe in ESD
systems and elucidating the speegescific pathways involved. Our modeleittifies
target stages at different levels of the pathway for manipulation techniques, which can be
applied to a wide range of study speciEg(re 3.2). Manipulation of such ubiquitous
signal transduction pathways is likely to present practical barriers (e.g. lethality), so we
suggest that functional manipulation should exploit the wide variety of targeted inhibitor
drugs and enhancers in boih vitro and in vivo experiments. We might borrow
approaches from the biomedical and cancer research fields, in which these regulatory
pathways are becoming well characterised and techniques for their manipulation are
becoming more accessible. Gene editing techniques sutheaslustered regularly
interspaced short palindromic repeats (CRISRR9) systerf263], combined with drug
manipulation and transcriptomic approaches, will increase understanding of the role of
these ubiquitous signal transduction pathways in both model anchodel species with
ESD.

Understanding the mechanisms by which envirental signals are transduced to
determine sex will have broader implications beyond the evolution of ESD systems.
Practical applications could include manipulation of sex ratios in aquaculture systems,
which frequently rear ESD species. Precise contrgkgfratios in farmed species could
increase efficiency of food production for a growing human populdti®h More
broadly, a better unddending of ESD is increasingly important for assessing the
biological impacts of climate change on environmentally sensitive spR&4is268].

Already populations of ESD species are experiencing skewed sex ratios caused by rising
global temperature®1,84,85,211269]. By understanding how an environmental signal
is transduced to a sexual outcome, novel conservation management strategies could be

devised to avoid or mitigate these impacts of climate change.
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3.7 Conclusions

(1) A universal cellular sensor in ESD sms must bei) inherently environmentally
sensitive, if) capable of interacting with components of known sex determination
pathways, andi() highly conserved in function yet plastic enough to be recruited for the

transduction of different environmehtagnals for different phenotypic outcomes.

(2) CaRe status meets these requirements for a cellular sensor, and associated CaRe
sensitive pathways are promising candidates for the transduction of the environmental
cue to orchestrate sex determination difiérentiation in ESD species. Several lines of
evidence support our model that Castmsitive pathways have been independently and
repeatedly capted as the mechanism by which an environmental signal is transduced to
a sexual outcome in ESD species.

(3) The CaRe model is so far the only unifying model that has been proposed for ESD in
vertebrates. Continued investigation of the role of CaRe regulation in ESD through
explicit testing of CaRe mechanisms proposed in this review will not only advance
undestanding of evolutionary developmental biology and genetics, but may also at last

identify the cellular sensing mechanism of ESD.

(4) We posit that what has been viewed as an intractable problem of identifying the
environmentally sensitive element(s) argamyriad possible candidates with putative

influences on sexual differentiation, instead involves the more tractable challenge of
identifying highly conserved ancestral elements of cellular machinery under the influence

of equally highly conserved signaifj pathways.

(5) We present this model as a basis for future experimentation that goes beyond simply
examining gene expression. Our model incorporates signal reception, capture of the
signal by the cell, receipt of the signal by established cellular sigaasduction

pathways, and the transduction of signals to the epigenome to direct gene expression

leading to discrete sexual outcomes.
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4.1 Abstract

Sex determination and differentiation in reptiles is complex. Temperature dependent sex
determination (TSD), genetic sex determination (GSD) and the interaction of both
environmental and genetic cues (sex reversal) can drive the development of sexual
phenotypes. The Jacky dragdx{phibolurus muricatysis an attractive model species

for the study of genrenvironment interactions because it displays a form of Type 1l TSD,
where femaléiased sex ratios are observed at extreme incubation temperatures and
approximately 50:50 sex ratios occur at intermediate temperatures. This response to
temperature has been proposed to occur due to underlying sex determining loci, the
influence of which is overridden at extreme temperatures. Thus, sex reversal at extreme
temperatures is predicted to produce the female biased sex ratios obserked in
muricatus The occurrence of ovotestes during development is a cellular marker of
temperatue sex reversal in a closely related spe€iegonavitticeps Here we present

the first developmental data fAr muricatusand show that ovotestes occur at frequencies
consistent with a mode of sex determination that is intermediate between GSD and TSD.
This is the first evidence suggestive of underlying unidentified sex determining loci in a

species that has long been uasch model for temperature dependent sex determination.
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4.2 Background

The determination and differentiation of a sexual phenotype is a major event inatertebr
development, shaping the form and behaviour of individuals, and influencing the
ecological properties of speci¢ad70]. Among terrestrial vertebres, the evolution of
sexual development in squamates (lizards and snakes) is particularly labile, unlike the
stable genetic sex determination mechanism of mammals. Squamates are therefore
increasingly viewed as important models for understanding the ntleeund

developmental basis for sexual development in verteliE8e206270].

