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Abstract:

Sex reversal describes the process of external factors or genetic mutations overriding normal sex
determination during sexual development. This phenomenon is widespread among vertebrates and
occurs under a number of different developmental circumstances. Environmental factors such as
temperature and stress, mutations in key sex determination genes, and exposure to exogenous
hormones or endocrine-disrupting compounds may all cause sex reversal. Outcomes of the sex
reversal process are incredibly varied. Some taxa are far more adept at switching sex than others,
and different sex reversal triggers can lead to contrasting fertile, reproductively impaired, or intersex
phenotypes, with subsequently divergent implications for both evolutionary and population-level
dynamics. Sex reversal has received considerable scientific attention since early experiments with
exogenous hormones revealed an inherent flexibility in the sex determination of vertebrates.
However, this attention is spread over a variety of research disciplines, many of which use specialised
terminology, and focus on specific aspects of sex reversal. This comes at a detriment to a rapidly-
advancing field which would greatly benefit from increased cross-disciplinary study. Here, we
conducted a systematic review of 589 studies to provide an overview of current research on
vertebrate sex reversals. We summarise known taxonomic trends, common research applications,
and contemporary theories of how and why sex reversal occurs. Drawing from the collected primary
literature, we further examine specific triggers of sex reversal, affected taxa, and potential
mechanisms. We then discuss the role of sex reversal as a natural phenomenon in wild populations,
exploring current hypotheses of sex reversal as an adaptive trait. Finally, we conclude the review with
a discussion of how projected future increases in anthropogenically-driven sex reversal triggers —
namely extreme high temperatures and endocrine-disruptors — present a further challenge to

vulnerable populations under global climate change.

Keywords:
Sex inversion, Sex Control, Sex Differentiation, Endocrine-Disrupting-Chemicals, Climate Change,

Environmental Sex Determination, Aquaculture, Toxicology, Charnov-Bull Model



37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68

Table of Contents:
l. Introduction
Il. Systematic review and literature compilation
lll. Overview of sex reversal research
(1) Which vertebrates sex reverse?
(2) Why is sex reversal studied?
(3) What causes sex reversal?
IV. Mechanisms of sex reversal: our contemporary understanding
(1) Environmental sex reversals
(a) Temperature
(b) Stressful conditions
(c) Resource restriction
(2) Mutation-based sex reversals
(a) Hybridisation
(b) Genetic mutations
(3) Hormonal sex reversals
(a) Exogenous hormones
(b) Hormone antagonists
(c) Endocrine-disrupting-chemicals
V. Is sex reversal adaptive?
(1) Most sex reversals are not adaptive
2
3

4) Hypotheses for adaptive mutation-based sex reversal

)

(2) Hypotheses for adaptive environmental sex reversal
(3) Sex reversal and frequency-dependent selection
(4)
(5) Understanding fitness consequences of sex reversal
VI. Sex reversal in the Anthropocene

(1) Anthropogenic influences on sex reversal

(2) Conflicting pathways and endocrine-disrupting cocktails

(3) Population consequences

(4) Modulators of anthropogenic sex reversal

(5) Future research areas

VII. Conclusions



69

70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
&9
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108

l. Introduction

Vertebrate sex determination is nuanced and incredibly varied. Broadly, most vertebrates possess
some form of genetic sex determination (GSD), inheriting sex chromosomes (Bull, 1985) or, in
polygenic systems, quantitative thresholds of male- or female-promoting alleles (Kocher et al., 2024).
Conversely, some taxa show environmental sex determination (ESD). Similar genetic factors exist as
in GSD species, but it is their bimodal expression under different environmental conditions, rather
than their inheritance, that determines the direction of sexual development (see Fig. 1a; Deeming &
Ferguson, 1988; Weber & Capel, 2018; Thépot, 2021). While diverse, these sex determination
systems all operate using similar frameworks of gene-hormone interactions, and under the right
conditions, all of these systems can be disrupted.

Sex reversal refers to external factors or genetic mutations overriding normal sex
determination during the sexual development of an embryo or larvae (Bull, 1985; Weber and Capel,
2018). Individuals destined to be male become phenotypic females, and vice versa. Among GSD
species, the sex-reversed individuals possess a phenotype at odds with their genetic sex, e.g. an XX
or ZW male, or an XY or ZZ female. Such individuals are termed ‘discordant’ due to this mismatch
(Holleley et al., 2015). Species with ESD can also be subject to sex reversal where factors cause
them to develop as the sex opposite to that expected for their developmental conditions (see Fig. 1a;
Warner and Shine, 2005; 2008; Rogerson et al., 2023). Sex reversal can occur in all vertebrates, but
is most common in fish and amphibians, being comparatively rare in birds and mammals. However,
these paradigms may shift into the future. Recent advances in genetic sex testing have markedly
increased our ability to detect wild sex-reversed individuals, and lability in sex determination modes
may be far more widespread than currently recognised (Holleley et al., 2016; Hall et al., 2025).
Increases in the frequency and magnitude of the processes that drive sex reversal are also expected
to drive an accompanying increase in the taxa and populations affected by this phenomenon
(Schwanz et al., 2020).

Sex reversal can be instigated by a variety of triggers within three broad categories, across all
sex determination systems (Fig. 1b). Environmental sex reversal involves the overriding of normal
sex-determination by developmental conditions, such as temperature or resource availability (e.g.
Radder et al., 2007; Dupoué et al., 2019). Environmental sex reversals specifically occur in ESD
species where uncommon environmental variables override determining variables that are always
present; e.g., masculinising oxidative stress at an otherwise female-producing temperature (Corona-
Herrera et al., 2018). Second, mutation-based sex reversals involve genetic mutations (or
incompatibilities in hybrids) that cause the failure of normal sex-determination gene pathways (e.g.
Saunders et al., 2014; Parma et al., 2016). Finally, hormonal sex-reversals occur when developing
individuals are exposed to hormones, hormone antagonists or endocrine-disrupting chemicals, which
override normal sex-determination (e.g. Sakamoto et al., 2016; Piprek et al., 2012). Although these
triggers appear varied at first glance, their proximate mechanisms tend to be similar. Sex reversal can
occur due to mutations or external influences that alter the expression of sex-linked genes, adjust an
individual's balance or concentration of sex-steroid hormones, and/or interfere with primordial germ

cell proliferation during early development (Capel, 2017; Weber and Capel, 2018).
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Fig. 1. Genetic determinants of sex and the sex reversal triggers that override them. A). Vertebrate sex determination
systems are generally either genetic (GSD; chromosomal/polygenic) or ESD (environmental cues overriding genes via
interactions). While ESD is not considered a form of GSD, the genetic factors are still the same, but it is environment-
moderated expression rather than inheritance of these genes that determines sex. B). Sex reversal overrides the normal paths
in both ESD and GSD systems via environmental factors, genetic mutations, or modification of hormone levels. In the first
example of environmental sex reversal, high incubation temperatures in the central bearded dragon (Pogona vitticeps) cause
ZZ genetic males to develop as phenotypic females (Quinn et al., 2007). In the second example, of mutation-based sex
reversal, an African pygmy mouse embryo (Mus minutoides) is genetically a XY male, but has inherited a variant form of the X
chromosome, X*, which prevents masculinisation and lead to development of a female phenotype (Saunders et al., 2014).
Finally, in the third example, of hormonal sex reversal, a ZW female tadpole of the Japanese wrinkled frog (Glandirana rugosa)

is injected with exogenous testosterone, leading to the development of a male phenotype (Sakamoto et al., 2016).

In contrast to phenotypic sex-change, sex reversal occurs only before maturation of the
gonads, and in conventionally gonochoristic species. The flexible hermaphroditic life-histories of many
reef fishes, where fish reproduce as both males and females within their lifetime, are examples of sex-
change (Kadota, 2022), as is the oft-reported spontaneous development of male gonadal tissue in
adult female chickens following iliness or trauma (Weber and Capel, 2018; Zhang et al., 2023a).
While there is overlap in aspects of these two sex-inversions (see Table 1 for glossary) they can be
quite different. Sequentially hermaphroditic fish are evolutionarily primed to switch between sexes,
sometimes multiple times (Adolfi et al., 2023). In comparison, sex reversal in GSD species produces
an individual with a novel combination of male and female factors (Tripathi et al., 2009; Capel, 2017).
Partial or incomplete sex reversal is common, where individuals display weak to strongly intersex
phenotypes, alongside reduced fertility or infertility. Reproductive impairment arises from the
presence of intersex gonadal tissue, improperly connected reproductive systems, low numbers and
poor quality of gametes, and/or irregular reproductive behaviour (Dorizzi et al., 1994; Kim et al., 1997;
Bayley et al., 2002; Jobling et al., 2002). Furthermore, where sex reversal occurs in species with
ESD, individuals may still be disadvantaged by an intersex phenotype (Dorizzi et al., 1994; Richard-
Mercier et al., 1995), but also by the uncoupling of a presumably adaptive link between sex and
developmental conditions (Charnov and Bull, 1977; Warner and Shine, 2005; 2008; Bock et al.,
2023). Sex change is an evolutionarily stable state; sex reversal is a deviation from a stable state
where, depending on the system, fitness may consequently increase, decrease, or remain unchanged
(Weber and Capel, 2018).

Sex reversal is a popular area of research in a variety of disciplines. For example,
experimental sex reversal is a core tool in the study of sexual development, helping to identify key
factors in the processes of sexual differentiation and maintenance (often with an underlying aim to
understand human variation; Ottolenghi et al., 2007; Rodriguez-Mari et al., 2011; Fuijii et al., 2014).
Discordant individuals specifically can teach us much about the relative contributions of hormones
and genetics to the final sexual phenotype (Veyrunes et al., 2024). Sex reversal is frequently used to
control sex-ratios in captive populations, particularly in aquaculture (Kavumpurath and Pandian, 1994;
Singh and Srivastava, 2014; Zhang et al., 2021). Partial or incomplete reversals also act as a marker
of endocrine-disrupting chemicals (Zillioux et al. 2001; Hayes et al., 2002). Yet an understudied facet

of sex reversal is its natural occurrence. It is known that sex reversal occurs at constant low rates in
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many wild populations (Shinomiya et al., 2004; Parma et al., 2016; Lambert et al., 2019; Castelli et al.,
2021; Hill et al., 2022), but theoretical modelling predicts that slight changes in factors such as
heritability or population size can increase reversal rates to the point they have a tangible influence
over population demographics and dynamics (Cotton and Wedekind, 2009; Perrin, 2009; Holleley et
al., 2016). Complete sex reversal may also be adaptive where it coincides with frequency dependent
selection or environment/phenotype links (Schwanz et al., 2020). In this way, sex reversal may have
facilitated historical transitions between sex determination systems, and in certain taxa, it may
currently be shaping sex chromosome evolution (Holleley et al., 2015; Rodrigues et al., 2018). More
concerningly, sex reversal could represent a developmental limitation that will hinder sensitive
populations under the changing environment of the Anthropocene (Schwanz et al., 2020; Yu et al.,
2022).

The study of sex reversal is a broad and rapidly advancing field; increases in our ability to
detect and observe sex reversals are closely linked with technological advancements in modern
genetic tools. This comes as sex reversal research itself wrestles with modern concerns: how will
anthropogenic climate change and pollution alter the dynamics of sex reversal in wild populations?
While numerous reviews explore sex reversal within specific contexts (e.g., a single taxon or
mechanism), the field lacks general, broad-scale reviews that highlight shared mechanisms and
theories, use standardised, defined terms, and foster connection between different research
disciplines. Sex reversal occurring in natural populations is also underrepresented by the literature.
Here, we conducted a systematic review to synthesise our understanding of the mechanisms and
processes involved in sex reversal across non-human vertebrates. We summarise known triggers of
sex reversal, highlighting both common and unique mechanisms, as well as affected taxa. We discuss
where sex reversal is adaptive, or maladaptive, and the likely consequences of sex reversal in natural
populations. Special consideration is given to how continuing anthropogenic change — climate change
and exposure to endocrine-disrupting chemicals — will likely act to increase sex reversals and alter
future population dynamics.

Il Systematic review and literature compilation

We conducted a literature search through the Scopus and Web of Science databases, identifying
papers that fit an intentionally broad initial inclusion criteria. CitationChaser (Haddaway et al., 2022)
was then used to obtain both backwards and forwards citations from these initial articles. The
resulting large pool of publications was refined to relevant articles using keyword searches.
Remaining papers were then subject to a second stricter inclusion criteria to retain only relevant
primary literature for the main review. Searches of the pre-print servers EcoEvoRXiV and bioRXiV
were also used to identify additional upcoming papers. This review was structured following PRISMA
guidelines for systematic reviews in ecology and evolution (O’Dea et al., 2021; Foo et al., 2021),
particularly regarding execution and reporting of the literature search (Fig. 2). All searches and
applications of the inclusion criteria were conducted by a single observer (NL).

Our initial database search was conducted from 4™"-26" April 2023. Scopus and Web of

Science (WoS; core collection) were searched for publications containing the keywords ‘sex reversal’
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and ‘vertebrate’, excluding publications containing the keyword ‘human’. We retrieved 169
publications from both databases, with 51 unique records from SCOPUS and 84 unique records from
WoS, for a total of 304 unique records. Abstracts were screened using an initial inclusion criteria,
which only required mention of any sex-inversion in a non-human vertebrate. This search was
purposefully broad (e.g. including sex change and all types of publications) to capture the literature as
comprehensively as possible, including review articles or studies with inconsistent terminology. After
this screening, which resulted in 192 relevant articles, we generated forwards (citing) and backwards
(cited) citations using CitationChaser (Haddaway et al., 2022). CitationChaser allows a systematic
search to capture large amounts of relevant literature that may be unable to be captured without
either repeated refinement of database search strings, or screening large numbers of majority
irrelevant articles obtained with broader search terms. This method is also particularly useful when
terminology is inconsistent or differs across fields, as for sex reversal. Our pool of 192 initial papers
included 51 review articles/book chapters, which are ideal for use as a base when ‘citation chasing’
(Foo et al., 2021). To generate backwards and forwards citations, publications were matched to the
Lens.org database. Eight articles without DOIls were unable to be matched, and six were not present
in the Lens.org database.

For the 178 papers present in the database, we generated 20,149 records, of which 8,577
were duplicates. Unique papers (n = 11,572) were processed by excluding articles that did not include
at least one of several key words within the title or abstract. These keywords were ‘sex-reversal’, ‘sex
reversal’, ‘masculinization’, ‘feminization’, ‘sex inversion’, ‘sex change’, ‘sex-change’, and ‘override’
(including spelling variations). This resulted in a reduced dataset of 1262 papers which were subject
to another title/abstract screen using the above broad inclusion criteria.

The full text of 1,049 remaining papers (including the 192 papers from the initial database
searches) was then screened using a stricter criterion. This second inclusion criteria excluded
publications reporting on sex-change, being inversions occurring in natural hermaphrodites or after
the conclusion of sexual development in gonochorists. Publications were also excluded if they did not
directly attempt or observe a sex reversal. A total of 100 reviews and book chapters relating to sex
reversal were placed in a separate database. 580 articles were retained for this review. We did not
include three papers that were not available in English, and a further 13 publications were excluded
as their full text was not available, and the abstract did not contain key details. We added to the final
included papers by conducting searches of two pre-print servers, EcoEvoRxiv and bioRxiv. Preprints
were limited to those lodged after 15t January 2021, and up until the date of the search, 9" June 2023.
The same keywords were used as in the initial searches of Scopus and Web of Science. Of 50
records, seven were already published and included in the database, and 34 did not meet the
secondary inclusion criteria. Thus, nine additional papers were added to create a final sample of 589
publications.

We extracted data from 589 articles, aiming to synthesise current understanding of the
mechanisms and processes involved in sex reversal of non-human vertebrates. Data extracted
included examined taxa and their sex-determination systems, sex-reversal triggers, known

mechanisms of those triggers, and the broader context of the research — including evidence of
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occurrence in natural populations. These articles formed the basis of this review, but discussion was
supported by previous reviews (including those captured by the initial database search), as well as

papers encountered opportunistically after the time period of the systematic review (April-dune 2023).

Database Search CitationChaser Search
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Fig. 2. PRISMA flowchart summarising search methods. Briefly, keyword searches were conducted in SCOPUS and Web of
Science. Papers were screened with an initial broad inclusion criteria, with the citing/cited papers of applicable papers captured
using CitationChaser. These articles were limited to those containing key terms within their abstract or title. All papers were
then subject to a full-text screening with a stricter secondary inclusion criteria, to create the pool of papers used in this review.

Duplicate removals at each stage are reported within the text.
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1. Overview of sex reversal research

(1) Which vertebrates sex reverse?

Almost all vertebrate groups show some level of susceptibility to sex reversal (Fig 3, Fig 4a).
However, the literature is presently dominated by studies on fish (61% of studies, n = 357/589), which
are used in both the laboratory and aquaculture settings. Amphibians were the next most frequently
studied group (14%, n = 80/589), being widely used in studies of endocrine-disrupting chemicals and
sexual development. Non-avian reptiles (hereafter referred to as ‘reptiles’) made up a further 11% (n =
67/589) of studies, covering both experimental hormonal sex reversals, and evidence of naturally-
occurring sex reversal. As a group, mammals were poorly represented in retrieved papers (total
mammals; 9%, n = 50/589), with mammalian studies dominated by experimental genetic sex
reversals in mice, Mus musculus (56%, n = 28/50). Similarly, domestic chickens (Gallus gallus)
accounted for almost all bird studies captured by our search (total birds; 6%, n = 34/589, of which
31/34, 91%, were chickens). Only a single paper was retrieved on a vertebrate outside the
Euteleostomi; an unsuccessful attempt to hormonally induce sex reversal in the lamprey Lampetra
planeri (Hardisty and Taylor, 1965).

Despite the phenomenon of sex reversal being phylogenetically widespread (Stelkens and
Wedekind, 2010), 50% of papers retrieved for this review focussed on just ten species (Fig 3). This
included mice (28 studies) and chickens (31 studies), as well as three other common laboratory
models; the medaka/ricefish (Oryzias latipes; 63 studies), the zebrafish (Danio rerio; 41 studies), and
the African clawed frog (Xenopus laevis; 20 studies). Nile tilapia (Oreochromis niloticus; 59 studies)
was the second-most frequently studied species, highlighting its role as a model aquaculture species.
Emerging models of sex reversal include the central bearded dragon (Pogona vitticeps; 17 studies)
and the olive flounder (Paralichthys olivaceus; 12 studies). Complete, reproductively functional sex
reversals have been observed in all the above species, with the exception of chickens, which have
been only recorded to display partial or transient sex reversals (Zhang et al., 2023a; 2023b).

