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With or without sex chromosomes, sex determination is a synthesis of many
molecular events that drives a community of cells towards a coordinated
tissue fate. In this review, we will consider how a sex determination pathway
can be engaged and stabilized without an inherited genetic determinant.
In many reptilian species, no sex chromosomes have been identified, yet a
conserved network of gene expression is initiated. Recent studies propose
that epigenetic regulation mediates the effects of temperature on these
genes through dynamic post-transcriptional, post-translational and metabolic
pathways. It is likely that there is no singular regulator of sex determination,
but rather an accumulation of molecular events that shift the scales towards
one fate over another until a threshold is reached sulfficient to maintain and
stabilize one pathway and repress the alternative pathway. Investigations into
the mechanism underlying sex determination without sex chromosomes
should focus on cellular processes that are frequently activated by multiple
stimuli or can synthesize multiple inputs and drive a coordinated response.

This article is part of the theme issue ‘Challenging the paradigm in sex
chromosome evolution: empirical and theoretical insights with a focus on
vertebrates (Part I)’.

1. Introduction

Sex determination is classically considered to be the process by which an organ-
ism initiates the development of ovaries or testes from the embryonic gonad.
Because differentiation of the gonad into an ovary or testis typically drives
the development of other sex-specific traits such as genitalia through hormone
production, the outcome of this developmental decision is central to the pheno-
typic sex of the organism. For this reason, this review will use the terms ‘female’
and ‘male’ to describe the pathways that drive the gonad towards an ovary or
testis fate. Gonadal sex determination is classified as being either genetically
activated (genetic sex determination, GSD) or environmentally driven (environ-
mental sex determination, ESD). GSD mechanisms include the presence or
dosage of sex chromosomes or the accumulation of specific gene products
that initiate development of one sex or the other. In ESD, exogenous forces
such as temperature, stress or social dynamics initiate molecular cascades that
bias the system towards a female or male fate. Modes of ESD have arisen
independently in multiple lineages (figure 1).

Evidence is accumulating that sex chromosomes directly influence the fate
of other, non-gonadal tissues in GSD species [3,4]. However, in species where
sex chromosomes are absent, ESD forces control the differentiation of all sex
traits through the effects of steroid hormones and other factors produced by
the gonad. Thus, ESD is a fascinating example of how the environment directly
influences molecular pathways that drive the development and subsequent life
history of an individual.

The bipotential early gonad arises from the mesonephros, usually during the
middle third of embryonic development. In most vertebrates, this early gonad
has a coelomic epithelium encompassing a medullary compartment. However,
the organization of these regions, and the future gonad structures they give
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Figure 1. Environmental sex determination (ESD) has evolved repeatedly in multiple vertebrate lineages. Multiple sex determining systems can operate
simultaneously. Specific examples discussed in this review are indicated by an animal icon. We have broken the Squamates node (indicated by an asterisk)
into lizards and snakes to highlight the observation that while ESD has evolved multiple times in many lizard species, this phenomena has not yet been described

in snakes. Adapted from [1] and [2].

rise to, are variable [5-7]. Despite the fact that the process of
morphogenesis varies, the adult structure of the ovary and
testis is strikingly similar across vertebrates. While no single
factor is responsible for activation of ovary or testis develop-
ment in all vertebrate species, sex determination pathways
seem to converge on the same cohort of genetic regulators
that maintain and stabilize gonad fate. For example, in all
vertebrates investigated so far: SF1 and WT1 are involved in
establishment of gonadal cells; SOX9 is the defining marker
of the supporting cells of testis cords; AMH inhibits the
development of the female reproductive tract; Aromatase
(CYP19A1) is required for production of oestrogen from andro-
gens; and FOXL2 is required for female-supporting cell
differentiation (figure 2) (reviewed by [1]). In mammals, the
Y-chromosome-linked gene Sry, is the dominant male determi-
nant [9]. DMRT1 plays a dominant role at the top of the
hierarchy in birds, turtles, frogs and fishes, whereas, its role in
mammals seems to be to maintain male fate (reviewed by
[10]). Curiously, other genes that are part of the female and
male pathways are not always activated in the same order
[11,12]. While the reason for this is not yet understood, it
suggests that the overall network rather than a fixed sequence
of expression is important. In many species, manipulation of
steroid hormones during embryonic development can partially
or completely redirect sexual trajectory of the embryo [13-16].
Therefore, the regulatory control of aromatase (CYP19A1)
expression is of critical importance to understanding gonad
differentiation.