Temperaturelependent sex determination (TSD), whereby incubation temperature
determines sex in the absence of sex chromosomes, is a sex determination mode occurring
in at least 10% of squamate sped&0,271] It is also possible for squamates to have
genotypic sex determination, and for temperature to have a sex determining influence in
the presence of sex chromosonj8s38]. In such cases, extreme temperatures can
override the influace of sex chromosomes, causing a discordance between an individuals
sex chromosome complement and its phenotypic sex (sex reJeétsal] There are
only two known naturally occurring examples of such sex reversal: the Australian central
bearded dragoRogona vitticepsand the threéined skinkBassiana duperrey[B,4]. In
these two species, it is clear that genetic factors and temperature can interact, so blurring
the dichotomy betweeBSD and TS[)272]. These two species are unlikely to represent
the only instances of sex reversal in squamates, and its occurrence is likely more
widespread than currently appreciated in reptiles, as well as other vertebrate groups
[21,40]

Through its influence on sex determination, temperature also plays an important
role in the differentiatiorof gonads and genitalia. In many female squamates, male
genitalia often develop concurrently with differentiated ovaries, and thepbees do
not regress until late in development, or gaetiching. This asynchrony between gonadal
and genital phenotypes in female squamates is termed temporary pseudohermaphroditism
(TPH)[8] and requires a combination of concurrent histology and hemipenal morphology
to establish. TPH arises possibly because male genitalia may be a developmental default
for some squamates (likely those with ZZ/ZW systemsy}, ihoverridden by other cues
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causing genital feminisatiofv,8]. In P. vitticeps temperaturénduced sex reversal
causes the development of ovotestes, a rare gonadal phenotype with characteristics of
both testes and ovarig8]. Ovotestes were obsed at a highly specific developmental
period (stage 9) exclusively at sex reversing temperaf8fe#t was hypothesized that
ovotestes developing duringxsreversal occurs due to antagonism between opposing
cues from environmental stimuli and sex chromosomes, and therefore can be used as
cellular marker of sex revers@]. In TSD species, ovotestes can also occur due to
incubation at the pivotal temperature (produces 50:50 sex ratios), drug manipulations, or
developmental abnormalities, though they are ultimately a rarely observed phenotype,
particularly undenatural condition§273i 277]. Importantly, ovotestes are not observed

at the more extreme incubation temperatures that produce a single sex in TSD species.

The Jacky dragonAMmphibolurus muricatys an Australian agamid lizard, is a
model for studies on the ewtion and adaptative significance of TREY8i 282]. In this
species, femalbiased sex ratios are obtained at high-320C) and low (2325°C)
temperatires, whereas approximately 50:50 sex ratios are produced at intermediate
temperatures (230°C) [283]. Though considered a classic TSD species, this sex ratio
pattern has been hypothesisedtmur by temperature overriding an underlying GSD
system[27]. Under this hypothesisex chromosomes are the primary sex determining
influence at intermediate temperatures and thus produce 50:50 sex ratios, while extreme
temperatures induce sex reversal in half of the individuals (assuming half of the
individuals are genetically malg)7]. Therefore, if ovotestes indeed indicate sex reversal
[8], A. muricatusdeveloping at temperatures outside of the pivotal range should develop
otherwise rarely observed ovotestes at a frequency of approximately 50%.