All classic modes of sex determination were represented in the collected sex reversal studies
(Fig. 3). Most species displayed GSD, commonly with male heterogamety (XX/XY; 362 mentions).
Systems exhibiting female heterogamety (ZZ/ZW) were mentioned 126 times. Polygenic sex-
determination systems were mentioned 49 times, while temperature-dependent sex determination
systems (TSD) were mentioned 30 times. Several species displayed uncertain or unclassified sex

determination systems (33 mentions).
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Fig. 3. Genus-level cladogram of vertebrate taxa which have been investigated for sex reversal. 153 species from 112
genera were identified from the 589 papers included in this review. Taxonomic relationships were determined using open tree
of life (OpenTreeOfLife et al., 2019). Numbers in white boxes denote the study numbers for each clade. Some studies included
multiple species. Coloured circles at tree tips indicate number of studies retrieved per genus. Coloured boxes next to each
genus name represent the known sex-determination system(s) of that genus. Bubbles on the left-hand side of the figure
highlight the ten most frequent study species in the retrieved literature, which were the focus, or shared focus, of half of all
publications (297/589 papers). Bubble colour denotes the species’ sex-determination system. Note Danio rerio is labelled
polygenic, as the majority of sex reversal experiments in this species use laboratory strains that have lost the ZZ/ZW sex

chromosomes seen in wild populations.

(2) Why is sex reversal studied?

Studies retrieved in this review broadly fit within five research areas: aquaculture methods, invasive
species control, natural sex reversal, sexual development, and toxicology (Fig. 4b). Many papers
touched on multiple topics (e.g., almost all papers mention sexual development), and thus assignation
to a single main research area considered the authors’ framing of the research, the chosen journal,
and the intended audience. Aquaculture studies were defined as those intended to further knowledge
in producing monosex fish populations for consumption, recreational fishing, or ornamental purposes.
Invasive species control similarly focused on production of sex-skewed populations, but to limit
reproduction in invasive populations. Natural sex reversal studies were defined as those reporting on
instances, characteristics, or consequences of naturally occurring sex reversals. Studies testing or
recording sex reversal effects from endocrine-disrupting-chemicals were classed under toxicology.
Finally, the remainder of studies were classed under sexual development. This included experimental
studies attempting to identify sex-determination or genes, classify sex determination pathways, or
record the effects of hormones/hormone antagonists on sexual development.

Sexual development was the most prevalent topic among the retrieved studies (330/559, 59%
of studies). All five vertebrate groups were represented among these studies, although 58% of studies
were on fish, with the remaining studies split fairly evenly between birds, mammals, amphibians and
reptiles (ranging from 10-12% of studies). Understanding the factors which govern sexual
development has been a major goal since the beginning of sex reversal research (Fig. 4b inset).
Retrieved papers included very early explorations of hormonal sex reversal in frogs and salamanders
by Emil Witschi and colleagues (Witschi, 1929; Foote and Witschi, 1939; Bruner and Witschi,1954),
alongside Toki-o Yamamoto’s pioneering work on sex determination in the medaka (Oryzias latipes;
Yamamoto, 1955; 1958; 1959).

Next most common were studies centred on methods in aquaculture (102/589, 17% of
studies). Monosex aquaculture populations reduce energy allocated to reproduction rather than
growth, and allow a focus on whichever sex has the most efficient growth - or the most popular
appearance, for sexually dimorphic aquarium species (Kavumpurath & Pandian, 1993; Kipouros et al.,
2011). Sex-specific aquaculture products, such as Accipenser sturgeon caviar, also benefit from sex-
ratio control (Omoto et al., 2002; Grandi et al., 2007; Hassanzadeh et al., 2019). Furthermore,
widespread use of sex reversal in aquaculture has provided the foundations for another small but

emerging research area; invasive species control (5/589, 0.8% of studies; all in fish). Many discordant
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individuals produce skewed sex ratios or inviable offspring due to mating with individuals of the same
genotype (e.g., two XX individuals produce only XX offspring). When introduced into invasive
populations, such individuals can reduce effective population size and reproductive output, limiting
future invasion potential (Schill et al., 2016; Jiang et al., 2018; Norazmi-Lokman et al., 2021; Teal et
al., 2023; Vorhees et al., 2023).

Studies on natural sex reversal comprised another 83 studies, or 14% of all studies. These
included observations of naturally-occurring sex reversals (Shinomiya et al., 2004; Parma et al., 2016;
Castelli, 2021), but also experimental laboratory-based studies used to understand the causes and
consequences of natural sex reversals (e.g., Otake et al., 2006; Saunders et al., 2014; Li et al., 2016).
While natural sex reversal research has risen sharply the last decade (Fig. 4b inset), the presence of
natural sex reversal has long been recognised, with some of the earliest sex reversal research
involving observations of mutation-based reversals in medaka with sex-linked colouration (Aida,
1936). Fish, amphibian, reptile and mammal systems were all represented in retrieved natural sex
reversal studies, although reptiles have received the most attention (35% of studies). Recent
advances in genetic testing have highlighted many new cases of natural sex reversals (Parma et al.,
2016; Saunders et al., 2023). However, genetic tests do not reveal the mechanisms behind sex
reversal, and the actual triggers of sex reversal for many of these systems remain unknown. For
example, skewed sex-ratios in amphibians and fish may be due to high temperature masculinisation,
exposure to endocrine-disrupting-chemicals, spontaneous or inherited sex reversal mutations, or a
combination of these factors, highlighting the need for experimental studies to confirm sex reversal
triggers in natural systems (Nagler et al., 2001; Lambert et al., 2019).

A further 69 or 12% of all studies focused on sex reversal as a consequence of exposure to
environmental pollutants and endocrine-disrupting-chemicals. Toxicology research is overwhelmingly
conducted on fish (54%) and amphibians (38%). These groups contain several key toxicology model
organismes; they are sensitive to waterborne pollutants, easy to raise in the lab, and their biology is
well-understood (Helbing, 2012, Gamse and Gorelick, 2016). A limited number of studies were
retrieved concerning exposure to pollutants in mammals (one study), birds (two studies) or aquatic
reptiles (three studies). Considering the immense literature on endocrine-disrupting-chemicals,
toxicology studies may be an area in which this review is unable to capture the full scope of the
literature. Specifically, if sex reversal or sexual disruption was not be the main focus, key search
terms may not have been captured by our title/abstract searches as they were restricted to the main

text of the study.
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trends in context of retrieved literature from 1929 to 2023.

(3) What causes sex reversal?

Sex-determination in gonochoristic vertebrates involves the initiation and subsequent maintenance of

one development pathway — either male (testis) or female (ovaries) —in parallel with suppression of

the alternate pathway. Initiation is primarily driven by genetic factors, often by ‘master sex-determining

genes’ (e.g. Sry in mammals; Arnold, 2017). In GSD systems, expression of these genes is mediated

by their inheritance (presence/absence or dosage dependence), which is often linked to inheritance of

sex chromosomes. In purely ESD species, master sex determination genes are those that respond

epigenetically to environmental conditions (Thépot, 2021). Master sex-determinants vary among

vertebrates, but many genes within the sex determination pathway are conserved. DMRT1, SOX9,

and AMH (anti-mullerian hormone) are key male pathway genes, driving development of the testes,

suppression of ovaries, and supporting high androgen levels. Conversely, FOXL2 and CYP19A1 are

integral elements of the female pathway, driving ovarian development, suppressing testes

development, and supporting high estrogen levels. Expression of these genes forms positive

feedback loops through upregulation of associated genes (concurrent with suppression of alternate

pathway genes), guiding an individual’s gonads to develop as either testes or an ovary. In turn, these

developing gonads produce androgens and/or estrogens, which further reinforce the corresponding
initiated pathway (Fig. 5; Arnold et al., 2017; Capel, 2017).
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380 Fig. 5. Example key genetic and hormonal pathways determining vertebrate gonadal fate.

381 Vertebrate sex determination is theorised as consisting of two antagonistic pathways, leading to either a testicular or ovarian
382 fate. The initiated pathway is maintained by a series of positive feedback loops and by the inhibition of factors in the alternate
383 pathway. Blunt arrows () indicate suppression relationships (between conflicting pathways), and sharp arrows (—) denote
384 upregulation (within the same pathway). While fish are used here as an example, core sex-determination genes such as
385 FOXL2, DMRT1, CYP19A1, and AMH are conserved across vertebrates, as is the action of the androgen testosterone and
386 estrogen 17R-estradiol (E2). The female-pathway hormone E2 is converted from testosterone via the enzyme aromatase

387 (purple dashed line). Figure adapted from Capel (2017), Weber and Capel (2021), and Kocher et al. (2024).
388

389 At a basic level, sex reversal happens because the intended (e.g. genetic) pathway fails to suppress
390 the alternate pathway, during either the initiation or maintenance phases of gonad development

391  (Weber & Capel, 2017). Sex reversal triggers act either by causing failures in the intended pathway
392  (e.g., Sry loss-of-function mutation; Warr et al., 2022) or by supporting the alternate pathway (e.g.,
393  exogenous estrogen; Diaz and Piferre, 2017). Although superficially varied, all sex reversal triggers
394 appear to act by modulating developmental hormone levels, expression of sex-linked genes, and
395 potentially through altering the numbers of primordial germ cells (Fig. 6). ldentifying the exact

396 proximate mechanisms of triggers can be complex. For example, sex reversal caused by temperature
397 involves complex epigenetic responses that are known to vary between taxa (Castelli et al., 2021;
398  Bokony et al., 2024). Furthermore, although many recent advances have been made in observing
399 changes in sexual morphology and gene expression during sex reversal (Deveson et al., 2017; Liu et
400 al., 2019; Zhang et al. 2023; Huang, 2023), identification of mechanisms still tends to be correlative.
401 Distinguishing the initiating factors from those initiated downstream of sex reversal is particularly

402  challenging (Yang et al., 2019; Wang W. et al., 2022).
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Fig. 6. Broad overview of potential sex determination mechanisms and sex reversal pathways. A). Inherited sex-specific,
or environmentally activated (in the case of purely ESD species) sex-determination genes initiate either male (testicular) or
female (ovarian) gonad development. The developing gonad reinforces this initiated pathway by producing sex steroid
hormones. However, this series of positive feedback loops may be interrupted by genetic mutations or external influences on
sex-determination genes, hormone levels, or numbers of primordial germ cells. B). Current theory conceptualises sexual fate as
being a balancing act between the upregulation and suppression of male and female factors. Sex reversal occurs if there is a
failure to support the initiated pathway, or if enough factors support the alternate pathway. This can be visualised as a tipping

scale of male and female pathway support/suppression (adapted from Capel, 2017).

From publications collected in this review, we recognised 13 ultimate triggers of sex reversal (Fig. 7;
Table 2. Note some studies involved multiple triggers). The majority of studies were concerned with
hormonal sex reversals (384 mentions, 58% of all studies), including both exogenous hormones (238
mentions), hormone antagonists (75 mentions), and EDCs (66 mentions). Three studies investigated
sex reversal by gonadal transplant. Mutation-based sex reversals were mentioned in 137 studies
(21% of all studies). Intentional experimental manipulations of genes were most common (99 studies),
but there were also numerous observations of naturally occurring sex reversal mutations (32 studies)
and a handful of sex reversals due to hybridisation (6 mentions). Environmental sex reversals were
mentioned in 127 (19% of all studies) studies. Again, this group was dominated by a single trigger,
temperature (108 mentions). The remaining studies investigated diverse triggers such as stress (12
mentions), oxidative stress (two mentions), irradiation (two mentions), food and water restriction (two
mentions), and yolk mass (one mention). Finally, in 12 cases (2% of all studies), sex reversal
occurred due to an unknown trigger.

Taxonomic group strongly influences the outcome of exposure (no effect / incomplete sex
reversal / complete sex reversal) to triggers of sex reversal (Fig. 7; Pipreck et al., 2012). Fish,
amphibians and reptiles show complete sex reversal with exposure to a variety of triggers. In contrast,
mammals exhibit incomplete sex reversal, with only a handful of specific mutation-based triggers.
Birds are the only group in which complete sex reversal has not yet been confirmed (but see Hall et
al., 2025). However, while taxonomic groups do show broad trends, outcomes do vary across species
within these groups, including due to genetic background (Bokony et al., 2021), reversal direction
(Saidapur et al., 2001), and predictably, timing, magnitude and length of exposure to sex reversal
triggers (Villalpando & Merchant-Larios, 1990; Iwamatsu et al., 2006; Van Nes & Andersen, 2006;

Cek et al., 2007). We discuss each of the listed triggers and their mechanisms in detail below.
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Fig. 7. Known Triggers of Sex reversal. Data collected from the 589 papers processed as part of this review. A). Known

triggers are shown on the Y axis, with the number of retrieved studies involving that trigger shown on the X axis. Some studies
involve more than one sex reversal trigger. Silhouettes mark which taxa are reported to experience sex reversal with each
trigger. Grey silhouettes indicate incomplete sex reversal in all retrieved instances of a taxa/trigger combination. Black
silhouettes indicate taxa/trigger combinations that can potentially result in complete sex reversal. B). Pie chart shows proportion
of retrieved studies that fall within each main trigger category as described in figure 1b. The chart below shows the cumulative

number of papers per each trigger category over time, visualising broad trends in the retrieved literature from 1929 to 2023.

IV. Mechanisms of sex reversal: our contemporary understanding

(1) Environmental sex reversals

(a) Temperature

Thermally-triggered sex reversal is widespread among fish (58%, n = 63/108 studies) and amphibians
(16%, n = 17/108 studies), and well-studied, within a limited number of systems, in reptiles (26%, n =
28/108; Table 2). Systems with XX/XY, ZZ/ZW and polygenetic sex-determination are all represented
among taxa known to sex reverse through temperature. Most thermally-triggered sex reversal occurs
during a certain thermo-sensitive period during development, outside of which extreme temperatures
have little effect on sex (Piferrer & Anastasiadi, 2021). Amongst the wide variety of species from
different environments experiencing sex reversal through temperature, conditions required to instigate
sex reversal tend to be relative to each species’ natural ecology. For example, in the cold-water
Atlantic halibut (Hippoglossus hippoglossus), 13°C constitutes a sufficiently high temperature to
induce masculinisation (Van Nes & Andersen, 2006). Conversely, 13°C causes low-temperature

masculinisation in the tiger pufferfish (Takifugu rubripes) of east Asia (Zhou et al., 2019).

i Fish
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High temperatures are overwhelmingly masculinising in fish (of 61 papers investigating high temp sex
reversal in fish, 59 (97%) reported female to male sex reversal). A large body of work exists
examining this phenomenon, partly due to the widespread use of high-temperature masculinisation in
aquaculture, e.g., in the Nile tilapia (Oreochromis niloticus, 17/63 , e.g. Palaiokostas et al., 2015;
Nivelle et al., 2019; Dussenne et al., 2022) which has subsequently become a model species in the
study of teleost sex-determination. Comparatively fewer studies indicate low temperatures in fish can
be feminising (e.g. Odontesthes bonariensis; Hattori et al., 2009, Hypotherina tsurugae; Miyoshi et al.,
2020, Paralichthys olivaceus; Yamaguchi et al., 2010). Whether this is due to a lack of incentive to
seek out these relationships, as high-temperatures are more relevant to ecology and aquaculture, or
because low temperatures are less likely to cause sex reversal, is unclear. Exceptions to this high
temperature masculinisation trend are not unheard of; either temperature extreme, low or high, is
masculinising in Paralichthys lethostigama (Honeycutt et al., 2019) and Dicentrarchus labrax (Saillant,
2002). Low temperatures are known to masculinise the fry of Takifugu rubripes (Zhou et al., 2019),
and there is evidence for high-temperature feminisation in Trichogaster lalius (Ramee et al., 2020)
and in O. niloticus with a contrived YY genotype (Kwon et al., 2002).

Much of what we know about the mechanisms of thermally-triggered sex reversal is restricted
to fish systems. While the mechanisms that drive temperature-triggered feminisation remain unclear,
high temperature-triggered masculinisation appears to be epigenetic in nature, driven by interactions
between high levels of the main fish glucocorticoid cortisol and expression of sex-linked genes
(Yamaguchi et al., 2010; Garcia-Cruz et al., 2020). Increased cortisol under high temperatures is,
itself, instigated through upregulation of heat-shock proteins like hsp70 (Uchimura et al., 2019; Wang
et al., 2019; Wang C. et al., 2022). In Paralichthys olivaceus, high cortisol directly supresses
expression of the aromatase gene CYP19A17 (Yamaguchi et al., 2010), presumably increasing
androgen levels and promoting the male sexual pathway. In both P. olivaceus and Oryzias latipes,
high cortisol also suppresses expression of the follicle-stimulating hormone receptor gene, or fshr
(Hayashi et al., 2010; Hara et al., 2021). This gene drives the proliferation and differentiation of germ
cells, which tend to be higher in females than males in early development (Mustapha et al., 2021).
Decreased germ cell numbers may prevent oogenesis, blocking advancement of the ovarian pathway
and instead triggering testes development. Reduced, male-like germ cell numbers are seen in high-
temperature stressed XX O. latipes (Hara et al., 2021), and XX Tachysurus fulvidraco (Yu et al.,
2021). An alternate pathway of high cortisol masculinisation has been suggested for the pejerrey,
Odontesthes bonariensis. High-temperature stressed individuals show upregulation of the gene
hsd11b2, which codes for the dual-purpose enzyme 113-hsd2 (Fernandino et al., 2012; Garcia-Cruz
et al., 2020). This enzyme functions to inactivate glucocorticoids and to synthesise the key fish
androgen 11-ketotestosterone, which is also elevated in stressed O. bonariensis (Blasco et al., 2013;
Garcia-Cruz et al., 2020). Suppression of cyp19A1 is still supressed in XX O. bonariensis undergoing
sex reversal, but as ever, it is difficult to untangle which factor is the direct instigator of the male
pathway, and which is only the consequence of already instigated masculinisation (Fernandino et al.,
2012).