Female and male pathways are mutually antagonistic,
with ovary regulatory loops promoting differentiation of
ovary fates while simultaneously repressing testis differen-
tiation genes and vice versa, driving the gonad towards a
coordinated fate [17-20]. Adding another level of complexity,
the gonad is composed of multiple cell types, including germ

cells (future oogonia or spermatogonia) and somatic cells,
which include supporting cells (granulosa/Sertoli) and ster-
oidogenic cells (theca/Leydig). All three of these cell types
are reported to be drivers of sex determination in different
vertebrate species (reviewed by [1]). While supporting cells
initiate sex determination in mammals [21-26], steroidogenic
pathways seem to be entry points in sex-reversing fishes
(reviewed by [27]), and the number of germ cells can drive
sex determination in zebrafish and medaka [28,29]. Because
of the feedback regulatory loops that coordinate a single
ovary or testis gonadal fate, anything that biases the regulat-
ory loop in favour of one pathway over the other could be
considered the sex determining switch, regardless of the
cell type in which it occurs or whether that bias is inherited
(like a sex chromosome) or is the result of environmental
input (like temperature) [30].

The large number of genetic and cellular processes that
can contribute to sex determination suggests that the process
is cumulative. This is most evident in ESD species, where the
developmental window during which the environment can
influence sex is quite long, extending over a period of
weeks. For example, in species with temperature-dependent
sex determination (TSD) (first described by [31,32]), shifting
eggs between the female and male temperatures can switch
the sexual trajectory up until when morphogenesis of the
ovary and testis diverge days to weeks later [33]. The later
the shift occurs during this window, the fewer animals
undergo a change in trajectory, consistent with the idea that
(i) the process is cumulative and (ii) the outcome varies
across the population, perhaps because individuals either
experience different inputs or respond differently to those
inputs. When no sex chromosomes or dominant genetic deter-
minants are present to provide a genetic bias towards one
pathway or another, what inputs drive the gonad to commit
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Figure 2. Sex determination is a cumulative process. Female- and male-sex determination pathways are initiated in the bipotential gonad and are maintained over
the course of multiple embryonic stages until ovary or testis fate is stabilized. Proposed mechanisms of sex determination in the red-eared slider turtle T. scripta are

diagrammed in relation to onset of expression per Greenbaum embryonic stage [8].

to becoming an ovary or testis? How do environmental cues
intersect with sex determination pathways, and how do gona-
dal cells interpret potentially conflicting environmental cues,
like fluctuating temperature?

In this review, we will consider how one of the two sex
determination pathways can be engaged without an inherited
genetic determinant. Although we will draw from multiple
ESD systems, we will focus primarily on the red-eared
slider turtle. In this TSD species, a histone demethylase regu-
lated by environmental temperature controls the epigenetic
state of a key sex determining gene that is critical to the acti-
vation of the testis pathway [34,35]. In this case, temperature
affects a post-translational modification, but we will also
review evidence that temperature regulates allelic expression,
protein stability and RNA-splicing—all of which may con-
tribute to an expression bias in female or male pathways
that leads to the resolution of sexual fate over time.

2. Epigenetic control of sex determination

The epigenetic state of genes in the sex determination cascade
appears to be critical in the activation of ovary or testis-
specific pathways in both GSD and ESD (reviewed by [36]).
In the mouse GSD system, a Jumonji histone demethylase
KDM3A (JMJD1A) is required for activation of Sry, the
Y-chromosome-linked sex determining gene at the top of the

male pathway [37]. Another study showed that at the bipoten-
tial stage, supporting cell progenitors in the XX and XY mouse
gonad carry active and repressive histone marks (H3K4me3
and H3K27me3) on many genes associated with both the
female and male pathways. This suggests that genes of both
pathways are bivalently poised for activation or repression in
the early embryonic gonad. After sex determination has
occurred, genes associated with the pathway that is activated
lose their repressive marks while genes associated with the
alternative pathway remain bivalent [38,39]. These results
suggest that maintenance of—or changes to—the epigenetic
state of a gene is a critical step in activation of ovary- or
testis-specific development.