In this study, we investg at e Qui nn et . alA nuscatyda®d 1 1]
a cryptic genetic sex determination mechanism with thermal override by assessing the
frequencies of ovotestes at extreme incubation temperatures. For this purpose, we provide
the first simultaneus characterisation of gonadal and genital development for
muricatus.We also consolidate important baseline information on the development of
this species, by assembling the first quantitatively rigorous confirmation of the thermal
reaction norms ofex ratios in this species and also providing the first staging descriptions
for this emerging model organism. Our data suggest®thauricatusnay indeed have
an unidentified genetic influence on sex determination that is overridden by extreme
temperatures, highlighting the need for further study on the sex determination mode of

this species.
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Figure4.1: Development of gonad (panels@) and genital (panels-B) phenotypes in
Amphibolurus muricatuat three different incubation temperatu(24°C, 28°C and 34°C).
Data for gonad and genital phenotypes is matched between individuals (supplenilersdr)y f

4.3 Results

For the developmental data presented in this study, eggs Acomuricatuswere
incubated at 24°C, 28°C, and 34°C, temperatures that have been established to produce
female biased sex ratios at the extremes, and approximately eventieexatathe
intermediate temperature. Eggs were sampled throughout embryonic development
(Figure4.1, supplementary file S1) and staged according to the system development for

close relativePogona vitticep$7].

4.3.1 Temperature reaction norro§sex ratios

Our combined dataset (n = 8@@dividuals, supplementary file S3) confirms that
muricatusdoes exhibit Type Il TSDHRigure 4.2). However, the proportion of female
individuals is not 100% at extreme temperatures, as has been reported by incubation
experiments with smaller sample sif288,280] This is the most comprehensive profile
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Figure4.2: Temperature reaction norms (A) and proportion of ovotestes (Bynfigrhibolurus
muricatus The reaction norms were calculated by fitting a polynomial logistic regression model
to the dataset, wbih was obtained by compiling incubation data from this study and pre

existing datasets (supplementary file S1). Grey shading indicated 95% confidence intervals. The
proportion of ovotestes was obtained from developmental data produced for this study, and
fitted with a polynomial regression model (supplementary file S2).

of the temperature reaction norms for sex ratios in this species to date, and reveals that
more variation in sex ratios exists than previously reported (supplementary file S2).
P e ar s hl-spgdased t€st showed that sex ratios differed significantly from 50:50 ratios

at every temperature except for 27.5°C (P =-A@esupplementary file S3).

4.3.2 Frequency of ovotestes

Consistent with our hypothesis, assuming a GSD system wthermal override, the
proportion of ovotestes is highest at extreme temperatures and occurs at frequencies
approaching 50%T@ble4.1, Figure4.2).

Of the samples with characterised gonadal phenotypes (the gonads of some samples were
unable to be characterised, supplementary file Stytestes were observed more
frequently at 24°CH = 4 of 11, 36%) and 34°C (n = 5 of 11, 45%) compared to the
moderate incubation temperature at 28°C (n = 2 of 14, Hdare4.2). In total, across

all samples witta characterized gonadal phenotype in all incubation temperatures, 31%
had ovotestes (n = 11 of 3@)able4.1, supplementary file S1).

There was considerable morphological variation observed in the ovotestes. Some

samples exhibited rudimentary seminiferous tubules and a cortex layer, while others
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exhibited well defined tubules and a cortex laygg(re4.3). Unlike what is seen iR.
vitticeps where ovotestes were observed during a narrow developmental range {stage 9
9.5) [8], ovotestes were observed at disparate developmental stagesmuaricatus
spanning stages B 16 (a range equivalent to approximately 72% of embryonic
development, supplementary file S1). Given the wide range of developmental stages at
which ovotestes were observed, they were concurrent with every genital phenotype

observed during developmeftdure4.3, supplementary file S1).

Figure4.3: Development of gonad (panels@ and genital (panels-B) phenotypes in
Amphibolurus muricatuat three different incubation temperatures (24°C, 28°C and 34°C).
Data for gonad and genital phenotypes is matched between individuals (supplementary file S1).

4.3.3 Timing of gonad differentiation and sex ratios

The gonadal morphologies observedAn muricatusare similar to those previously
described for other reptile spies Figure4.3). The gonad initially forms as a long ridge

of undifferentiated tissue along the mesonephros, before differentiating into ovaries or
testes. Ovaries exhibit a distinct cortex and degenerating meHBiglad€4.3). In testes

the cortex degenerates and the medpitaiferates with seminiferous tubuleBigure

4.3). However, there are key differences in the timing of gonadal differentiation between
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