99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138

DNA methylation is another epigenetic process that can alter the expression or function of
genes, whose action may be crucial to temperature-linked sex reversal. Higher methylation levels
generally result in reduced gene expression, or downregulation, and thus methylation of male or
female-promoting genes can contribute to sex reversal (Furman et al., 2020). Low-temperature
masculinised pufferfish (Takifugu rubripes) show an overall increase in DNA methylation compared to
non sex-reversed fish (Zhou et al., 2019), while increased gonadal DNA methylation is seen in
reversing high-temperature masculinised tilapia Oreochromis niloticus (Sun et al., 2016; Yao et al.,
2022). Han et al. (2021) found that high temperature masculinisation of zebrafish (Danio rerio)
increased levels of DNA methylation in promoters of the female-promoting genes estrogen receptor 1
(esr1) and sox9b. Application of a DNA methylation inhibitor partly recovered expression of these
genes, slightly reducing male sex-ratio bias in high-temperature treated groups. DNA methylation may
be an important mechanism of CYP19A suppression; male O. niloticus, Cyanoglossus laevis, and
Dicentrarchus labrax all have higher levels of DNA methylation in CYP719A promoter regions than
females. High-temperature masculinisation in these three species is associated with increased
methylation of this promoter to male-like or nearly male-like levels. Males raised at the same high
temperatures also experience slight increases in DNA methylation, but not at the same magnitude
seen in individuals who have undergone female-to-male sex reversal (Navarro-Martin et al., 2011;
Wang et al., 2017; Liu et al., 2019). While there is a clear link between DNA methylation and teleost
temperature-induced sex reversal, it is still unknown if methylation is a mechanism or consequence.
Changes in methylation levels could be a mechanism of sex reversal itself, or simply the
consequence of another factor (e.g. hormone levels) that has already initiated a switch to the opposite

sexual pathway.

il Amphibians & Reptiles

Amphibians show similar patterns in temperature-triggered sex reversal to fish, with high
temperatures known to masculinise several frogs: Rana dalmatina (Ujszegi et al., 2022), R. dybowskii
(Xu et al., 2022), R. catesbeiana (Hsu et al., 2022), and R. sylvatica (Witschi, 1929). The
salamanders Pleurodeles watl (Kuntz et al., 2003) and Triturus cristatus (Wallace & Wallace, 2000)
similarly undergo female-to-male sex reversal at high temperatures. However, a close relative of P.
watl, P. nebulosus, undergoes feminisation at high temperatures (Dorazi et al., 1995), as does
another salamander, Hynobius retardus (Sakata et al., 2005). In reptiles, the bearded dragon Pogona
vitticeps experiences feminisation through high temperatures (Quinn et al., 2007), while low
temperatures masculinise embryos of two scincoid lizards, Acritoscincus (Bassiana) duperreyi
(Radder et al., 2007) and the viviparous Carinascincus (Niveoscincus) oscellatus (Hill et al., 2022).
Temperature-triggered sex reversal may be far more common in reptiles than currently recognised
(Holleley et al., 2016, and see Cornejo-Paramo et al., 2020; Wiggins et al., 2020). Despite
temperature-induced sex reversal in reptiles and amphibians occurring under presumably stressful
conditions, there is as yet no compelling evidence for a relationship between stress, temperature, and
sex reversal in these taxa (Castelli et. al., 2021; Bokony et al., 2023). Work on the Pogona vitticeps

system instead implicates an obscure upregulation of female genes by temperature through a
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pathway of cellular temperature sensing and calcium-redox signalling, temperature-sensitive proteins
and DNA methylation. These are similar to the main sex determination pathways of TSD species
such as the turtle Trachemys scripta, although in P. vitticeps these pathways also involve the
overriding of sex chromosomes (Castelli et al., 2021; Whiteley et al., 2021; 2022a; 2022b; 2022c).

(b) Stressful conditions

As discussed above, high temperature masculinisation in many teleost fish appears to be driven by a
stress response, with high cortisol levels suppressing genes coding for aromatase and follicle-
stimulating-hormone reception, or initiating production of 11-ketotestosterone (Hattori et al., 2009;
Hayashi et al., 2010; Yamaguchi et al., 2010; Yu et al., 2021). Thus, other stressful developmental
conditions and direct application of cortisol can also induce sex reversal. Overcrowding — both real
and simulated using mirrored enclosures — increases stress levels and subsequent masculinisation in
Odontesthes bonariensis, likely through the same mechanism as high temperatures (hsd11b2
upregulation and aromatase suppression; Garcia-Cruz et al., 2020). In Paralichthys lethostigma, a
bottom-dwelling fish which relies heavily on crypsis, larvae raised on blue backgrounds show
increased cortisol and female-to-male sex reversals over those raised on grey or black backgrounds.
Exogenous cortisol application was similarly masculinising, confirming stress as a sex reversal
mechanism in this species (Mankiewicz et al., 2012). Overcrowding and application of exogenous
cortisol similarly cause masculinization in Danio rerio (Ribas et al., 2017).

Oxidative stress is also a potential sex reversal trigger, occurring when harmful reactive
oxygen species (ROS) outpace antioxidant and other biological defences within an individual’s cells.
Unchecked, ROS cause cellular damage, loss of cell reproductive ability, and eventually, cell death
(Cohen-Jonathan et al., 2000; Dong et al., 2020). As number and proliferation of germ cells is linked
to gonadal fate (discussed above; Mustapha et al., 2021), masculinisations induced by oxidative
stress are likely driven by a loss of germ cells. Oxidative stress initiated by irradiation and hydrogen
peroxide has been recorded to instigate female-to-male sex reversal and reduced germ cell numbers
in Pelophylax brevipoda and Oryzias latipes, respectively (Terukiyo, 1982; Koki et al., 2022). Certain
light wavelengths, or continuous light, can also induce irradiation/oxidative stress and subsequent
female-to-male sex reversal. Constant-light masculinised Chirostoma estor showed upregulation of
ROS-related genes but also high levels of cortisol. Thus, classic glucocorticoid stress may also
contribute to certain sex reversals instigated by oxidative stress (Corona-Herrera et al., 2018;
Hayasaka et al., 2019).

(c) Resource restriction

Resource restriction is implicated in a small number of fish and reptile sex reversals. While the
mechanisms are not well-known and system specific, resource restriction could potentially represent a
stressful condition, as above, or act by prevent developing individuals from synthesising key
developmental hormones and metabolites. Water restriction during the pregnancy of two viviparous
reptiles, Vipera aspis and Zootica vivipara, resulted in male-skewed offspring sex-ratios, despite the

reported ZZ/ZW sex-chromosomes of these species. Dupoué et al. (2019) suggest that water
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restriction constitutes a stressor like that of high temperatures in fish, with maternal stress hormones
causing epigenetic modulation of genes like cyp19a, coding for aromatase. However, given the failure
of recent attempts to induce sex reversal through stress in amphibians and reptiles (Castelli et. al.,
2021; Bokony et al., 2023), other mechanisms may be involved. Starvation treatments of medaka fry,
Oryzias latipes, resulted in a 20% rate of female-to-male sex reversal (Sakae et al., 2020). Fry
showed breakdowns in their pantothenate (vitamin B5) pathway, which includes the enzymes that
facilitate fatty acid production. Recreation of a suppressed pantothenate pathway — by treating fed fry
with a pantothenate kinase inhibitor — produced the same sex reversal effect. Fatty acids may be
required to suppress the male pathway gene Dmrt. Cortisol is not expected to be involved in this sex
reversal, as starved fry likely experience an impaired ability to synthesise steroid hormones from
cholesterol (Sakae et al., 2020). However, it is worth noting that cholesterol deficiencies might also
affect production of other steroid hormones, including androgens and estrogens.

Yolk mass during development also constitutes another variable resource. Radder et al.
(2009) reported that embryos within Bassiana duperreyi eggs incubated under cold conditions (16°C +
7.5°C) responded to ablation or inflation of yolk storage with sex reversal. Yolk ablation had a
masculinising effect, while yolk inflation was feminising. Again, it is unclear what the mechanism
behind these sex reversals is, particularly considering interactions with temperature, but it may involve
the chemical composition of the yolk influencing sex, or the maternal allocation of sex-steroid
hormones to eggs in an offspring sex-dependent manner. Evidence for interactions, such as the
above, between resource availability and environment highlight the potential for complex sex reversal
responses under multiple stressors. Whether resource/environment interactions represent adaptive
sex selection, or simply developmental limitations under extreme conditions is difficult to determine,

and this is a research area that would strongly benefit from further exploration.

(2) Mutation-Based Sex reversal

(a) Hybridisation

Divergence in sex-determination genes between lineages can lead to a disruption of sexual
development in hybrids when they resume contact. Sex reversal in hybrid offspring from closely
related species or distinct lineages has been confirmed in hybrids of Oryzias latipes x O. curvinotus
(Shinomiya et al., 2006; Kato et al., 2010; 2011) and Mus musculus (Bullejos & Koopman, 2005). In
both species, at least one parent was of an inbred laboratory strain, and specifically XY hybrids
experienced low to high rates of male-to-female sex reversal. Differences in the timing of sex-
determining gene expression appear to be involved in both cases. Derived forms of the Y-linked male
factors Dmy or Sry, in inbred strains of O./atipes and M. musculus respectively, appear not to be
expressed in time to prevent germ cell meiosis. This leads to higher female-like germ cell levels and
initiation of the female pathway (Bullejos & Koopman, 2005; Martinez-Bengochea et al., 2022).
Possible evidence of further sex reversals through hybridisation are reported by Mair et al. (1991),
with highly variable sex-ratios in crosses of Oreochromis aureus with several other Oreochromis

species.
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While hybridisation as a trigger of sex reversal is yet to be observed in nature, it might be
expected as one of many genetic incompatibilities that build between two lineages developing
reproductive isolation (Schumer et al., 2015). That hybridisation of intra-specific lineages — such as
strains of laboratory mice — can result in sex reversal effects may be an artifact of the strain creation
process; laboratory strains undergo intense founder effects, possess little genetic diversity, and are
subject to unusual selection pressures (Wade & Daly, 2005). However, the above results still flag the
potential for incompatibilities between sex determination genes to contribute to outbreeding
depression. Intraspecific lineages with small, inbred or fragmented populations may be at risk of
developing such incompatibilities, which would be especially detrimental if hybrids showed only

incomplete sex reversal.

(b) Genetic mutations

Broadly, the most common cause of natural sex reversal across vertebrates is the spontaneous
mutation of genes involved in sexual development. Such mutations occur at low rates in all vertebrate
groups. In a laboratory setting, gene editing tools such as CRISPR (Doudna & Charpentier, 2014) or
TALENSs (Joung & Sander, 2013) can be used to recreate known mutations or explore the effects of
targeted or novel mutations. Such genetic manipulation studies are commonly conducted in laboratory
models, namely mice (Mus musculus), and the fish Oryzias latipes and Oreochromis niloticus (24%,
14%, and 11% of 99 retrieved papers, respectively). Hormonal treatments have historically been the
main method of sex control research and in aquaculture, but genetic tools are becoming increasingly
accessible, and viable in more taxa, not just model species (Fig. 7b; Malik et al., 2026). While the use
of either method on animals for human consumption can be controversial, genetic editing does not
carry the same risk of environmental pollution as hormone treatments.

Mutations that cause sex reversal often do so through a loss-of-function in key male or
female-promoting factors. Usually, these key factors are ‘primary sex determination genes’ which act
upstream of all other genes to initiate either the male or female pathway (e.g., Sry; Warr et al., 2012).
Such genes can occasionally be translocated to the opposite sex chromosome, or to autosomes,
resulting in reversed individuals with a discordant karyotypic and phenotypic sex but who test positive
for certain genes associated with their phenotypic sex (e.g., Sry positive XX male M. musculus or Sus
scrofa; Shapiro et al, 1982; Parma et al., 2016). Yet sex-determination involves cascades of
numerous genes (Fig. 5), many of which can cause sex reversal effects when their expression is
modified (Furman et al., 2020).

Sex reversal mutations are commonly deleterious, sporadic, or confer infertility because
reversed individuals lack the genetic factors usually facilitating successful reproduction in their
phenotypic sex (Parma et al., 2016). However, fish and amphibians often possess homomorphic sex
chromosomes with limited sex-specific regions (see Fig 1a). Both the hetero- and homogametic sex
share much of the gene content of their sex chromosomes. Reversed individuals are thus less likely
to lack key genes for viability and fertility in their new phenotype. In turn, fertile reversed individuals
can pass on reversal mutations to their offspring, leading to an increased population persistence of

such mutations relative to taxa with heteromorphic sex chromosomes (Otake et al., 2008; Williamson
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& May, 2011; Palaiokastas et al., 2015). Background mutation-based sex reversals in the ricefish
(Oryzias latipes) are near 1% (Shinomiya et al., 2004), while in some anurans 2-16% of wild
individuals and may be sex-reversed due to genetic factors (although contribution from environmental
sex reversals cannot always be ruled out; Lambert et al., 2019; Nemeshazi et al., 2020; Bokony et al.
2021; Yang et al., 2022). Founder effects, genetic drift or unintentional anthropogenic selection can
also concentrate heritable sex reversal mutations, regardless of their deleterious nature. For example,
accidental proliferation of certain alleles in aquaculture stocks of Cynoglossus semilaevis resulted in
many undesired female-to-male sex reversals (Jiang & Li, 2017; Cui et al., 2018), while breeding for
the desired hornless trait in domestic goats (Capra hircus) also increased instances of a linked partial
sex reversal mutation (Polled intersex syndrome; Boulanger et al., 2008; 2014). Prevalence of sex
reversal conditions in stock and companion animals is likely driven by both low genetic diversity and
increased levels of detection, as captive individuals are commonly screened for irregularities (e.g.,
Nagler et al., 2001; Fraslin et al., 2020; Albarella et al., 2020; Bertho et al., 2022).

i. Primary Sex-Determination Genes

Many major sex determination genes have been identified due to their capacity to induce sex reversal
when their expression is altered. Primary sex determination genes differ across taxa, with perhaps the
best-known being the mammalian Y-linked factor, Sry. Mutations in Sry and its associated
downstream factors, like SOX9, are repeatedly shown to cause male-to-female sex reversal in mice
(Mus musculus; Vidal et al., 2001; Barrionuevo et al., 2006; Warr et al., 2012). Similar Y-linked Sry
analogues have been identified through sex reversal studies in fish, including Sdy and Dmy in
salmonids and Oryzias latipes (Matsuda et al., 2007; Guiguen et al., 2018). More conserved genes,
such as the male-linked Dmirt, can also act as major sex determination factors. Mutations in the Dmrt
gene are responsible for sex reversal effects in a variety of taxa, from zebrafish to chickens and both
GSD and TSD turtles. Although Dmrt may be Y-linked, Z-linked (where it is presumably dosage-
dependent), or unlinked to any sex-chromosome, up or downregulation of this gene maintains a
strong influence over sex determination (Smith et al., 2009; Webster et al., 2017; Ge et al., 2018). The
ovarian-determination gene FOXL?2 is also conserved among vertebrates. While inheritance of FOXL2
is not sex-linked, it displays a dimorphic gonadal expression in accordance with the activated sexual
pathway (Wang et al., 2007; Bertho et al., 2016). Upregulation of FOXL2 disrupts testis development
in XY M. musculus (Ottolenghi et al., 2007), while loss-of-function in FOXL2 downstream causes high
testosterone and partial sex reversal in XX females (Heikkila et al., 2005). Similar, occasionally
complete sex reversals are recorded from FOXL2 mutations in fish and turtles (Wang et al., 2007; Li
et al., 2013; Yang et al., 2017; Ma et al., 2022).

While genetic manipulation allows a direct assessment of the genetic factors behind sex
reversals, it is more difficult to assess the factors behind natural sex reversal mutations. A naturally
occurring variant of the X chromosome in the African pygmy mouse (Mus minutoides) prevents
masculinisation of XY individuals, producing fertile XY females, but the mechanism by which is does
so is currently unknown (Saunders, 2014; Veyrunes, 2024). The pygmy mouse is one of several

rodent species which appear to have deviated from the normal strict XY/XX sex determination system
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of most mammals, by evolving a variant sex chromosome (Parma et al., 2016). Similar, but
independently evolved systems are seen in grass mice of the genus Akodon (Ortiz et al., 2009;
Sanchez et al., 2010), the lemmings Dicrostonyx torquatus and Myopus schisticolor (Bull & Bulmer,
1981; Fredga, 1988), and the vole Lasiopodomys mandarinus (Roy, 2023; Saunders & Veyrunes,
2021).

il Genes Encoding Hormone Production/Reception

Genes encoding for hormone production or reception may also be exploited to reverse sex.
Overexpression of the androgen receptor gene AR increases binding of androgens to cause partial
female-to-male sex reversal in Glandirana rugosa (Fujii et al., 2014). Anti-mdillerian hormone, coded
for by the gene amh, is important for male development, supressing female reproductive tract
development. Its influence is such that Y-specific amh alleles appear to be primary sex-determinants
in some fish (Miyoshi et al., 2020; Nakamoto et al., 2021; Hattori et al., 2022). In other fish species,
and in the turtle Pelodiscus sinensis, loss-of-function amh mutations have been shown to cause male-
to-female sex reversal (Morinaga et al., 2007; Zhou et al., 2019; Liu et al., 2022). Equally important is
the highly conserved vertebrate gene Cyp19a1. This gene codes for aromatase, the enzyme
responsible for converting androgens to estrogens. Manipulation of this gene thus effects both
androgen and estrogen concentrations, often resulting in sex reversal (e.g. Lambeth et al., 2013;
Zhang et al., 2017; Yang et al., 2021; Shen et al., 2023). Control of Cyp197a expression is incredibly
important in sexual development, and many masculinising edits to genetic factors upstream in the
female developmental pathway seem to ultimately act by supressing Cyp79a1 expression
(Rodriguez-Mari et al., 2010; Liu et al., 2022).

jii. Genes Requlating Germ Cell Proliferation

Genetic mutations can also arise that directly affect germ cell numbers, a mechanism increasingly
implicated in various sex reversals (Hara et al., 2021; Mukai et al., 2022). It is clear that, at least in
fish, normal vertebrate sexual development results in higher numbers of germ cells in females
compared to males (Nishimura et al., 2018; Mustapha et al., 2021; Pan et al., 2022). Female Danio
rerio fancl gene mutants experience increased germ cell apoptosis (programmed cell death), and
undergo sex reversal to become males, in line with their lowered germ cell number (Rodriguez-Mari
et al., 2010). Another D. rerio mutant, with a homozygous knockout of the Igf gene, also shows
female-to-male sex reversal associated with repression of germ cell proliferation (Xie et al., 2020).
When engineered to lack germ cells entirely, females of both D. rerio and Oryzias latipes experienced
a partial sex reversal to male (Kurokawa et al., 2007; Siegfried & Nisslein-Volhard, 2008). In a similar
vein, hotei-strain mutants of O. /atipes with increased germ cell proliferation underwent sex reversal to
female, although in this case amh signalling also appears to play a role (Morinaga et al., 2007;
Nakamura et al., 2012).

(3) Hormonal sex reversal

(a) Exogenous Hormones
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Application of exogenous hormones has historically been the main method employed in aquaculture
to maintain desired stock sex-ratios and is common in the study of sexual development. Of 589
retrieved articles in this review, 236 (40%) employed exogenous hormones. Sex-steroid hormone
function is remarkably conserved, and at least partial feminisation or masculinisation has been
reported to result from their application in all vertebrate groups. Sex reversal in this case is often
achieved with synthetic versions of main vertebrate androgens and estrogens, which are often more
effective at inducing sex reversal than their naturally occurring counterparts. However, this approach
can carry extra risks in terms of environmental pollution and side effects on growth and mortality
(Gorshkov et al., 2007; Ramirez et al., 2015; Asad et al., 2024). Developing embryos or larvae can be
exposed to hormones through immersion in a solution (Kirankumar & Pandian, 2002), feeding of a
hormone-supplemented diet (Baron et al., 2007), or via direct injections (Zhou et al 2021). Historically,
gonadal transplants have also been used to induce sex reversal in developing individuals, although
the effects are inconsistent and involve complex interactions with other signalling factors, besides sex
steroids, that are produced by the donor gonads (Mikamo and Witsch 1963; 1964; Maraud et al.,
1990).