Several studies proposed that epigenetic regulation med-
iates the effects of environmental forces on gene expression
to initiate female or male-sex determination pathways. Aroma-
tase was an early focus of epigenetic studies, owing to its
crucial role in driving and maintaining female sexual fate
[40,41]. Indeed, exposure to high temperatures led to increased
methylation at a gonad-specific aromatase promoter and corre-
lated with male development in the European sea bass [40].
When eggs at the male producing temperature (MPT) were
shifted to the female producing temperature (FPT), less CpG
methylation was observed near FOXL2 and SF1 binding sites
in the 5 flanking region of the Cyp19al promoter. However,
temperature-dependent methylation patterns disappeared
after the end of the temperature-sensing period, suggesting
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that DNA methylation may serve as a temporary mark that
helps maintain activation of the female pathway through
expression of aromatase, after which other regulatory mechan-
isms take over [42]. There is also evidence that environmental
toxins such as polychlorinated biphenyl (PCB) exposure can
interfere with oestrogen signalling and affect DNA methyl-
ation at key sex determination genes. Exposure to PCBs
biased sex ratios towards female fates but DNA methylation
around the aromatase promoter was atypical for FPT embryos,
which maintained an MPT-typical pattern. These data suggest
that DNA methylation is not required for initiation of female
or male pathways [43]. Whether changes in methylation are
causative or simply reflective of a change in the activity of
the gene has been difficult to determine. In support of a causa-
tive role, one study in the half-smooth tongue sole Cynoglossus
semilaevis indicated that changes in methylation at Dmrtl
caused by temperature exposure were heritable and capable
of over-riding chromosomal sex in the next generation [44].
How temperature might be linked to changes in methylation
has not been elucidated.

More recently, attention has shifted to the role of histone
modifications driven in part by the discovery that transcrip-
tional changes in two Jumonji-family histone demethylases,
JARID2 and KDM6B, show a high correlation with tempera-
ture of incubation in multiple reptile species, including the
red-eared slider turtle Trachemys scripta elegans, the American
alligator Alligator mississippiensis and the Australian central
bearded dragon, Pogona vitticeps [12,35,45,46].

These findings, coupled with data showing that removal of
H3K27me3 is associated with activation of the male pathway in
mice [39] led to a functional experiment to knock-down the
H3K27me3 demethylase, Kdm6b, in T. scripta. This experiment
resulted in a failure to demethylate Dmrt1 and the development
of greater than 80% females at the male producing temperature,
suggesting that epigenetic regulation is an intersection point
between temperature and molecular pathways [35].

3. Molecular signalling changes that capture
temperature cues

In T. scripta, at the earliest stages of gonad development,
expression of Kdm6b is specific to the male-producing tempera-
ture, suggesting a primary effect of temperature on activation
or silencing of the gene. This finding led to an investigation of
known regulators of Kdm6b in other contexts. One such regu-
lator is signal transducer and activator of transcription 3
(STAT3) which can activate or repress Kdmbéb depending on
its phosphorylation status and binding partners [47,48].
PSTAT3 is activated through phosphorylation of the tyrosine
705 residue and forms a dimer that enters the nucleus, binds
DNA and controls gene expression [49]. To test whether
STAT3 regulates Kdmé6b in T. scripta, several inhibitors were
used to block its phosphorylation and dimerization. Results
showed that inhibition of pSTAT3 did not affect the male path-
way but caused upregulation of Kdméb and Dmrtl expression
at the female-producing temperature, indicating that during
sex determination in T. scripta, pSTAT3 inhibits expression of
Kdm6b at female-producing temperatures [34].