Estrogens support a female developmental pathway, while androgen application tends to
support a male pathway. Ambiguity arises where application of androgens can result in ‘paradoxical
feminisation’, as the applied supplementary androgens are converted into estrogens by aromatase
(Fig. 5). Paradoxical feminisation is seen in both fish and amphibians (Bruner & Witschi, 1954;
Piferrer & Donaldson, 1991; Kawahara & Yamashita, 2000; Ramee et al., 2020). Occasionally,
aromatisation may simply lead to reduced efficacy of a masculinisation treatment (Phelps & Okoko.,
2011). Paradoxical feminisation can be avoided with the use of non-aromatisable androgens, or
hormone antagonists rather than hormones themselves (e.g. Piferrer & Donaldson, 1991; lwamatsu et
al., 2006; Dumond et al., 2008). Overall, administration of additional hormones during development is
very effective at influencing the gonads in either direction. However, as in other triggers, there is much

taxonomic variation in the magnitude and functionality of the sex reversal response.

i Fish
Sex-steroid hormone application is a tool used primarily and successfully in fish (comprising 171
(72%) of the 236 hormone manipulation studies retrieved in this review). As such, this specific manner
of sex reversal has been extensively reviewed elsewhere (Pandian and Sheeler, 1995; Piferrer & Lim,
1997; Piferrer, 2001; Senior et al., 2012; 2016; Senior & Nakagawa, 2013; Wang & Shen, 2018; Li et
al., 2022). Recently, concerns have been raised about the effect of these hormonal aquaculture
treatments on both environmental and human health. Remnant hormones can potentially persist in
waste runoff, and in fish used for human consumption, exposing natural populations and consumers
to endocrine-disrupting factors. There is, therefore, a push for sex reversal methods that limit
hormone use (Hoga et al., 2018; Malik et al., 2026). One strategy is to pair hormonally sex-reversed
animals over several generations until genotype/phenotype pairings are reached that produce
monosex offspring without further hormone treatments (e.g., an XY x YY pairing; Varadaraj &

Pandian, 1989; Voorhees et al., 2023). This strategy requires the production of viable YY or WW
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individuals, which is not possible for many species with degenerated Y or W sex-chromosomes
(George et al., 1994; George & Pandian, 1996; Liu et al., 2013; Jiang et al., 2018). Sex-reversed
individuals who produce sex-skewed or inviable offspring are of use, however, when attempting to
control invasive species, as they reduce effective population size (Schill et al., 2016; Jiang et al.,
2018; Norazmi-Lokman et al., 2021; Teal et al., 2023; Vorhees et al., 2023). Conversely, when WW
individuals are viable, they can be used to boost reproduction in struggling species. Higher ratios of
females to males in most species increases effective population size, as a larger proportion of

individuals are available to reproduce (Cotton & Wedekind, 2007).

ii. Amphibians
Amphibians are model taxa for understanding the effects of hormones, hormone antagonists and
other endocrine-disruptors, due to their accessible larval stage and sensitivity to waterborne
disturbances. However, sensitivity to hormonal effects varies strongly across amphibians (Piprek et
al., 2012a; 2012b; Xu et al., 2015). This is important; understanding a species’ baseline response to
known androgen/estrogen concentrations informs future tests of potential endocrine disruptors
(Saidapur et al., 2001). Early experiments recorded masculinisation of Rana dalmatina tadpoles with
testosterones (Vannini & Stagni, 1967; 1968), masculinisation and feminisation in hormone-treated
larvae of Pleurodeles watl (Bruner & Witschi, 1954; Dumond et al., 2008), and successful
masculinisation with testosterone, but not feminisation with estrogen, in Rana clamitans (Foote and
Witschi; 1939). In more recent times, Xenopus laevis has become the model of choice for hormonal
treatment tests (Oka et al., 2006; Lutz et al., 2008; Piprek et al., 2012a; 2012b; Li et al, 2020). As with
temperature, hormonal sex reversal efficacy in amphibians is expected to vary with the developmental
stage of the individual at the time of application (Villalpando & Mechant-Larios, 1990). Exposure
method may also play a role in treatment success. Studies of Glandirana rugosa recorded successful
masculinisation with testosterone injections (Nakamura et al., 2015; Sakamoto et al., 2016), whereas
rearing female tadpoles in testosterone-spiked water led only to the development of ovotestes as
adults (Oike et al., 2016).

jii. Reptiles
Reptile eggs may also be manipulated through hormone treatments. The most common use of
hormone treatments in reptiles is to test hypotheses of the evolution and mechanisms of temperature-
dependent sex-determination (TSD). Estradiol application overrides male-producing temperatures in
TSD turtles (Bull et al., 1988; Rhen et al., 1996; Freedberg et al., 2006a; 2006b; Mork & Capel, 2013;
Wu et al., 2022), crocodilians (Stoker et al., 2003; Rogerson et al., 2023), and geckos (Bull et al.,
1988). Overriding TSD allows investigation of hypothesis of the adaptive link between sex and
developmental temperature in TSD species, although it can be difficult to separate any effects of
hormone treatments themselves on traits such as sex-biased survival and morphology (Bull et al.,
1988). Reptiles with GSD also generally respond to estradiol treatment with complete male-to-female
sex reversal (Radder & Shine, 2007; Ehl et al., 2017) although the lizard Calotes versicolor has both

an uncertain sex determination system and an apparent resistance to estradiol treatments (Ganesh &
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Raman, 1995). Beyond testing sex-environment interactions, estrogenic treatments in the softshell
turtle Pelodiscus sinensis have recently been used in an attempt to create ZZ females, which can
then be mated with ZZ males to maximise monosex stocks of fast-growing males for human

consumption, just as has been done in fish (Zhou et al., 2021; Li et al., 2022; Wang Y. et al., 2022).

iv. Birds and Mammals

In contrast to other vertebrate groups, hormonal sex reversal in birds seems to always be partial, or in
the case of feminised chickens (Gallus gallus), transient (Zhang et al., 2023a; 2023b). Although
estradiol-treated chicks show strongly feminised phenotypes at hatching, male genetic factors persist
and force a reversion back to a male phenotype after hatching (Shioda et al., 2021). In birds, hormone
treatment resistance may be related to the notion of cell autonomous sex identity, where sex
chromosomes appear to maintain a sexual identity in each individual cell regardless of hormone
exposure (Zhang et al., 2023a, but see Hall et al., 2025). Mammals show similarly limited effects from
hormonal treatments, although in-utero exposure to androgens can result in partially masculinised
gonads and behaviour (Roberts et al., 2008). Resistance to estrogenic effects in mammals may have
evolved to prevent feminisation of embryos in the womb by maternal estrogens (Capel, 2017). In
marsupials, where uniquely among mammals gonad development can occur after birth, exogenous
hormones are slightly more effective (but still do not cause complete sex reversal; Chew & Renfree,
2016). Nonetheless, important hormonal drivers of sexual phenotype in mammals have been
identified through hormonal treatment of wallaby (Notamacropus eugenii) and opossum (Monodelphis
domestica) joeys (Fadem & Tesoriero, 1986; Coveney et al., 2001; Leihy et al., 2002; Calatayud et
al., 2010; Pask et al., 2010).

(b) Hormone Antagonists
Hormone antagonists either prevent hormone production, or hormone reception. Hormone
antagonists can be more effective — causing fewer intersex individuals and higher rates of males —
than androgen application in some taxa (e.g. Tachysurus fulvidraco; Shen et al, 2015), as they
circumvent the issue of paradoxical feminisation (Piferrer & Donaldson, 1991). Masculinising anti-
estrogens are most commonly used for intentional sex reversal. As endogenous androgens are
precursors to endogenous estrogens, anti-androgens, such as flutamide, are often ineffective or less
effective compared to estrogen treatments (Chadard et al, 2003; Filby et al., 2007; Navarro-Martin et
al., 2009). However, they may be used to increase the efficacy of estrogen treatments (Jiang et al.,
2018). Hormone antagonists may be administered to developing organisms through injections (Hu et
al., 2019), diet supplementation (Joshi et al., 2017), topical application (Warner & Shine, 2005), or
immersion in solution (Katare et al., 2015). In exposed individuals, high doses or certain compounds
can cause detrimental effects on survival (Chadard & Dournan, 1999), or negatively effect
morphological traits such as size or limb development (Katare et al., 2015).

By far the frequently employed hormone antagonists are aromatase inhibitors (Als).
Aromatase inhibitors block the aromatase enzyme’s conversion of androgens into estrogens,

increasing androgen levels and causing masculinisation. The non-steroidal Als letrozole and



458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497

fadrozole reversibly bind to aromatase to block its function, producing at least partial masculinisation
in fish (Kitano et. al, 2000; Bertolla et al., 2001; Gao et al., 2010), reptiles (Dorizzi et al., 1994; Rhen
et al., 1996; Warner & Shine, 2005), amphibians (Chadard & Dournan, 1999), and birds (Hu et al.,
2019). As with hormones, treatments are most effective in fish and amphibians (but see Zerulla et al.,
2002), show mixed success in reptiles (Richard-Mercier et al., 1995; Jan et al., 2017), and only partial
or non-functional sex reversal in birds (Mohammadrezaei et al., 2014; Hu et al., 2019). Unlike
estrogen feminisation, non-functional sex reversal through Als in chickens (Gallus gallus) will persist
throughout the individual’s life (Vaillant et al., 2001; Yang et al., 2008; 2011; Mohammadrezaei et al.,
2014). Steroidal Als, such as exemestane, which irreversibly bind to aromatase, are less commonly
used but no less effective (Yu et al., 1993; Guiguen et al., 1999; Vizziano et al., 2008; Betancur Lépez
et al., 2014).

Tamoxifen is a modulator of estrogen receptors, commonly acting as a hormone antagonist by
decreasing estrogen reception. Tamoxifen’s masculinisation efficacy is moderate in comparison to Als
and comparatively higher doses may be required to see sex reversal effects (Guiguen et al.,1999;
Singh & Srivastava, 2014). In teleost fish, it commonly causes masculinisation (Park et al., 2004;
Kitano et al., 2007; Chakraborty, 2012; Singh & Srivastava, 2014), although it also been recorded to
increase estrogen reception and cause feminisation in Dicentrarchus labrax (Navarro-Martin et al.,
2009). In other taxa, high doses of tamoxifen have been recorded to masculinise embryonic gonads
of female chickens (Gallus gallus; Trukhina et al., 2014) and mice (Mus musculus; Yu et al., 2014), as
well as Emys orbicularis hatchlings incubated at otherwise female-producing temperatures (Dorizzi et
al., 1994).

(c) Endocrine-Disrupting-Chemicals
The term ‘endocrine-disrupting chemical’ (EDC) covers a wide range of factors, grouped due to their
potential to disrupt hormonal processes in exposed organisms (Diamanti-Kandarakis et al., 2009;
Betram et al., 2022). There is considerable overlap between EDCs and compounds used to
intentionally instigate sex reversal, including synthetic estrogens and androgens, and hormone
antagonists like letrozole and tamoxifen, which have been discussed above. Disrupting chemicals are
found in medications, manufacturing waste, stock effluent, and agricultural runoff, but are also present
naturally in some plant material (Mukherjee et al., 2023). The study of endocrine disruptors is a broad
multidisciplinary field, and providing a complete description of their effects is beyond the scope of this
review. A brief overview of sex reversals through EDCs are presented below, but further reviews may
be found elsewhere, providing specific information on EDC disrupting mechanisms (McLachlan,
2001), agrochemical EDCs (Hayes et al., 2011; Trudeau et al., 2020), exposure consequences in fish
(e.g- Senior et al. 2012; Bhattacharya & Munshi, 2021; Dasmahapatra et al., 2023), and in aquatic
environments in general (Matthiessen & Sumpter, 1998).

Natural populations are usually exposed to EDCs in relatively low concentrations, and those
EDCs not specifically synthesised to be hormone substitutes or hormone antagonists also tend to
induce only partial sex reversal effects. Despite this, EDCs cause significant negative effects in wild

individuals. They promote the development of intersex phenotypes, reduce fertility, and result in
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abnormal secondary sex-characteristics (Jobling et al., 2002). Many act as weakly androgenic or
estrogenic compounds (‘hormone mimics’) after binding to an individual’s hormone receptors. Famous
estrogenic EDCs include those in the nonylphenol group, and the notorious bisphenol A, or BPA,
which cause partial feminisation in fish (Barnhoorn et al., 2004; Horie et al., 2020; 2021), amphibians
(Mackenzie et al., 2003; Levy et al., 2004; Man et al., 2020), crocodilians and testudines (Stoker et
al., 2003; Manshack et al., 2017), and birds (Oshima et al., 2012). EDCs may alternatively bind to
hormone receptors without causing estrogenic or androgenic effects, blocking the function of the
receptor. The insecticide dichlorodiphenyltrichloroethane (DDT) causes feminisation when its
metabolite DDE binds to and blocks androgen receptors (Bayley et al., 2002). As with non-phenols
and BPA, it is known to produce partial sex reversal effects in most vertebrate taxa (Fry & Toone,
1981; Willingham & Crews, 1999; Edmunds et al., 2000; Bayley et al., 2002; Kuhl & Brouwer, 2006).
A further group of EDCs act as hormone antagonists. Formerly use in boat paint to prevent biofouling,
the compound tributyltin acts as an aromatase inhibitor. Exposure to tributyltin can be strongly
masculinising in teleost fish (Shimasaki et al., 2003; Kuhl & Brouwer, 2006).

Actions of endocrine-disrupting chemicals in natural populations usually involve ‘cocktails’ of
potential disruptors. These complex cases can involve the interaction of antagonistic estrogenic and
androgenic effects (Kuhl & Brouwer, 2006), and/or increased overall exposure to disruptors of one
kind (Howell et al., 1980; Jarque et al., 2015). Weakly disrupting compounds may cause significant
sex reversal effects when applied in concert (e.g. Willingham & Crews, 1999). Conversely,
combinations of EDCs with opposing effects rarely cancel each other out. Instead, sex reversal
effects proceed in the direction of the stronger compound, or in the direction a taxon is more sensitive
to. Feminisation appears to be the most common result of exposure to EDC cocktails (Kuhl &
Brouwer, 2006; Soares et al., 2018). Accumulation of EDCs in prey species is also a concern. Silurus
meridionalis fry experienced complete male-to-female sex reversal when fed annelid worms from a
stream contaminated with various EDCs, including BPA and 4-nonylphenol (Dong et al., 2014), and a
diet of artemia raised in tamoxifen solution was sufficient to induce a 90% male sex-ratio in
Tachysurus fulvidraco fry (Park et al., 2004). Even with low contamination levels, bioaccumulation
may lead to sex reversal effects in larger predator species (Dong et al., 2014; Ruhi et al., 2016;
Lagesson et al., 2016). While there is experimental evidence of EDC effects reversing upon removal
of the pollutant (Fenske et al., 2005; Paul-Prasanth et al., 2011; Baumann et al., 2014; Hu et al.,
2019), the ability of wild individuals to recover normal development after exposure is likely extremely
limited. Exposure lasting past the conclusion of sexual development, chronic exposure, or compounds
with masculinising effects are highly unlikely to be reversible (Baumann et al., 2014).

As noted above, concerns are growing about the impact of aquaculture sex reversal
treatments on consumers and the environment, and thus several studies have focused on finding
‘natural alternatives’ to conventional synthetic hormone treatments (Stadtlander et al., 2013; Malik et
al., 2026). Weak endocrine-disrupting compounds can be found naturally in plant material, particularly
plant saponins which may have aromatase-inhibiting effects. Saponins from Trigonella foenum-
graecum and Quillaja sp. did not affect the sex-ratios or gonadal development of Oreochromis

niloticus fry (Stadtlander et al., 2013), but those of Tribulus terrestris did induce male-skewed sex-
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ratios in O. niloticus, Cichlasoma nigrofasciatum, and Poecillia reticulata (Cek et al., 2007a; 2007b;
Ghosal et al., 2020; Mukherjee et al., 2023). Extracts from Basella alba, Asparagus racemosus, and
Mucuna prurien were also successful at producing high levels of males in O. niloticus (Ghosal et al.,
2020; Mukherjee et al., 2023). While masculinisation treatments are most highly sought-after,
research has also highlighted the ability of phytoestrogens, such as those found in soybean meal
(Glycine max), to reduce masculinisation from applied hormones, making it an unfavourable feed for

stocks undergoing such treatments (El-Sayed et al., 2012).

V. Is sex reversal adaptive?
(1) Most sex reversals are not adaptive

Sex reversal typically reduces fithess because most cases are incomplete. Incomplete sex reversals
create mechanical or physiological barriers to successful reproduction, including intersex morphology,
improper development of primary or secondary sexual characteristics, and the production of poor
quality or malformed gametes (Fig. 8, Endpoint 1; Dorizzi et al., 1994; Kim et al., 1997; Bayley et al.,
2002; Jobling et al., 2002). Prior to reproduction, sex-reversed individuals with novel combinations of
phenotypic, physiological, or behavioural traits may fail to recognise, or be recognised by, appropriate
mates (Balasubramani & Pandian, 2008; Larsen et al., 2009; Weber & Leeds, 2022). Consequently,
most spontaneous sex reversals represent a maladaptive deviation from typical gonochoristic function
(Parma et al., 2016; Weber & Capel., 2018). Many such cases do not even arise under natural
conditions; including all hormonally induced sex reversals, which have only recently become common
due to anthropogenic influences.

Yet some sex reversals are complete and reproductively functional, or arise in response to
commonly encountered natural conditions such as extreme temperatures, stress, resource
availability, or genetic mutations. In certain systems, 1-16% of individuals within a population may be
sex reversed (see Table 3., Shinomiya et al., 2004; Lambert et al., 2019). While sex reversal in these
systems may be adaptive — as discussed in detail below — reversal rates can remain relatively high
even when neutral or disadvantageous. This may simply reflect intrinsic constraints of vertebrate
sexual development under suboptimal conditions. Even maladaptive sex reversals may persist when
selection against them would require broad, and likely deleterious, changes to sexual development as
a whole (Wright, 1932; Somjee et al., 2025).

(2) Hypotheses for adaptive environmental sex reversal
Environmental sex reversal provides a mechanistic link between sex determination and environment.
Selection can thus favour the production of whichever sex achieves higher fitness under current
conditions, as predicted under the Charnov-Bull model of environmental sex determination (Charnov
& Bull, 1977). While the Charnov-Bull model was developed to explain temperature—sex ratio
relationships in TSD species, it can also be applied to environmental sex reversal — especially
considering sex reversal may represent a transitional stage between GSD and pure ESD (Holleley et
al., 2015). Sex-specific fitness differences may arise from direct mortality under extreme conditions

(Eiby et al., 2008), or indirectly through environmental effects on size at hatch or birth, timing and
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seasonality of emergence, resource availability, and subsequent growth rates (Noble et al., 2018).
These factors impact male and female fitness differently where the sexes have different size, age, or
body condition thresholds for reproduction. For example, whichever sex must reach a larger size in
order to begin breeding will benefit from being produced at optimum conditions (often females;
Schwanz et al., 2016). Alternatively, when reproductive success in one sex is more strongly linked to
body condition, then that sex should be produced at the optimal development conditions (often males;
Trivers and Willard, 1973; Lawson & Rollinson, 2021). Because sex reversal often occurs at
environmental extremes, which presumably reflect suboptimal conditions, sex reversal may enable
individuals to mitigate the fitness costs of developing under such conditions, by switching to
whichever sex requires less investment for successful reproduction.

Exact sex-by-temperature interactions vary among taxa — both in which sex benefits most
from optimum conditions and in which environmental variables are most important — but several broad
patterns are apparent. In nature, fish and amphibians show a strong pattern of complete female-to-
male reversal under extreme or stress-inducing conditions (Dorazi et al., 1995; Geffroy & Douhard,
2019; Ramee et al., 2020; Yu et al., 2022; Bokony et al., 2023). Comparable patterns occur in
reptiles, where low-temperature masculinisation occurs at temperatures close to the lower thermal
limit of embryos (Dissanayake et al., 2021a; Hill et al., 2022). Such stress-induced masculinisation
may arise from conserved mechanisms acting on homologous sex-determination pathways (although
see Bokony et al., 2023). Yet, if adaptive, this could indicate a general tendency for male advantage
over females under suboptimal conditions (Geffroy & Douhard, 2019). Despite this trend, male-to-
female reversals under extreme temperatures in the central bearded dragon (Pogona vitticeps), the
dwarf gourami (Trichogaster lalius), and some salamander species demonstrate that the direction of
sex reversal can vary across systems (Dorazi et al., 1995; Sakata et al., 2005; Quinn et al., 2007;
Ramee et al., 2020).

Alternatively, sex reversal may be a mechanism that exploits frequency-dependent selection.
Where sex ratios fluctuate from the evolutionarily stable 1:1, the relative fitness of each sex shifts in
accordance with available reproductive opportunities, with the rarer sex generally gaining a fitness
advantage through increased access to mates (Fisher, 1930). Sex reversal could allow individuals to
capitalise on skewed sex ratios, provided reversal produces the rarer sex and is triggered by the
same environmental conditions that generate skewed sex ratios. While complex, there is some
precedent for this hypothesis. For example, Dupoué et al. (2019) found that water restriction during
pregnancy in Zootica vivipara and Vipera aspis resulted in male-skewed offspring sex ratios that could
not be explained by sex-specific mortality — indicating sex reversal. The authors also noted that, in the
long term, male offspring condition under ‘drought conditions’ is poorer than that of female offspring.
Thus, it is possible that mothers under drought conditions overproduce males that then benefit from
frequency-dependent following male-biased juvenile mortality.

(3) Sex reversal and frequency-dependent selection
While the above scenario focuses on environmentally mediated opportunities, frequency-dependent

selection is also expected to shape the longer-term evolutionary consequences of sex reversal arising
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from both environmental and mutational triggers (Schwanz et al., 2020). Sex-reversed individuals
might gain a fitness benefit when populations temporarily exhibit uneven sex ratios, potentially
maintaining low levels of sex reversal in some populations. However, as the rarer sex increases in
frequency, its advantage diminishes, and populations move back towards the evolutionarily stable 1:1
sex ratio (Fisher, 1930). This feedback can constrain the spread of sex reversal, particularly when
unidirectional sex reversal inflates one phenotypic sex at the expense of the other. Otherwise,
discordant phenotypes that are selectively neutral can be rapidly eliminated by frequency-dependent
selection — especially if there is fast generation turnover, where population sex ratios closely track
those of the most recent generation (Fig. 8, Endpoint 2; Bull & Bulmer, 1989; Schwanz and Proulx,
2008; Saunders et al., 2014).

Nevertheless, frequency dependence can also amplify sex reversal. Very high reversal rates
can occur when discordant phenotype have high fithess, when populations experience genetic
bottlenecks or drift, or when exposure to environmental reversal triggers increases. Sudden increases
in sex reversal can skew both phenotypic and genetic sex ratios because reversed individuals usually
pair with partners of the same genetic sex (Schwanz et al., 2020; Hill, 2022). This can, in turn, foster
selection favouring further sex reversal to balance sex ratios. For example, ZZ x ZZ pairings produce
only ZZ offspring, which would all be male in the absence of further sex reversal. This scenario is not
expected to be evolutionarily stable. The resulting loss of sex chromosomes (e.g. the female-
promoting W) could theoretically lead to increased sex reversal until populations transition to non-
chromosomal sex determination systems — such as TSD or polygenic systems — or the development
of neo sex-chromosomes (including transitions from XY to ZW and vice versa; Holleley et al., 2015;
Schwanz et al., 2020; Fig. 8, Endpoint 3). There is some empirical support for this, with laboratory-
strain zebrafish having undergone a transition from ZW to polygenic sex-determination, potentially
due to increased sex reversals driven by frequent pairings between related or discordant individuals
(Wilson et al., 2014). Furthermore, sex reversal may contribute to the frequent historical transitions
among sex-determination modes in various fish (Wang et al., 2024), amphibians (Ma & Veltsos,
2021), and reptiles (Gamble, 2010). Such transitions are much less common in mammals and birds,
taxa in which successful sex reversal is itself rare (van Doorn, 2014).

(4) Hypotheses for adaptive mutation-based sex reversal
Aside from frequency-dependent processes, mutation-based sex reversal can introduce flexibility into
otherwise conventional GSD systems. The homomorphic sex chromosomes of fish, amphibians, and
reptiles may be maintained by low but consistent background sex reversal rates that allow
recombination among chromosomes in X/Y or Z/W chromosomes (‘fountain of youth’ hypothesis;
Perrin, 2009; Rodrigues et al., 2018). Such recombination may prevent a potential ‘evolutionary trap’
facing mammals, in which progressive degeneration and eventual loss of the non-recombing Y
chromosome necessitates the evolution of new male-determining mechanisms (Graves, 2006; Terao
et al., 2022). Consequently, homomorphic sex chromosomes impose fewer barriers to the
reproductive success of reversed individuals, allowing sex reversal — or a propensity for reversal,

including environmentally induced reversal — to be passed on to offspring (van Doorn, 2014; Békony
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et al., 2023). As noted above, families that produce the rarer sex via sex reversal may initially benefit
from frequency-dependent selection, although the same process is ultimately expected to constrain
levels of sex reversal in the long-term.

The potential advantages of mutation-based sex reversal discussed above are either long-
term and dependent on population trends (frequency-dependent selection) or else linked with
adaptive environmental sex reversal. Can the discordant phenotype itself confer a direct advantage?
There is evidence that the novel combination of genotypic and phenotypic sex in XY female African
pygmy mice (Mus minutoides) confers higher fitness than in XX females. Female mice with XY
genotypes show an increased ovulation rate, larger litters, earlier first litters, and a higher breeding
chance compared to other female genotypes (Saunders et al., 2014). However, XY females build
poor-quality nests and display heightened aggression, attacking male partners who would otherwise
assist in parental care (Saunders et al., 2016; Heitzmann et al., 2023). How such laboratory-based
observations of sex reversed fitness translate into population dynamics in the wild is still unclear (Wild
et al., 2022; Veyrunes et al., 2024). Observing wild sex-reversed individuals is difficult, and many
such individuals are recognised only after becoming specimens (Castelli et al., 2021; Wild et al.,
2022; Hall et al., 2025).

m
3
Partial / Non- ~§
functional 5
o 2
": Bidirectional sex- Stable, low levels ~§
reversal of sex-reversal | 5 )
N Failure to
T
compensate for
Low/moderate - " - -
Sex-reversal Complete / Genetic bottleneck or high skewed sex-ratios
oceur. Functional fitness of sex-reversal rate
ceurs reversed indv. !
a «=> ¥ P m
- ) Population with Eeltone 3
High fitness of A P compensatory sex- 3
reversed indv. gt' determination (e.g., 5
SR ESD or polygenic) |

Fig. 8. Potential effects of sex reversal occurring in a natural population with GSD. The population-level consequences of
sex reversal depend primarily on the reproductive ability of reversed individuals. Reversed individuals that cannot produce
offspring reduce effective population size (Ne; Endpoint 1). When reversed individuals are reproductively functional, however,
they produce offspring with skewed genetic sex ratios because their mates share their genetic sex. In most systems, such
effects do not scale to the population level, either because sex reversal is rare or because reversed individuals have no fithess
advantage (Endpoint 2). However, in populations where reversed individuals have elevated fitness or where sex reversal rates
are very high (e.g., under widespread exposure to sex reversal triggers), populations can show skewed genetic sex-ratios. This
is expected to reduce effective population size (Ne) as phenotypic sex ratios deviate from the evolutionarily stable 1:1 ratio —
although, exceptions exist (see Cotton & Wedekind, 2007). Populations can nevertheless evolve to compensate for skewed
genetic sex ratios by transitioning to ESD or by developing alternative genetic sex-determination systems, thereby restoring
balanced sex-ratios (Endpoint 3).

(5) Understanding fitness consequences of sex reversal
There is a clear need to evaluate the fitness of sex-reversed individuals to understand whether sex
reversal is adaptive, neutral, or maladaptive, and under what circumstances each outcome arises.

However, two major obstacles hinder our understanding.
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First, fitness measured under laboratory conditions may not reflect outcomes in the wild. Sex
reversal can influence mating receptivity, mate recognition, mate choice, mate competition, and
parental care (Wild et al., 2022; Dussene et al., 2022; Heitzmann et al., 2023; Veyrunes et al., 2024).
These effects can be obscured in captivity, where individuals are kept under ideal conditions, at
unnaturally high densities, or — particularly for aquaculture species — bred through assisted
reproductive technologies. While predictive population models exist for a few systems (Schwanz et
al., 2016; Dissanayake et al., 2021b), these typically assume equal fitness between discordant and
concordant individuals, an assumption that may often be violated (Cotton & Wedekind, 2009;
Wedekind, 2017).

The second obstacle to understanding the fitness consequences of sex reversal is that sex
reversal triggers themselves can strongly affect fithess. In Rana dalmatina, XX males resulting from
mutation-based reversals exhibit unusual early-life traits, such as decoupling of development time and
mass at metamorphosis, but none with clear negative or positive fithess effects (Bokony et al., 2023).
By contrast, high-temperature masculinisation in this species is associated with low survival, reduced
body condition, and presumably reduced fitness (Nemeshazi et al., 2020; Miké et al., 2021; Ujszegi et
al., 2022; Bokony et al., 2023). Similar patterns occur in the yellow catfish (Tachysurus fulvidraco),
where XX males reversed under naturally occurring high temperatures show poor fertility and
increased mortality under multiple environmental stressors (Yu et al., 2022). In such cases, the
discordant phenotype itself may not be inherently detrimental; rather, the developmental stress
associated with the reversal trigger — such as extreme temperatures — may exaggerate or generate
negative fitness effects (Bokony et al., 2023).

VL. Sex Reversal in the Anthropocene

(1) Anthropogenic Influences on sex reversal
As human populations grow and expand, so does the extent of anthropogenic influence on natural
environments. In a sex reversal context, anthropogenic change has directly led to global increases in
two reversal triggers; endocrine-disrupting-compounds (EDCs), and high developmental temperatures
(Fig 9a; Wedekind, 2017). Natural systems have already seen severe consequences from exposure
to EDCs; several notorious cases of sexual dysfunction in wild populations over the past few decades
have been traced back to antibiological agents (pesticides, herbicides and antifouling agents; Fry and
Toone, 1981; Shimasaki et al., 2003). Awareness of EDC risk has increased over time; certain
compounds are now banned or tightly regulated (Godfray et al., 2019). Yet due to trade-offs with
human health outcomes (e.g. use of DDT to control disease vector mosquitos; van den Berg, 2009),
equally harmful alternatives and illegal usage (Godfray et al., 2019), the hazards remain. Waste
material from manufacturing or sewage treatment containing endocrine disruptors (e.g. nonylphenols)
has also repeatedly been implicated as the cause of skewed sex-ratios or intersex phenotypes in
freshwater fish, and sexual disfunction in aquatic reptiles (Howell et al., 1980; Crain and Guillette,
1998; Dong et al., 2014; Pierron et al., 2021). Environmental contamination from synthetic hormones
applied to livestock or present in pharmaceutical medications are also a concern (Hua et al., 2015;

Leet et al., 2020). Synthetic hormones display increased sexual disruption efficacy in comparison with
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other EDCs, as they are specifically intended to mimic natural vertebrate hormones (Aris et al., 2014).
EDCs accumulate both in the environment (e.g. soil and water), and in prey items (Fry and Toone,
1981; Martin-Robichaud et al., 1994; Park et al., 2004; Dong et al., 2014). They may also be
transferred across generations, with maternal exposure or contaminant loads passed on to offspring
(Edmunds et al., 2000; Zhang et al. 2024).

Yet another challenge of the Anthropocene is anthropogenic climate change. Global
temperatures are climbing, and extreme weather events are increasingly common (Dahlke et al.,
2020; Jgrgensen et al., 2022; Smith et al., 2023). Temperature increases have direct implications for
environmental sex reversal systems. Fish and amphibians consistently show temperature-triggered
sex reversal, mainly in the form of high-temperature masculinisation (Cristina et al., 2013; Flament,
2016). Thus, with global warming, sex reversal rates are expected to increase in these taxa
(Honeycutt et al., 2019; Dussenne et al., 2020; Castafieda-Cortés et al., 2020; Yu et al., 2022).
Conversely, for a handful of species with low-temperature sex reversal, reversal rates are predicted to
decrease (Dissanayake et al., 2021a). While a number of both theoretical and experimental studies
have begun to explore the outcomes of increased sex reversal through high temperatures (Schwanz
et al. 2016; Lambert et al., 2018; Miko et al 2021; Dussenne et al., 2022; Yu et al 2022), we know little
about how reduction of sex reversal may affect natural population dynamics, if at all (Telemeco et al.,
2009; Dissanyake et al., 2021; Hill et al., 2022).

(2) Conflicting pathways and endocrine-disrupting chemicals
One pertinent question in the face of increasing EDC and high-temperature sex reversals is how
these triggers will interact. Male and female developmental pathways are sustained through a
complex balancing of factors — upregulation of factors associated with the initiated pathway, and
suppression of those associated with the alternative pathway (Capel, 2017). The combined effects of
high temperatures and EDCs likely depend on their directionality (e.g., masculinising or feminising),
their disruptive ‘power’, and where in the developmental pathway they act (Fig. 9b). Empirical data is
limited; estrogen treatments have been used to successfully prevent high temperature masculinisation
in the fish fish Paralichthys olivaceous, Dicentrarchus labrax and Oryzias latipes, (Kitano et al., 2012;
Yamaguchi et al., 2010; Dias and Piferrer, 2017), but environmentally-relevant concentrations of
estrogen treatments failed to prevent high temperature masculinisation of Rana dalmatina tadpoles
(Miko et al., 2021). There is likely both taxonomic variation in responses, and high threshold
concentrations of EDCs needed to overcome high temperature masculinisation. The effects of
exposure to multiple or contradictory EDCs are similarly variable and difficult to predict (Willingham &
Crews, 1999; Kuhl & Brouwer, 2006). Additionally, while less well studied, we know that sex reversals
can occur due to stressful environments beyond just high temperatures (Garcia-Cruz et al., 2020),
and that factors such as resource restriction and oxidative stress can also disrupt sexual development
(Sakae et al., 2020; Mukai et al., 2022). This is an area that would greatly benefit from further

experimental studies and direct comparisons between taxa.

(3) Population consequences



773 Population consequences from sex reversal are initially driven by whether sex reversed individuals
774 are able to reproduce (Fig 8). Anthropogenic sex reversals can cause both complete (reproductive)
775 and incomplete (reproductively impaired or infertile) sex reversals. Intersex or reproductively impaired
776 individuals reduce effective population size and may contribute to population declines (Fig 9c;

777 Dissanayake et al., 2021b). Conversely, reproductive sex-reversed individuals can cause shifts in
778 population sex-ratios, as they pass on sex reversal mutations to their offspring, or mate with

779 individuals of the same genetic sex to produce offspring with skewed sex-ratios. These skewed sex-
780 ratios can cause declines in effective population size, or drive selection for compensatory alternate
781 sex-determination. While much discussion of sex reversal population effects has been theoretical
782 (Schwanz et al 2016; Schwanz et al., 2020; Dissanayake et al., 2021b) concerns have already been
783 raised for some species where sex reversal triggers result in poor quality individuals with impaired
784  reproduction (Yu et al., 2022; Nemeshazi et al., 2020). Small and fragmented populations are likely
785 most at risk, as low genetic diversity can increase the prevalence of sex reversal mutations even if
786  such mutations are deleterious or result in skewed sex ratios (Wilson et al., 2014; Ye et al., 2020).
787

788 (4) Modulators of anthropogenic sex reversal

789  The above population effects from anthropogenic sex reversals are subject to several mitigating

790  factors. Firstly, as detailed throughout this review, sex reversal outcomes vary widely across

791 vertebrate groups. Amphibians and fish, and to a lesser extent, reptiles, demonstrate a high sensitivity
792  to a broad range of sex reversal triggers including developmental temperature. Affected individuals
793 can show complete sex reversal where they become fully functional members of the sex they were
794 not genetically or environmentally predisposed to be. Conversely, birds and mammals show

795 resistance to many sex reversal triggers, with thermally-triggered sex reversal absent from these two
796  groups. When sex reversal triggers are sufficient to disrupt sexual development, sexual dysfunction
797  and intersex phenotypes are the usual outcome; complete sex reversal is exceedingly rare (Parma et
798  al., 2016; Hall et al., 2025). Resistance to environmental and hormonal sex reversal triggers in

799  mammals and birds may be linked to their particularly strong genetic control of sex-determination
800  (e.g., cell-autonomous sexual identity in birds; Clinton et al., 2012, and estrogen resistance in

801  mammals; Capel, 2017). Mammals and birds show strongly heteromorphic sex-chromosomes where
802  important genes governing fertility and sexual development may be positioned on the degraded Y or
803 W. Reversing homogametic individuals (XX or ZZ) thus lack important genes for reproducing as the
804  heterogametic sex (usually XY or ZW; Weber & Capel, 2018). Reversing heterogametic individuals
805 also encounter strong barriers to reproductive success, although to a lesser extent than above.

806 Heterogametic individuals have only one copy of usually paired factors, and meiotic recombination,
807  which usually occurs in homogametic individuals, may be disrupted due to the Y or W not being

808  homologous to the X or Z (Parma et al., 2016).