Interestingly, phosphorylation of STAT3 can be regulated
by calcium signalling pathways known to be activated in
response to temperature and other environmental signals
[49-55]. Experiments showed that higher female temperatures

led to a robust elevation of calcium in T. scripta gonad cells and
phosphorylation of STAT3, an effect that could be mimicked
by stimulation of turtle gonad cells with an ionophore [34].
These experiments implicate ion channels and calcium signal-
ling in the regulation of STAT3 activity, but it is not yet clear
which ion channels are involved, or whether calcium acts
directly through a calmodulin-dependent protein kinase
(CAMK) or by initiating downstream changes in calcium
stores in the cell, a cascade which could trigger STAT activation
indirectly. It has been proposed that both calcium and redox
status (CaRe) serve as cellular sensors of environmental cues
in ESD species and work through common ancient cellular
pathways such as the JAK/STAT pathway [56].

A class of well-characterized environmentally sensitive
proteins, transient receptor potential channels (TRPs), may
function as temperature-sensors in TSD. TRP channels are a
family of ion channels that open or close in response to temp-
erature and other external stimuli including pain, pressure
and taste [57]. They are also permeable to a number of cations
such as Ca®* [57]. TRP-V and TRP-M classes are most fre-
quently associated with temperature-sensing and are
expressed all over the vertebrate body [57], and specifically
in the T. scripta gonad [12]. TRPV4, a warm-sensing channel
typically activated between 27°C and 35°C, similar to the
nest temperature for many reptiles with TSD, was investi-
gated in the American alligator A. mississippiensis through
the use of specific agonists and antagonists. In these exper-
iments, TRPV4 activity was correlated with activation of
Sox9 and Amh at warm temperatures (which are male-
producing in crocodilians) [58]. Another group of researchers
investigated TRPV1 in thermosensation and sex ratios in Mar-
emys reevesii, another freshwater turtle with TSD, and found
that inhibition of TRPV1 during embryonic development
resulted in fewer female hatchlings [59]. Further experiments
are required to establish these links in the pathway.

4. Post-transcriptional modification and RNA
processing

Alternative splicing is a key regulator of sex-specific gene
expression in Drosophila melanogastor, many other insects,
and Caenorhabditis elegans [60-63]. Splicing may play a signifi-
cant role in the initiation or maintenance of vertebrate sex
determination as well. Deveson et al. [45] reported sexually
dimorphic patterns of alternative splicing in three different
reptiles with TSD, notably in the Jumonji-family chromatin
modifiers Kdm6b and Jarid2. In all three cases, alternative spli-
cing led to intron retention (IR), introducing a premature stop
codon and protein truncation expected to lead to a non-
functional protein. This work raised a number of questions.
In species with TSD, IR predominantly occurred at cooler
temperatures, which in T. scripta (26°C) is male-producing,
but in A. mississippiensis (30°C) is female-producing.
However, IR was also observed in ZZ dragons sex-reversed
to female at higher temperature. Together, these data
showed that specific splicoforms of Jumonji-family chromatin
modifiers are consistently present, but are not consistently
associated with one sex or one temperature, at least in the
three species studied [45]. It is possible that Jumonji-family
chromatin regulators have been co-opted repeatedly and
used in different contexts in different sex determination
networks. Although loss of Kdmé6b led to a failure to
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demethylate Dmrtl and to initiate testis development in
T. scripta [35], the functional role of splicing variants has
not been investigated.

Adding further complexity, JARID2 and KDM6B have
opposite functions. JARID2 is part of the polycomb repression
complex (PRC), which catalyses the deposition of H3K27me3
at target loci [64], whereas KDM6B, an H3K27me3 demethy-
lase, removes the H3K27me3 repressive mark and activates
silent genes [65]. The effects of splicing on protein structure/
function, may provide some answers that reconcile details of
previous studies. For example, truncation of either of these
proteins could affect specificity, binding, or stability. A recent
study showed that JARID2 can exist as a lower molecular
weight protein lacking the N-terminal PRC2 interacting
domain (N-JARID2). In this form, it can serve as an activator
[66]. Additionally, histone demethylases such as Kdm6b may
have roles in the recruitment of activators independent of
their demethylase activity [67]. Further experiments are
required to develop a coherent idea of how splicing differences
of these chromatin regulators affects the establishment or
maintenance of female and male pathways.