809 Where complete sex reversal does occur, reversal direction also has a role to play in

810  population effects. Reversed individuals mate with partners of the same genetic sex, driving skewed
811 genetic and phenotypic sex in their offspring (Schwanz et al., 2016; Wedekind, 2017). Two

812 homogametic (XX/ZZ) individuals produce only heterogametic offspring which, barring further sex
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reversal, are all one phenotypic sex (Fig. 9d). Alternatively, two heterogametic individuals produce
50% heterogametic offspring and 50% homogametic offspring. Theoretically, 25% of these offspring
would be a novel homogametic combination — YY or WW — an inviable state in all but a handful of fish
species (Parma et al., 2016; Jiang et al., 2018). While there is evidence some species can evolve
around limitations of heterogametic pairings within naturally-occurring sex reversal systems
(Saunders et al., 2022), populations faced with extreme anthropogenic heating or pollution events are
very unlikely to develop such defences in the short-term.

Inherent genetic resistance is one avenue by which populations can mitigate increased
exposure to sex reversal triggers. Recent studies have highlighted genetic factors driving both
predisposition and resistance to temperature-triggered sex reversal. Theoretically, such factors
provide opportunities for natural selection to reduce disadvantageous sex reversal (Holleley et al.,
2015). Furthermore, genetic variation can be exploited to develop resistant populations for
conservation, both through classic selective breeding (Hoelzel et al., 2019) and through ever-
advancing modern genetic manipulation tools (Doudna & Charpentier, 2014). Family-level resistance
to high temperature masculinisation has been reported in the teleost fish Menidia menidia
(Lagomarsino and Conover, 1993), Dicentrarchus labrax (Saillant et al., 2002), Oreochromis niloticus
(LGhmann et al., 2012), Oncorhynchus mykiss (Valdivia et al., 2014), Danio rerio (Ribas et al., 2017),
Cynoglossus semilaevis (Wang et al., 2019), and Cyprinus carpio (Biswas et al., 2021). Such
resistance appears to have a complex polygenic basis. They may reduce rates of overall sex reversal,
or cause upward shifts in the range of temperatures that trigger reversals. Genetic resistance rarely
prevents sex reversal outright, although the occurrence of high-temperature sex reversal in the
dragon Pogona vitticeps is limited to the relatively cool southern part of the species’ range, implying
complete resistance in northern populations (Castelli et al., 2021).

There is also scope for some species to control levels of temperature-triggered sex reversal
through their reproductive behaviour (Kearney et al., 2009). This strategy appears particularly relevant
for reptiles. Flexible female thermoregulatory behaviour in the viviparous skink Carinascincus
oscellatus has implications for rates of natural sex reversal through embryo exposure to low
temperatures (Hill et al., 2022). Similarly, female Bassiana duperreyi and Pogona vitticeps show
flexibility in both laying time, nest site selection and nest depth, traits which alter thermal regimes
experienced by their eggs and thus instances of thermally-triggered sex reversal (Telemeco et al.,
2009; Wild et al., 2022). Behavioural thermoregulation by embryos themselves potentially provides
further opportunities for temperature buffering, although evidence for its efficacy is mixed (Liu et al.,
2023). Behavioural mitigation of sex reversal is likely more limited in other taxa, such as oceanic fish
species, who must travel great distances to find cooler habitats, or are subject to geographic and
spatial limitations imposed by seasonal resource availability (Dahlke et al., 2020; Amat-Trigo et al.,
2023). There is also evidence that some fish behaviour may elevate sex reversal rates; both
Oreochromis niloticus and Clarius gariepinus fry have been recorded displaying a preference for
supraoptimal high temperatures during the thermo-sensitive period. This behaviour may be
genetically controlled, which raises the possibility of selection against, or genetic manipulation of,

detrimental high temperature preferences (Santi et al., 2017; Nivelle et al., 2019).
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The capacity for populations to prevent sex reversal triggered by endocrine-disrupting-
chemicals (EDCs) is less certain. When pollutants enter a habitat, it is difficult for individuals to avoid
exposure. Embryos and larvae developing in aquatic environments are most at risk, being almost
permanently exposed to any dissolved EDCs (Gonsioroski et al., 2020). Amphibians and fish are thus
most at risk, being both sensitive to sex reversal and inhabiting aquatic environments. Predators of
these taxa are also vulnerable to exposure through bioaccumulation and contaminated prey (Fry &
Toone, 1981). Again, birds and mammals show the least sensitivity to hormonal disruption, but EDC
exposure can still cause harmful masculinisation/feminisation effects and reproductive impairment
(e.g. Fry & Toone, 1981; Roberts et al., 2018). Proximity to human activity is a further predictor of sex
reversal risk; sex reversal effects tend to be seen more frequently in anurans near urban or
agricultural areas (Lambert et al., 2015; Zlotnik et al., 2019; Nemeshazi et al., 2021; Bokony et al.,
2023). Within groups, some species do show resistance to sex reversal through EDC exposure
(Mackenzie et al., 2003; Piprek et al., 2012a; 2012b; Ramee et al., 2020), but few studies have yet
investigated within-species variation in resistance which may harbour potential for selection against
reversals (but see Myosho et al., 2019).

For both environmental and EDC-based sex reversals, the magnitude and timing of sex
reversal triggers are expected to impact a species’ resilience to sex reversal (Baker et al.,1988). Many
triggers are only successful at instigating sex reversal inside a specific sensitive window of
development (van Aerle et al., 2002; Phuge & Gramapurohit, 2015), and there is evidence for
increased magnitude of both hormonal treatments and extreme temperatures resulting in more
individuals reversing, or more ‘complete’ reversals (Mizukami-Murata et al., 2016; Lambert et al.,
2018). However, increased exposure to high temperatures and high doses of EDCs also drive higher
mortality and ongoing consequences such as supressed immune function, even in individuals that
experience no sexual dysfunction (Sower et al., 1984; Ujszegi et al., 2022). For many EDCs outright
mortality is actually the primary concern after exposure, although sexual disruption rates in survivors
may have important implications for the ability of populations to persist through pollution events
(Wedekind, 2017). Finally, in natural populations, repeated and frequent pollution/extreme weather
events may have additive or synergistic effects (Folt et al., 1999; Orr et al., 2024). Such unpredictable
and novel effects are expected to be particularly difficult for natural selection to respond to without

further anthropogenic intervention (Catullo et al., 2019; Speakman et al., 2025).

(5) Future research areas
Sex reversal has likely always been an uncommon but consistent process in fish, amphibians, and
potentially, reptiles. Reproductive reversed individuals may play a role in historical transitions between
sex determination systems, sex chromosome evolution, and allow individuals to exploit situations
where fitness is sex-specific. Yet there is still much to learn, and confirm, about naturally occurring
sex reversal — even as we expect increases in population exposure to anthropogenically-driven
triggers. Specifically, to better understand the effect of sex reversal on population demography and
dynamics, we need more direct comparative studies on the traits of discordant and concordant

individuals. Different sex reversal triggers within a species may have differential effects on fitness,
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while the intermediate and novel traits displayed by discordant individuals are complex, and difficult to
place in their natural context. Trait-based research on natural sex reversals is moving in an
encouraging comparative direction (see Li et al., 2016; Nemeshazi et al., 2020; Miko et al., 2021;
Ujszegi et al., 2022; Yu et al., 2022; Dussenne et al., 2022; Bokony et al., 2023; Veyrunes et al.,
2023; Wild et al., 2023; Laven et al., 2025). However, we still have few examples of how sex reversed
animals act in the wild (Wild et al., 2022). Furthermore, there is a need to expand out from species
where sex reversal is likely endemic, to those that are only now experiencing it due to recent
anthropogenic change. Priority should be given to species that are at risk because of taxonomic
predisposition, such as fish and amphibians, or because of ecological factors, e.g., aquatic life stages.
Species with small population sizes and restricted habitats also face an increased risk from
maladaptive sex reversals, as they are limited in their ability to buffer exposure to triggering conditions

via natural selection and behavioural adjustments.
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Fig. 9. Visualisation of concepts discussed in section VI., “Sex reversal in the Anthropocene”. A) Natural populations
face combined risks from endocrine-disrupting-chemicals (EDCs) and increased average temperatures B) How different EDCs
and high temperatures interact has not yet been well-studied, but predictions can be made by contrasting their mechanistic sex
reversal pathways. Diagram shows a simplified sexual development pathway from Fig. 5. Black arrows indicate interactions,
with blunt arrows () indicating suppression, and sharp arrows (—) denoting upregulation. Pale grey arrows display potential
taxa-specific relationships as discussed in the text. C) Increased temperatures will likely increase high-temperature
masculinisations (HTMs), while EDC exposure often creates reproductively impaired phenotypes, which both potentially reduce
effective population size (Ne). D) Population effects from anthropogenic sex reversals are subject to several mitigating factors,

as discussed in text.

VII. Conclusions

1) Sex reversal occurs in all main vertebrate groups under a broad variety of triggering
circumstances. However, these triggering circumstances share mechanisms; affecting either
expression of sex-linked genes, hormones levels, or numbers of germ cells (or a combination

of the three). Modification of these factors during development can push an individual towards
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a male, female or intersex phenotype, despite the presence of usual inherited or

environmental sex determination factors.

Fish and amphibians show an increased sensitivity and propensity to sex reverse. Sex
reversal may represent an infrequent but important evolutionary process in these taxa.
Conversely, mammals and birds rarely undergo complete sex reversal, and appear resistant
to thermally-triggered sex reversal. This is potentially due to stronger genetic control over sex

in birds and mammals compared to other vertebrate taxa.

Most sex reversal research concerns the inducement of reversals under laboratory or
aquaculture conditions, often with triggers not present in nature (e.g., exogenous hormones).
We lack empirical data on the consequences of sex reversal, both at the individual level
(behaviour, physiology and reproduction), and the population level (genetic and phenotypic
sex ratios, frequency dependent selection, and transitions between sex determination

systems).

Thus, our understanding of sex reversal as a natural process is still fairly limited. Sex reversal
commonly has negative effects on fitness, likely occuring only due to development
constraints. Yet sex reversal may be adaptive in some rare cases. Reversing individuals could
theoretically benefit from Charnov-Bull sex-by-temperature interactions, frequency dependent
selection on skewed sex ratios, or possession of a novel phenotype with both male and

female traits.

Current anthropogenically-driven changes in the environment involve more frequent extreme-
temperatures and pollution events involving endocrine-disrupting-chemicals. Exposure to
these conditions is expected to increase rates of sex reversal in wild populations, likely with
negative effects on individual fitness and population viability. Research should be directed
towards identifying at-risk taxa, and avenues by which sex reversal effects can be buffered,

such as exploiting genetic variation in sex reversal sensitivity or propensity.

References:
C., Depincé, A., Wen, M., Pan, Q., & Herpin, A. (2023). Development of Ovaries and Sex Change in Fish: Bringing
Potential into Action. Sexual Development: Genetics, Molecular Biology, Evolution, Endocrinology, Embryology, and
Pathology of Sex Determination and Differentiation, 17(2-3), 84—98. https://doi.org/10.1159/000526008

Afonso, L. O., Wassermann, G. J., & Terezinha de Oliveira, R. (2001). Sex reversal in Nile tilapia (Oreochromis niloticus) using

a nonsteroidal aromatase inhibitor. The Journal of Experimental Zoology, 290(2), 177-181.
https://doi.org/10.1002/jez.1047

Aida, T. (1936). SEX REVERSAL IN APLOCHEILUS LATIPES AND A NEW EXPLANATION OF SEX DIFFERENTIATION.

Albarella,

Genetics, 21(2), 136—153. https://doi.org/10.1093/genetics/21.2.136
S., Lorenzi, L. D., Rossi, E., Prisco, F., Riccardi, M. G., Restucci, B., Ciotola, F., & Parma, P. (2020). Analysis of XX
SRY-Negative Sex Reversal Dogs. Animals, 10(9), 1667. https://doi.org/10.3390/ani10091667

Alho, J. S., Matsuba, C., & Merila, J. (2010). Sex reversal and primary sex ratios in the common frog (Rana temporaria).

Molecular Ecology, 19(9), 1763-1773. https://doi.org/10.1111/j.1365-294X.2010.04607.x




966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013

Amat-Trigo, F., Andreou, D., Gillingham, P. K., & Britton, J. R. (2023). Behavioural thermoregulation in cold-water freshwater
fish: Innate resilience to climate warming? Fish and Fisheries, 24(1), 187-195. https://doi.org/10.1111/faf.12720

Aris, A. Z., Shamsuddin, A. S., & Praveena, S. M. (2014). Occurrence of 17a-ethynylestradiol (EE2) in the environment and
effect on exposed biota: A review. Environment International, 69, 104—119.
https://doi.org/10.1016/j.envint.2014.04.011

Arnold, A. P. (2017). A general theory of sexual differentiation. Journal of Neuroscience Research, 95(1-2), 291-300.
https://doi.org/10.1002/jnr.23884

Asad, F., Naz, S., Ali, T., Gul, Y., Jamal, R., Shaheen, Z., Tasadaq, M., Nadeem, A., Anwar, N., Batool, N., & Bano, S. (2024).
Effect of natural and synthetic androgen hormone on sex reversal of Nile Tilapia (Oreochromis niloticus). Brazilian
Journal of Biology, 84, e272413. https://doi.org/10.1590/1519-6984.272413

Baker, I. J., Solar, I. I., & Donaldson, E. M. (1988). Masculinization of chinook salmon (Oncorhynchus tshawytscha) by

immersion treatments using 17a-methyltestosterone around the time of hatching. Aquaculture, 72(3), 359-367.
https://doi.org/10.1016/0044-8486(88)90224-4

Balasubramani, A., & Pandian, T. J. (2008). Effect of Tributyltin Chloride on Survival, Growth and Reproduction in Zebra Fish
Danio rerio. Journal of Aquaculture, 21(3), 146-156.

Barnhoorn, I. E. J., Bornman, M. S., Pieterse, G. M., & van Vuren, J. H. J. (2004). Histological evidence of intersex in feral
sharptooth catfish (Clarias gariepinus) from an estrogen-polluted water source in Gauteng, South Africa.
Environmental Toxicology, 19(6), 603—608. https://doi.org/10.1002/tox.20068

Baron, D., Montfort, J., Houlgatte, R., Fostier, A., & Guiguen, Y. (2007). Androgen-induced masculinization in rainbow trout

results in a marked dysregulation of early gonadal gene expression profiles. BMC Genomics, 8, 357.
https://doi.org/10.1186/1471-2164-8-357

Barrionuevo, F., Bagheri-Fam, S., Klattig, J., Kist, R., Taketo, M. M., Englert, C., & Scherer, G. (2006). Homozygous
Inactivation of Sox9 Causes Complete XY Sex Reversal in Mice1. Biology of Reproduction, 74(1), 195-201.
https://doi.org/10.1095/biolreprod.105.045930

Baumann, L., Knorr, S., Keiter, S., Nagel, T., Rehberger, K., Volz, S., Oberrauch, S., Schiller, V., Fenske, M., Holbech, H.,

Segner, H., & Braunbeck, T. (2014). Persistence of endocrine disruption in zebrafish (Danio rerio) after discontinued

exposure to the androgen 173-trenbolone. Environmental Toxicology and Chemistry, 33(11), 2488-2496.
https://doi.org/10.1002/etc.2698

Bayley, M., Junge, M., & Baatrup, E. (2002). Exposure of juvenile guppies to three antiandrogens causes demasculinization
and a reduced sperm count in adult males. Aquatic Toxicology, 56(4), 227-239. https://doi.org/10.1016/S0166-

445X(01)00210-7
Bertho, S., Herpin, A., Jouanno, E., Yano, A., Bobe, J., Parrinello, H., Journot, L., Guyomard, R., Muller, T., Swanson, P.,

McKinney, G., Williamson, K., Meek, M., Schartl, M., & Guiguen, Y. (2022). A nonfunctional copy of the salmonid sex-
determining gene (sdY) is responsible for the “apparent” XY females in Chinook salmon, Oncorhynchus tshawytscha.
G3 Genes|Genomes|Genetics, 12(2), jkab451. https://doi.org/10.1093/g3journal/jkab451

Bertho, S., Pasquier, J., Pan, Q., Le Trionnaire, G., Bobe, J., Postlethwait, J. H., Pailhoux, E., Schartl, M., Herpin, A., &
Guiguen, Y. (2016). FoxI2 and Its Relatives Are Evolutionary Conserved Players in Gonadal Sex Differentiation.
Sexual Development, 10(3), 111-129. https://doi.org/10.1159/000447611

Bertram, M. G., Gore, A. C., Tyler, C. R., & Brodin, T. (2022). Endocrine-disrupting chemicals. Current Biology, 32(13), R727-
R730. https://doi.org/10.1016/j.cub.2022.05.063

Betancur Lépez, J. J., Quintero Velez, J. C., Ostos Alfonso, H., Barreiro-Sanchez, F., & Olivera Angel, M. (2014). Effectiveness

of the aromatase (P450 Arom) inhibitors Letrozole and Exemestane for masculinization of red tilapia (Oreochromis
spp.). Revista Colombiana de Ciencias Pecuarias, 27(1), 47-53.

Bhattacharya, S., & Munshi, C. (2021). Endocrine Disruptors in Freshwater: Impact on Teleost Reproduction. Proceedings of
the Zoological Society, 74(4), 369-377. https://doi.org/10.1007/s12595-021-00397-z

Biswas, C., Chakraborty, S., Munilkumar, S., Gireesh-Babu, P., Sawant, P. B., Chadha, N. K., Krishna, G., & Dasgupta, S.
(2021). Effect of high temperature during larval and juvenile stages on masculinization of common carp (Cyprinus
carpio, L). Aquaculture, 5630, 735803. https://doi.org/10.1016/j.aquaculture.2020.735803




1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062

Blasco, M., Somoza, G. M., & Vizziano-Cantonnet, D. (2013). Presence of 11-ketotestosterone in pre-differentiated male
gonads of Odontesthes bonariensis. Fish Physiology and Biochemistry, 39(1), 71-74. https://doi.org/10.1007/s10695-
012-9651-z

Bock, S. L., Loera, Y., Johnson, J. M., Smaga, C. R., Haskins, D. L., Tuberville, T. D., Singh, R., Rainwater, T. R., Wilkinson, P.

M., & Parrott, B. B. (2023). Differential early-life survival underlies the adaptive significance of temperature-

dependent sex determination in a long-lived reptile. Functional Ecology, 37(11), 2895-2909.
https://doi.org/10.1111/1365-2435.14420

Bokony, V., Kalina, C., Ujhegyi, N., Mikd, Z., Lefler, K. K., Vili, N., Gal, Z., Gabor, C. R., & Hoffmann, O. |. (2024). Does stress
make males? An experiment on the role of glucocorticoids in anuran sex reversal. Journal of Experimental Zoology
Part A: Ecological and Integrative Physiology, 341(2), 172—181. https://doi.org/10.1002/jez.2772

Bokony, V., Ujhegyi, N., Miko, Z., Erds, R., Hettyey, A., Vili, N., Gal, Z., Hoffmann, O. I., & Nemeshazi, E. (2021). Sex Reversal
and Performance in Fitness-Related Traits During Early Life in Agile Frogs. Frontiers in Ecology and Evolution, 9.
https://doi.org/10.3389/fevo.2021.745752

Boulanger, L., Kocer, A., Daniel, N., Pannetier, M., Chesné, P., Heyman, Y., Renault, L., Mandon-Pépin, B., Chavatte-Palmer,
P., Vignon, X., Vilotte, J.-L., Cotinot, C., Renard, J.-P., & Pailhoux, E. (2008). Attempt to rescue sex-reversal by

transgenic expression of the PISRT1 gene in XX PIS-/- goats. Sexual Development: Genetics, Molecular Biology,
Evolution, Endocrinology, Embryology, and Pathology of Sex Determination and Differentiation, 2(3), 142-151.
https://doi.org/10.1159/000143432

Boulanger, L., Pannetier, M., Gall, L., Allais-Bonnet, A., Elzaiat, M., Le Bourhis, D., Daniel, N., Richard, C., Cotinot, C.,
Ghyselinck, N. B., & Pailhoux, E. (2014). FOXL2 Is a Female Sex-Determining Gene in the Goat. Current Biology,
24(4), 404—-408. https://doi.org/10.1016/j.cub.2013.12.039

Bruner, J. A., & Witschi, E. (1954). Pluripotentiality of the mesonephric blastema and the mechanism of feminization of male

salamanders by androgenic hormones. The Anatomical Record, 120(1), 99-117.
https://doi.org/10.1002/ar.1091200108

Bull, J. J. (1985). Sex determining mechanisms: An evolutionary perspective. Experientia, 41(10), 1285-1296.
https://doi.org/10.1007/BF01952071

Bull, J. J., & Bulmer, M. G. (1981). The evolution of XY females in mammals. Heredity, 47(Pt 3), 347-365.
https://doi.org/10.1038/hdy.1981.97

Bull, J. J., Gutzke, W. H. N., & Crews, D. (1988). Sex reversal by estradiol in three reptilian orders. General and Comparative
Endocrinology, 70(3), 425—428. https://doi.org/10.1016/0016-6480(88)90117-7

Cai, M., Li, Y.-Y., Zhu, M., Li, J.-B., & Qin, Z.-F. (2020). Evaluation of the effects of low concentrations of bisphenol AF on
gonadal development using the Xenopus laevis model: A finding of testicular differentiation inhibition coupled with
feminization. Environmental Pollution, 260, 113980. https://doi.org/10.1016/j.envpol.2020.113980

Calatayud, N. E., Pask, A. J., Shaw, G., Richings, N. M., Osborn, S., & Renfree, M. B. (2010). Ontogeny of the oestrogen
receptors ESR1 and ESR2 during gonadal development in the tammar wallaby, Macropus eugenii. Reproduction,
139(3), 599-611. https://doi.org/10.1530/REP-09-0305

Capel, B. (2017). Vertebrate sex determination: Evolutionary plasticity of a fundamental switch. Nature Reviews. Genetics,
18(11), 675—689. https://doi.org/10.1038/nrg.2017.60

Castafieda-Cortés, D. C., Zhang, J., Boan, A. F., Langlois, V. S., & Fernandino, J. |. (2020). High temperature stress response

is not sexually dimorphic at the whole-body level and is dependent on androgens to induce sex reversal. General and
Comparative Endocrinology, 299, 113605. https://doi.org/10.1016/j.ygcen.2020.113605

Castelli, M. A., Georges, A., Cherryh, C., Rosauer, D. F., Sarre, S. D., Contador-Kelsall, I., & Holleley, C. E. (2021). Evolving
thermal thresholds explain the distribution of temperature sex reversal in an Australian dragon lizard. Diversity and
Distributions, 27(3), 427-438. https://doi.org/10.1111/ddi.13203

Castelli, M., Georges, A., & Holleley, C. E. (2021). Corticosterone does not have a role in temperature sex reversal in the

central bearded dragon (Pogona vitticeps). Journal of Experimental Zoology Part A: Ecological and Integrative
Physiology, 335(3), 301-310. https://doi.org/10.1002/jez.2441

Catullo, R. A., Llewelyn, J., Phillips, B. L., & Moritz, C. C. (2019). The Potential for Rapid Evolution under Anthropogenic
Climate Change. Current Biology, 29(19), R996—R1007. https://doi.org/10.1016/j.cub.2019.08.028




1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111

Cek, S., Turan, F., & Atik, E. (2007a). Masculinization of Convict Cichlid (Cichlasoma nigrofasciatum) by immersion in Tribulus
terrestris extract. Aquaculture International, 15(2), 109—-119. https://doi.org/10.1007/s10499-006-9071-0

Cek, S., Turan, F., & Atik, E. (2007b). The effects of Gokshura, Tribulus terrestris on sex reversal of guppy, Poecilia reticulata.
Pakistan Journal of Biological Sciences: PJBS, 10(5), 718-725. https://doi.org/10.3923/pjbs.2007.718.725

Chakraborty, S. B., Molnar, T., & Hancz, C. (2012). Effects of methyltestosterone, tamoxifen, genistein and Basella alba extract

on masculinization of guppy (Poecilia reticulata). Journal of Applied Pharmaceutical Science, 2(12), 048-052.
https://doi.org/10.7324/JAPS.2012.21209

Chardard, D., & Dournon, C. (1999). Sex reversal by aromatase inhibitor treatment in the newt Pleurodeles waltl. Journal of
Experimental Zoology, 283(1), 43-50. https://doi.org/10.1002/(SICI)1097-010X(19990101)283:1<43::AlD-
JEZ6>3.0.C0:2-G

Chardard, D., Kuntz, S., Chesnel, A., & Flament, S. (2003). Effects of androgens on sex differentiation of the urodele

Pleurodeles waltl. Journal of Experimental Zoology. Part A, Comparative Experimental Biology, 296(1), 46-55.
https://doi.org/10.1002/jez.a.10240

Charnov, E. L., & Bull, J. (1977). When is sex environmentally determined? Nature, 266(5605), 828—830.
https://doi.org/10.1038/266828a0

Chew, K. Y., & Renfree, M. B. (2016). Inducing Sex Reversal in Marsupial Mammals. Sexual Development: Genetics,

Molecular Biology, Evolution, Endocrinology, Embryology, and Pathology of Sex Determination and Differentiation,
10(5-6), 301-312. https://doi.org/10.1159/000450927
Clinton, M., Zhao, D., Nandi, S., & McBride, D. (2012). Evidence for avian cell autonomous sex identity (CASI) and implications

for the sex-determination process? Chromosome Research: An International Journal on the Molecular,
Supramolecular and Evolutionary Aspects of Chromosome Biology, 20(1), 177-190. https://doi.org/10.1007/s10577-
011-9257-9

Cohen, G. (2000). Oxidative stress, mitochondrial respiration, and Parkinson’s disease. Annals of the New York Academy of
Sciences, 899, 112-120. https://doi.org/10.1111/.1749-6632.2000.tb06180.x

Cornejo-Paramo, P., Dissanayake, D. S. B., Lira-Noriega, A., Martinez-Pacheco, M. L., Acosta, A., Ramirez-Suastegui, C.,
Méndez-de-la-Cruz, F. R., Székely, T., Urrutia, A. O., Georges, A., & Cortez, D. (2020). Viviparous Reptile Regarded
to Have Temperature-Dependent Sex Determination Has Old XY Chromosomes. Genome Biology and Evolution,
12(6), 924-930. https://doi.org/10.1093/gbe/evaa104

Corona-Herrera, G. A., Arranz, S. E., Martinez-Palacios, C. A., Navarrete-Ramirez, P., Toledo-Cuevas, E. M., Valdez-Alarcén,

J. J., & Martinez-Chavez, C. C. (2018). Experimental evidence of masculinization by continuous illumination in a
temperature sex determination teleost (Atherinopsidae) model: Is oxidative stress involved? Journal of Fish Biology,
93(2), 229-237. https://doi.org/10.1111/jfb.13651

Cotton, S., & Wedekind, C. (2007). Introduction of Trojan sex chromosomes to boost population growth. Journal of Theoretical
Biology, 249(1), 153-161. https://doi.org/10.1016/}.jtbi.2007.07.016

Cotton, S., & Wedekind, C. (2009). Population consequences of environmental sex reversal. Conservation Biology: The Journal
of the Society for Conservation Biology, 23(1), 196—206. https://doi.org/10.1111/}.1523-1739.2008.01053.x

Coveney, D., Shaw, G., & Renfree, M. B. (2001). Estrogen-Induced Gonadal Sex Reversal in the Tammar Wallaby1. Biology of
Reproduction, 65(2), 613-621. https://doi.org/10.1095/biolreprod65.2.613

Crain, D. A, & Guillette, L. J. (1998). Reptiles as models of contaminant-induced endocrine disruption. Animal Reproduction
Science, 53(1-4), 77-86. https://doi.org/10.1016/s0378-4320(98)00128-6

Cristina, H. M. M. V., Mariacute Lia, D. N. R., Gutierrez, Harold, J. P., Calabuig, Cecilia, P., Carla, G. A. V. M., Anthony, A. N,

& Heden, L. M. M. (2013). Genes involved in sex determination and the influence of temperature during the sexual

differentiation process in fish: A review. African Journal of Biotechnology, 12(17), 2129-2146.
https://doi.org/10.5897/AJB12.1155
Cui, Y., Wang, W., Ma, L., Jie, J., Zhang, Y., Wang, H., & Li, H. (2018). New locus reveals the genetic architecture of sex

reversal in the Chinese tongue sole (Cynoglossus semilaevis). Heredity, 121(4), 319-326.
https://doi.org/10.1038/s41437-018-0126-6

Dahlke, F. T., Wohlrab, S., Butzin, M., & Poértner, H.-O. (2020). Thermal bottlenecks in the life cycle define climate vulnerability
of fish. Science, 369(6499), 65-70. https://doi.org/10.1126/science.aaz3658




1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161

Dasmahapatra, A. K., Williams, C. B., Myla, A., Tiwary, S. K., & Tchounwou, P. B. (2023). A systematic review of the evaluation
of endocrine-disrupting chemicals in the Japanese medaka (Oryzias latipes) fish. Frontiers in Toxicology, 5.
https://doi.org/10.3389/ftox.2023.1272368

Deeming, D. C., Ferguson, M. W. J., Mittwoch, U., Wolf, U., Dorizzi, M., Zaborski, P., & Sharma, H. (1997). Environmental
regulation of sex determination in reptiles. Philosophical Transactions of the Royal Society of London. B, Biological
Sciences, 322(1208), 19-39. https://doi.org/10.1098/rstb.1988.0111

Deveson, |. W., Holleley, C. E., Blackburn, J., Marshall Graves, J. A., Mattick, J. S., Waters, P. D., & Georges, A. (2017).
Differential intron retention in Jumonji chromatin modifier genes is implicated in reptile temperature-dependent sex
determination. Science Advances, 3(6), e1700731. https://doi.org/10.1126/sciadv.1700731

Diamanti-Kandarakis, E., Bourguignon, J.-P., Giudice, L. C., Hauser, R., Prins, G. S., Soto, A. M., Zoeller, R. T., & Gore, A. C.
(2009). Endocrine-Disrupting Chemicals: An Endocrine Society Scientific Statement. Endocrine Reviews, 30(4), 293—
342. https://doi.org/10.1210/er.2009-0002

Diaz, N., & Piferrer, F. (2017). Estrogen exposure overrides the masculinizing effect of elevated temperature by a

downregulation of the key genes implicated in sexual differentiation in a fish with mixed genetic and environmental
sex determination. BMC Genomics, 18(1), 973. https://doi.org/10.1186/s12864-017-4345-7
Dissanayake, D. S. B., Holleley, C. E., Deakin, J. E., & Georges, A. (2021b). High elevation increases the risk of Y

chromosome loss in Alpine skink populations with sex reversal. Heredity, 126(5), 805-816.
https://doi.org/10.1038/s41437-021-00406-z

Dissanayake, D. S. B., Holleley, C. E., & Georges, A. (2021a). Effects of natural nest temperatures on sex reversal and sex
ratios in an Australian alpine skink. Scientific Reports, 11(1), 20093. https://doi.org/10.1038/s41598-021-99702-1

Dong, R., Yang, S., Feng, R., Fang, L., Sun, Y., Zhang, Y., Xie, X., & Wang, D. (2014). Complete feminization of catfish by
feeding Limnodilus, an annelid worm collected in contaminated streams. Environmental Research, 133, 371-379.
https://doi.org/10.1016/j.envres.2014.05.018

Dong, S, Lyu, X., Yuan, S., Wang, S., Li, W., Chen, Z., Yu, H., Li, fengsheng, & Jiang, Q. (2020). Oxidative stress: A critical
hint in ionizing radiation induced pyroptosis. Radiation Medicine and Protection, 1(4), 179-185.
https://doi.org/10.1016/j.radmp.2020.10.001

Dorazi, R., Chesnel, A., & Dournon, C. (1995). Opposite Sex Determination of Gonads in Two Pleurodeles Species May Be

Due to a Temperature-Dependent Inactivation of Sex Chromosomes. Journal of Heredity, 86(1), 28-31.
https://doi.org/10.1093/oxfordjournals.jhered.a111521

Dorizzi, M., Richard-Mercier, N., Desvages, G., Girondot, M., & Pieau, C. (1994). Masculinization of gonads by aromatase

inhibitors in a turtle with temperature-dependent sex determination. Differentiation, 58(1), 1-8.
https://doi.org/10.1046/j.1432-0436.1994.5810001.x

Doudna, J. A., & Charpentier, E. (2014). The new frontier of genome engineering with CRISPR-Cas9. Science, 346(6213),
1258096. https://doi.org/10.1126/science.1258096

Dumond, H., Kuntz, S., Chesnel, A., Ko, C.-l., Wallacides, A., Chardard, D., & Flament, S. (2008). Sexual Development of the
Urodele Amphibian Pleurodeles waltl. Sexual Development, 2(2), 104—114. https://doi.org/10.1159/000129695

Dupoué, A., Lourdais, O., Meylan, S., Brischoux, F., Angelier, F., Rozen-Rechels, D., Marcangeli, Y., Decenciéere, B., Agostini,

S., & Le Galliard, J.-F. (2019). Some like it dry: Water restriction overrides heterogametic sex determination in two
reptiles. Ecology and Evolution, 9(11), 6524—-6533. https://doi.org/10.1002/ece3.5229

Dussenne, M., Delcourt, J., Poncin, P., Cornil, C. A., & Parmentier, E. (2022). Impact of temperature-induced sex reversal on

behavior and sound production in Nile tilapia (Oreochromis niloticus). Hormones and Behavior, 142, 105173.
https://doi.org/10.1016/j.yhbeh.2022.105173

Dussenne, M., Gennotte, V., Rougeot, C., Mélard, C., & Cornil, C. A. (2020). Consequences of temperature-induced sex

reversal on hormones and brain in Nile tilapia (Oreochromis niloticus). Hormones and Behavior, 121, 104728.
https://doi.org/10.1016/j.yhbeh.2020.104728

Edmunds, J. S., McCarthy, R. A., & Ramsdell, J. S. (2000). Permanent and functional male-to-female sex reversal in d-rR strain

medaka (Oryzias latipes) following egg microinjection of o,p’-DDT. Environmental Health Perspectives, 108(3), 219—
224. https://doi.org/10.1289/ehp.00108219

Ehl, J., Vuki¢, J., & Kratochvil, L. (2017). Hormonal and thermal induction of sex reversal in the bearded dragon (Pogona
vitticeps, Agamidae). Zoologischer Anzeiger, 271, 1-5. https://doi.org/10.1016/j.jcz.2017.11.002




1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211

Eiby, Y. A., Wilmer, J. W., & Booth, D. T. (2008). Temperature-dependent sex-biased embryo mortality in a bird. Proceedings of
the Royal Society B: Biological Sciences, 275(1652), 2703-2706. https://doi.org/10.1098/rspb.2008.0954

El-Sayed, A.-F. M., Abdel-Aziz, E.-S. H., & Abdel-Ghani, H. M. (2012). Effects of phytoestrogens on sex reversal of Nile tilapia
(Oreochromis niloticus) larvae fed diets treated with 17a-Methyltestosterone. Aquaculture, 360-361, 58—63.
https://doi.org/10.1016/j.aquaculture.2012.07.010

Fadem, B. H., & Tesoriero, J. V. (1986). Inhibition of Testicular Development and Feminization of the Male Genitalia by

Neonatal Estrogen Treatment in a Marsupial1. Biology of Reproduction, 34(4), 771-776.
https://doi.org/10.1095/biolreprod34.4.771

Fenske, M., Maack, G., Schafers, C., & Segner, H. (2005). An environmentally relevant concentration of estrogen induces

arrest of male gonad development in zebrafish, Danio rerio. Environmental Toxicology and Chemistry, 24(5), 1088—
1098. https://doi.org/10.1897/04-096R1.1

Fernandino, J. |, Hattori, R. S., Kishii, A., Striissmann, C. A., & Somoza, G. M. (2012). The Cortisol and Androgen Pathways
Cross Talk in High Temperature-Induced Masculinization: The 11B-Hydroxysteroid Dehydrogenase as a Key
Enzyme. Endocrinology, 153(12), 6003-6011. https://doi.org/10.1210/en.2012-1517

Filby, A. L., Thorpe, K. L., Maack, G., & Tyler, C. R. (2007). Gene expression profiles revealing the mechanisms of anti-

androgen- and estrogen-induced feminization in fish. Aquatic Toxicology, 81(2), 219-231.
https://doi.org/10.1016/j.aquatox.2006.12.003

Fisher, R. A. (1930). The genetical theory of natural selection (pp. xiv, 272). Clarendon Press.
https://doi.org/10.5962/bhl.title.27468

Flament, S. (2016). Sex Reversal in Amphibians. Sexual Development: Genetics, Molecular Biology, Evolution, Endocrinology,

Embryology, and Pathology of Sex Determination and Differentiation, 10(5-6), 267—-278.
https://doi.org/10.1159/000448797

Folt, C. L., Chen, C. Y., Moore, M. V., & Burnaford, J. (1999). Synergism and antagonism among multiple stressors. Limnology
and Oceanography, 44(3part2), 864—877. https://doi.org/10.4319/10.1999.44.3_part_2.0864

Foo, Y. Z., O'Dea, R. E., Koricheva, J., Nakagawa, S., & Lagisz, M. (2021). A practical guide to question formation, systematic

searching and study screening for literature reviews in ecology and evolution. Methods in Ecology and Evolution,
12(9), 1705-1720. https://doi.org/10.1111/2041-210X.13654

Foote, C. L., & Witschi, E. (1939). Effect of sex hormones on the gonads of frog larvae (Rana clamitans): Sex inversion in
females; stability in males. The Anatomical Record, 75(1), 75-83. https://doi.org/10.1002/ar.1090750109