In addition to a direct role in regulating histone modifiers,
splicing probably contributes to broader changes in the tran-
scriptional landscape. In ESD species, alternative splicing and
mRNA processing could provide the initial bias that drives
one pathway over another or reinforce chromatin and gene
expression changes that must be maintained to stabilize
gonad fate. Interestingly, the activity of CDC-like kinases
(CLKs) responds to physiological temperature: lower body
temperature results in elevated phosphorylation of splicing-
activating proteins which results in alternative splicing in
response to temperature. CLK4 has been proposed to regulate
splicing in reptilian species with TSD. One alternatively spliced
target of CLK4 is the cold-inducible RNA binding protein,
CIRBE, which has been implicated in TSD (see below). Splico-
form differences in this transcript may control RNA stability
[68]. A global analysis of splicing events in reptiles with TSD
will be highly informative. How alternative splicing events
contribute to sex determination pathways and changes in the
chromatin landscape remain open questions.

5. Proteins whose activity is influenced by
temperature or other environmental signals

Another class of responders to environmental cues involve
proteins whose expression or activity (owing to structural
changes or protein modifications) is influenced by tempera-
ture. Heat-shock proteins (HSPs) are classic sensors of heat
stress, but are indicated in a number of other physiological
responses including cold, UV light and inflammation [69,70].
Several HSPs demonstrate sexually dimorphic expression in
T. scripta [12,71], and could act as cellular chaperones to facili-
tate differential protein folding and stability of sex-specific
proteins under different environmental conditions [69,70].
Sensitivity to environmental forces also may result from
allelic variants that alter the response of proteins to differences
in temperature or other environmental conditions. For
example, an inherited thermosensitive single nucleotide poly-
morphism (SNP) in CIRBP was identified in gonads from the
common snapping turtle Chelydra serpentina [72]. In other
species, CIRBP responds to a number of environmental stimuli
including temperature, UV light and hypoxia and contributes

to mRNA processing and stabilization [51,73]. In C. serpentina, [ 5 |

the CIRBP A allele was induced at warmer, female-producing
temperatures and AA (or to a lesser extent AC) genotypes were
more likely to develop ovaries. Different CIRBP allele frequen-
cies were observed in proximate turtle populations, which
could influence TSD patterns and subsequent sex ratios in a
population-specific way [74]. Additionally, there is evidence
that CIRBP regulates STAT3 phosphorylation through NF-«f
and JAK signalling [75,76].

Several investigators have hypothesized that temperature
influences sexual fate indirectly through activation of stress
response pathways and changing the redox status of the
cells [45,56,74]. The stress hormone cortisol is thought to be
central to environmental sex determination and sex change
in reef fishes [77]. In sequentially hermaphroditic reef
fishes, social changes can trigger sexual transitions via inter-
section of the hypothalamic-pituitary-interrenal pathway and
hypothalamic-pituitary-gonad pathways: perceived social
changes induce changes in cortisol, which in turn affects
steroid hormone synthesis via gonadotropins released from
the pituitary. For example, in protogynous species, the
death of the dominant male triggers a drop in cortisol in
the alpha female and transition into a fertile male, whereas
addition of cortisol can have the opposite effect [77]. Further
support for the idea that these pathways intersect come from
studies in birds showing that sex ratios can be manipulated
through modulation of yolk corticosterone levels [78].

Deveson et al. [45] proposed that the pituitary stress
response pathways could be working together with CIRBP to
mediate environmental stress in species with TSD. Intriguingly,
propiomelanocortin (POMC), the precursor of adrenocortico-
tropic hormone (ACTH) which regulates levels of cortisol, is
upregulated in sex-reversed P. vitticeps. In P. vitticeps, this
stress response correlates with changes in alternative splicing
of Jumonji-family histone modifiers, suggesting a relationship
between cellular stress and sex-specific gene expression
changes [45]. Fascinatingly, CIRBP can also regulate POMC
transcription and promote cortical stress response [79,80].
Redox-regulated signalling triggered by stress responses or
other inputs can also work through the JAK-STAT signalling
pathway [81,82] and could act through epigenetic regulators
or other pathways to control ESD. Many of these potential
interactions are summarized in figure 3.

6. How is the temperature-dependent sex
determination system robust to fluctuating

temperature in the wild?

In the laboratory, reptilian eggs are typically incubated at a
constant temperature, but this is obviously unlike the wild,
where temperatures fluctuate day to night, in response to vari-
able rainfall throughout the incubation period, and across the
species environmental range. How is sex determination robust
to constant environmental changes?

In general, this may have to do with the cumulative input
over a long temperature sensitive period combined with the
multiple feedback loops that stabilize one pathway and
repress the alternative pathway. However, the key to under-
standing how this works in T. scripta (the system that we
know the most about at present) may be learning more
about how phosphorylation of STAT3 is regulated. pSTAT3

60100707 :9LE § 0S "y "supi[ “iyd  qis/jeusnol/ba0°buiysiigndKianosiedol



TEMPERATURE

|BODY HOMEOSTASIS| o
Leptin @~ / o

uvB
Hypoxia
<33°'C

Low glucose

ENVIRONMENT

Sear STRESS RESPONSE
TRP Channel o— Cortisol«— (POMC
" il 45]50[75le0l6 1]

a»
v

F‘;A m

src'P

| INFLAMMATION|

~
IL-6 ©

Figure 3. Sex determination is a complex synthesis of many molecular events. Without sex chromosomes, initiation and stabilization of sexual fate probably involves
post-transcriptional, post-translational and metabolic pathways that affect gene regulatory events. An accumulation of molecular events will be sufficient to maintain
and stabilize one pathway and repress the alternative pathway. Here, we show how many environmental pathways converge upon STAT3 activation, which critically
regulates epigenetic activation of male gene expression. Grey boxes with numbers refer to the Reference list.

is reported to have a long half-life greater than 12 h [83].
A long half-life of the protein could mean that FPT tempera-
tures need only reach high levels periodically to repress
transcription of Kdmé6b, and activation of the male pathway.
Proteins active at MPT could also control pSTAT3 through
de-phosphorylation, active repression of the STAT3 activa-
tor(s), or phosphorylation of alternative STAT3 sites. For
example, protein tyrosine phosphatase (PTP) family members
are known to negatively regulate STAT3 activation through
dephosphorylation of the tyrosine 705 residue that is required
for STAT3 activity [84]. Most of the PTPs known to depho-
sphorylate STAT3 are expressed in the T. scripta embryonic
gonad during the TSP. Intriguingly, one of these candidates,
PTPRD, is significantly upregulated at MPT [12] and can
directly interact with STAT3 [85]. While there are no reports
that PTPRD is itself temperature sensitive, PTP family mem-
bers are known to be regulated by oxidation [86]. Therefore,
an intriguing possibility is that PTPs mediate changes in cel-
lular calcium and redox regulation (CaRe) [56] by controlling
STAT3 activity. Male-specific upregulation of PTPRD past
stage 16 could act to stabilize commitment to male fate.

7. Conclusion

Sex determination is a complex synthesis of many molecular
events over time that drives a community of cells towards a

tissue fate. Temperature is the driving force behind sex deter-
mination in species like T. scripta, but we know that ovary
and testis development in the turtle are also influenced by
allelic differences [74] and hormone production (reviewed
in [41]), and in other species such as sex-reversing fishes,
by stress and interplay between the hypothalamic-pituitary-
interrenal pathway and hypothalamic-pituitary-gonad path-
ways. For decades, the field has sought the molecular
mechanism underlying TSD. However, as the data in this
review demonstrate, this process is remarkably complex
and dynamic and may involve post-transcriptional, post-
translational and metabolic pathways (figure 3). It is likely
that there is no singular regulator of sex determination, but
rather an accumulation of molecular events that shift the
scales towards one fate over another until a threshold is
reached sufficient to maintain and stabilize one pathway
and repress the alternative pathway.

In TSD species, calcium-sensitive channels are emerging
as key transducers of environmental signals that intersect
with epigenetic regulation of important genes in the path-
ways. Whether other environmental signals (such as stress
and redox signalling) converge on STAT3 and epigenetic reg-
ulators remains to be seen. More details of the intracellular
pathways that relay the external signal to the transcriptional
network will probably be forthcoming in the next few years
as genomes and transcriptomes become available and func-
tional experiments come within reach in many different
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organisms. Investigations into the mechanism underlying
TSD should focus on cellular processes that are frequently
activated by multiple stimuli or can synthesize multiple
inputs and drive a coordinated response.

This article has no additional data.
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