Fraslin, C., Phocas, F., Bestin, A., Charles, M., Bernard, M., Krieg, F., Dechamp, N., Ciobotaru, C., Hozé, C., Petitprez, F.,
Milhes, M., Lluch, J., Bouchez, O., Poncet, C., Hocdé, P., Haffray, P., Guiguen, Y., & Quillet, E. (2020). Genetic

determinism of spontaneous masculinisation in XX female rainbow trout: New insights using medium throughput

genotyping and whole-genome sequencing. Scientific Reports, 10(1), 17693. https://doi.org/10.1038/s41598-020-
74757-8

Fredga, K. (1988). Aberrant chromosomal sex-determining mechanisms in mammals, with special reference to species with XY

females. Philosophical Transactions of the Royal Society of London. B, Biological Sciences, 322(1208), 83-95.
https://doi.org/10.1098/rstb.1988.0116

Freedberg, S., Nelson, C. E., & Ewert, M. A. (2006). Estradiol-17 Induces Lasting Sex Reversal at Male-Producing
Temperatures in Kinosternid Turtles. Journal of Herpetology, 40(1), 95-98. https://doi.org/10.1670/139-05N.1

Fry, D. M., & Toone, C. K. (1981). DDT-Induced Feminization of Gull Embryos. Science, 213(4510), 922-924.
https://doi.org/10.1126/science.7256288

Fujii, J., Kodama, M., Oike, A., Matsuo, Y., Min, M.-S., Hasebe, T., Ishizuya-Oka, A., Kawakami, K., & Nakamura, M. (2014).
Involvement of Androgen Receptor in Sex Determination in an Amphibian Species. PLOS ONE, 9(5), €93655.
https://doi.org/10.1371/journal.pone.0093655

Furman, B. L. S., Metzger, D. C. H., Darolti, I., Wright, A. E., Sandkam, B. A., Aimeida, P., Shu, J. J., & Mank, J. E. (2020). Sex
Chromosome Evolution: So Many Exceptions to the Rules. Genome Biology and Evolution, 12(6), 750-763.
https://doi.org/10.1093/gbe/evaa081

Gamble, T. (2010). A review of sex determining mechanisms in geckos (Gekkota: Squamata). Sexual Development: Genetics,

Molecular Biology, Evolution, Endocrinology, Embryology, and Pathology of Sex Determination and Differentiation,
4(1-2), 88—103. https://doi.org/10.1159/000289578




1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
1254
1255
1256
1257
1258
1259

Gamse, J. T., & Gorelick, D. A. (2016). Mixtures, Metabolites, and Mechanisms: Understanding Toxicology Using Zebrafish.
Zebrafish, 13(5), 377-378. https://doi.org/10.1089/zeb.2016.1370

Ganesh, S., & Raman, R. (1995). Sex reversal by testosterone and not by estradiol or temperature in Calotes versicolor, the

lizard lacking sex chromosomes. Journal of Experimental Zoology, 271(2), 139-144.
https://doi.org/10.1002/jez.1402710209

Gao, Z.-X., Wang, H.-P., Wallat, G., Yao, H., Rapp, D., O'Bryant, P., MacDonald, R., & Wang, W.-M. (2010). Effects of a
nonsteroidal aromatase inhibitor on gonadal differentiation of bluegill sunfish Lepomis macrochirus. Aquaculture
Research, 41(9), 1282-12809. https://doi.org/10.1111/.1365-2109.2009.02414.x

Garcia-Cruz, E. L., Yamamoto, Y., Hattori, R. S., de Vasconcelos, L. M., Yokota, M., & Striissmann, C. A. (2020). Crowding

stress during the period of sex determination causes masculinization in pejerrey Odontesthes bonariensis, a fish with

temperature-dependent sex determination. Comparative Biochemistry and Physiology Part A: Molecular & Integrative
Physiology, 245, 110701. https://doi.org/10.1016/j.cbpa.2020.110701

Ge, C,, Ye, J., Weber, C., Sun, W., Zhang, H., Zhou, Y., Cai, C., Qian, G., & Capel, B. (2018). The histone demethylase
KDM®6B regulates temperature-dependent sex determination in a turtle species. Science, 360(6389), 645-648.
https://doi.org/10.1126/science.aap8328

Geffroy, B., & Douhard, M. (2019). The Adaptive Sex in Stressful Environments. Trends in Ecology & Evolution, 34(7), 628—
640. https://doi.org/10.1016/j.tree.2019.02.012

George, T., Pandian, J. T., & Kavumpurath, S. (1994). Inviability of YY zygotes of the fighting fish, Betta splendens. Israeli

Journal of Aquaculture — Bamidgeh, 46(1), 3-8.

George, T., & Pandian, T. j. (1996). Hormonal induction of sex reversal and progeny testing in the zebra cichlid Cichlasoma
nigrofasciatum. Journal of Experimental Zoology, 275(5), 374-382. https://doi.org/10.1002/(SICI)1097-
010X(19960801)275:5<374::AID-JEZ6>3.0.CO;2-M

Ghosal, |., Mukherjee, D., & Chakraborty, S. B. (2021). The effects of four plant extracts on growth, sex reversal, immunological

and haemato-biochemical parameters in Nile tilapia, Oreochmomis niloticus (Linnaeus, 1758). Aquaculture
Research, 52(2), 559-576. https://doi.org/10.1111/are.14914
Godfray, H. C. J., Stephens, A. E. A,, Jepson, P. D., Jobling, S., Johnson, A. C., Matthiessen, P., Sumpter, J. P., Tyler, C. R., &

McLean, A. R. (2019). A restatement of the natural science evidence base on the effects of endocrine disrupting

chemicals on wildlife. Proceedings of the Royal Society B: Biological Sciences, 286(1897), 20182416.
https://doi.org/10.1098/rspb.2018.2416
Gonsioroski, A., Mourikes, V. E., & Flaws, J. A. (2020). Endocrine Disruptors in Water and Their Effects on the Reproductive
System. International Journal of Molecular Sciences, 21(6), 1929. https://doi.org/10.3390/ijms21061929
Gorshkov, S., Gorshkova, G., Colorni, B., & Gordin, H. (2004). Effects of Natural Estradiol-173 and Synthetic 17a-
Ethynylestradiol on Direct Feminization of European Sea Bass Dicentrarchus labrax. Journal of the World
Aquaculture Society, 35(2), 167—177. https://doi.org/10.1111/j.1749-7345.2004.tb01072.x

Grandi, G., Giovannini, S., & Chicca, M. (2007). Gonadogenesis in early developmental stages of Acipenser naccarii and

influence of estrogen immersion on feminization. Journal of Applied Ichthyology, 23(1), 3-8.
https://doi.org/10.1111/j.1439-0426.2006.00819.x

Graves, J. A. M. (2006). Sex chromosome specialization and degeneration in mammals. Cell, 124(5), 901-914.
https://doi.org/10.1016/j.cell.2006.02.024

Guiguen, Y., Baroiller, J.-F., Ricordel, M.-J., Iseki, K., Mcmeel, O. m., Martin, S. a. m., & Fostier, A. (1999). Involvement of

estrogens in the process of sex differentiation in two fish species: The rainbow trout (Oncorhynchus mykiss) and a

tilapia (Oreochromis niloticus). Molecular Reproduction and Development, 54(2), 154—162.
https://doi.org/10.1002/(SICI)1098-2795(199910)54:2<154::AID-MRD7>3.0.C0O;2-5

Guiguen, Y., Bertho, S., Herpin, A., & Fostier, A. (2018). Sex Determination and Sex Control in Salmonidae. In Sex Control in
Aquaculture (pp. 249-280). John Wiley & Sons, Ltd. https://doi.org/10.1002/9781119127291.ch11

Haddaway, N. R., Grainger, M. J., & Gray, C. T. (2022). Citationchaser: A tool for transparent and efficient forward and

backward citation chasing in systematic searching. Research Synthesis Methods, 13(4), 533-545.
https://doi.org/10.1002/jrsm.1563




1260
1261
1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282
1283
1284
1285
1286
1287
1288
1289
1290
1291
1292
1293
1294
1295
1296
1297
1298
1299
1300
1301
1302
1303
1304
1305
1306
1307
1308
1309

Hall, C. A., Conroy, G., Jelocnik, M., Kasimov, V., Gillet, A., Portas, T., Hill, A., & Potvin, D. A. (2025). Prevalence and
implications of sex reversal in free-living birds. Biology Letters, 21(8), 20250182.
https://doi.org/10.1098/rsbl.2025.0182

Han, J., Hu, Y., Qi, Y., Yuan, C., Naeem, S., & Huang, D. (2021). High temperature induced masculinization of zebrafish by

down-regulation of sox9b and esr? via DNA methylation. Journal of Environmental Sciences, 107, 160-170.
https://doi.org/10.1016/j.jes.2021.01.032

Hara, S., Sawamura, R., & Kitano, T. (2021). Cortisol induces masculinization of XX medaka through gonadal soma-derived
growth factor (GSDF) and anti-Mullerian hormone receptor type 2 (AMHR2). Fisheries Science, 87(1), 85-91.
https://doi.org/10.1007/s12562-020-01479-1

Hardisty, M. W., & Taylor, B. J. R. (1965). The effect of sex hormones on the ammocoete larva. Life Sciences, 4(7), 743-747.
https://doi.org/10.1016/0024-3205(65)90304-8

Hassanzadeh Saber, M., Baradaran Noveiri, S., Pourkazemi, M., Yarmohammadi, M., Jalilpour, J., Nowruz Fashkhami, M., &

Falahatkar, B. (2019). Masculinization of the gynogenetic juvenile ship sturgeon (Acipenser nudiventris Lovetsky,
1828) using 17a-methyl testosterone. Journal of Applied Ichthyology, 35(4), 843—-849.
https://doi.org/10.1111/jai. 13907

Hattori, R. S., Fernandino, J. |., Kishii, A., Kimura, H., Kinno, T., Oura, M., Somoza, G. M., Yokota, M., Strissmann, C. A., &
Watanabe, S. (2009). Cortisol-Induced Masculinization: Does Thermal Stress Affect Gonadal Fate in Pejerrey, a
Teleost Fish with Temperature-Dependent Sex Determination? PLOS ONE, 4(8), e6548.
https://doi.org/10.1371/journal.pone.0006548

Hattori, R. S., Kumazawa, K., Nakamoto, M., Nakano, Y., Yamaguchi, T., Kitano, T., Yamamoto, E., Fuji, K., & Sakamoto, T.

(2022). Y-specific amh allele, amhy, is the master sex-determining gene in Japanese flounder Paralichthys olivaceus.
Frontiers in Genetics, 13. https://doi.org/10.3389/fgene.2022.1007548
Hayasaka, O., Takeuchi, Y., Shiozaki, K., Anraku, K., & Kotani, T. (2019). Green light irradiation during sex differentiation

induces female-to-male sex reversal in the medaka Oryzias latipes. Scientific Reports, 9(1), 2383.
https://doi.org/10.1038/s41598-019-38908-w

Hayashi, Y., Kobira, H., Yamaguchi, T., Shiraishi, E., Yazawa, T., Hirai, T., Kamei, Y., & Kitano, T. (2010). High temperature
causes masculinization of genetically female medaka by elevation of cortisol. Molecular Reproduction and
Development, 77(8), 679-686. https://doi.org/10.1002/mrd.21203

Hayes, T. B., Anderson, L. L., Beasley, V. R., de Solla, S. R., Iguchi, T., Ingraham, H., Kestemont, P., Kniewald, J., Kniewald,
Z., Langlois, V. S., Luque, E. H., McCoy, K. A., Mufioz-de-Toro, M., Oka, T., Oliveira, C. A., Orton, F., Ruby, S.,

Suzawa, M., Tavera-Mendoza, L. E., ... Willingham, E. (2011). Demasculinization and feminization of male gonads

by atrazine: Consistent effects across vertebrate classes. The Journal of Steroid Biochemistry and Molecular Biology,
127(1), 64-73. https://doi.org/10.1016/j.jsbmb.2011.03.015

Hayes, T. B., Collins, A., Lee, M., Mendoza, M., Noriega, N., Stuart, A. A., & Vonk, A. (2002). Hermaphroditic, demasculinized
frogs after exposure to the herbicide atrazine at low ecologically relevant doses. Proceedings of the National
Academy of Sciences, 99(8), 5476-5480. https://doi.org/10.1073/pnas.082121499

Heikkila, M., Prunskaite, R., Naillat, F., Itdranta, P., Vuoristo, J., Leppaluoto, J., Peltoketo, H., & Vainio, S. (2005). The Partial

Female to Male Sex Reversal in Wnt-4-Deficient Females Involves Induced Expression of Testosterone Biosynthetic

Genes and Testosterone Production, and Depends on Androgen Action. Endocrinology, 146(9), 4016—4023.
https://doi.org/10.1210/en.2005-0463

Heitzmann, L. D., Challe, M., Perez, J., Castell, L., Galibert, E., Martin, A. O., Valjent, E., & Veyrunes, F. (n.d.). Genotypic sex
shapes maternal care in the African pygmy mouse, Mus minutoides. Proceedings of the Royal Society B: Biological
Sciences, 290(2006), 20231224. https://doi.org/10.1098/rspb.2023.1224

Helbing, C. C. (2012). The metamorphosis of amphibian toxicogenomics. Frontiers in Genetics, 3, 37.
https://doi.org/10.3389/fgene.2012.00037

Hill, P., While, G. M., Burridge, C. P., Ezaz, T., Munch, K. L., McVarish, M., & Wapstra, E. (n.d.). Sex reversal explains some,
but not all, climate-mediated sex ratio variation within a viviparous reptile. Proceedings of the Royal Society B:
Biological Sciences, 289(1976), 20220689. https://doi.org/10.1098/rspb.2022.0689

Hoelzel, A. R., Bruford, M. W., & Fleischer, R. C. (2019). Conservation of adaptive potential and functional diversity.
Conservation Genetics, 20(1), 1-5. https://doi.org/10.1007/s10592-019-01151-x




1310
1311
1312
1313
1314
1315
1316
1317
1318
1319
1320
1321
1322
1323
1324
1325
1326
1327
1328
1329
1330
1331
1332
1333
1334
1335
1336
1337
1338
1339
1340
1341
1342
1343
1344
1345
1346
1347
1348
1349
1350
1351
1352
1353
1354
1355
1356
1357
1358

Hoga, C. A., Almeida, F. L., & Reyes, F. G. R. (2018). A review on the use of hormones in fish farming: Analytical methods to
determine their residues. CyTA - Journal of Food, 16(1), 679—-691. https://doi.org/10.1080/19476337.2018.1475423

Holleley, C. E., O'Meally, D., Sarre, S. D., Marshall Graves, J. A, Ezaz, T., Matsubara, K., Azad, B., Zhang, X., & Georges, A.
(2015). Sex reversal triggers the rapid transition from genetic to temperature-dependent sex. Nature, 523(7558), 79—
82. https://doi.org/10.1038/nature 14574

Holleley, C. E., Sarre, S. D., O’'Meally, D., & Georges, A. (2016). Sex Reversal in Reptiles: Reproductive Oddity or Powerful
Driver of Evolutionary Change? Sexual Development, 10(5-6), 279—-287. https://doi.org/10.1159/000450972

Honeycutt, J. L., Deck, C. A., Miller, S. C., Severance, M. E., Atkins, E. B., Luckenbach, J. A., Buckel, J. A, Daniels, H. V.,
Rice, J. A., Borski, R. J., & Godwin, J. (2019). Warmer waters masculinize wild populations of a fish with
temperature-dependent sex determination. Scientific Reports, 9(1), 6527. https://doi.org/10.1038/s41598-019-42944-

X

Horie, Y., Kanazawa, N., Takahashi, C., Tatarazako, N., & Iguchi, T. (2020). Bisphenol A induces a shift in sex differentiation
gene expression with testis-ova or sex reversal in Japanese medaka (Oryzias latipes). Journal of Applied Toxicology:
JAT, 40(6), 804-814. https://doi.org/10.1002/jat.3945

Horie, Y., Kanazawa, N., Takahashi, C., Tatarazako, N., & Iguchi, T. (2021). Exposure to 4-nonylphenol induces a shift in the

gene expression of gsdf and testis-ova formation and sex reversal in Japanese medaka (Oryzias latipes). Journal of
Applied Toxicology, 41(3), 399-409. https://doi.org/10.1002/jat.4051
Howell, W. M., Black, D. A., & Bortone, S. A. (1980). Abnormal Expression of Secondary Sex Characters in a Population of

Mosquitofish, Gambusia affinis holbrooki: Evidence for Environmentally-Induced Masculinization. Copeia, 1980(4),
676-681. https://doi.org/10.2307/1444443
Hsu, C.-Y., YU, N.-W., & Liang, H.-M. (1971). Induction of Sex Reversal in Female Tadpoles of Rana Catesbeiana by
Temperature Treatment. Endocrinologia Japonica, 18(3), 243-251. https://doi.org/10.1507/endocrj1954.18.243
Hu, Y.-Q., Bai, D.-P., Chen, Y, Lu, Z.-X., Zheng, H.-B., Xu, F.-Q., Wu, Y., Zhu, M.-X., & Li, A. (2019). The Degree of Sex

Reversal in Muscovy Ducks (Cairina moschata domestica) Induced by an Aromatase Inhibitor. Sexual Development:

Genetics, Molecular Biology, Evolution, Endocrinology, Embryology, and Pathology of Sex Determination and
Differentiation, 13(3), 137—142. https://doi.org/10.1159/000502195

Hua, J., Han, J., Guo, Y., & Zhou, B. (2015). The progestin levonorgestrel affects sex differentiation in zebrafish at

environmentally relevant concentrations. Aquatic Toxicology, 166, 1-9. https://doi.org/10.1016/j.aquatox.2015.06.013

Huang, S., Wu, Y., Chen, K., Zhang, X., Zhao, J., Luo, Q., Liu, H., Wang, F., Li, K., Fei, S., Zhang, X., & Ou, M. (2023). Gene
Expression and Epigenetic Modification of Aromatase during Sex Reversal and Gonadal Development in Blotched
Snakehead (Channa maculata). Fishes, 8(3), 129. https://doi.org/10.3390/fishes8030129

Iwamatsu, T., Kobayashi, H., Sagegami, R., & Shuo, T. (2006). Testosterone content of developing eggs and sex reversal in

the medaka (Oryzias latipes). General and Comparative Endocrinology, 145(1), 67-74.
https://doi.org/10.1016/j.ygcen.2005.07.003

Jarque, S., Quirds, L., Grimalt, J. O., Gallego, E., Catalan, J., Lackner, R., & Pifia, B. (2015). Background fish feminization
effects in European remote sites. Scientific Reports, 5(1), 11292. https://doi.org/10.1038/srep11292

Jiang, L., & Li, H. (2017). Single Locus Maintains Large Variation of Sex Reversal in Half-Smooth Tongue Sole (Cynoglossus
semilaevis). G3 Genes|Genomes|Genetics, 7(2), 583-589. https://doi.org/10.1534/93.116.036822

Jiang, M., Wu, X., Chen, K., Luo, H., Yu, W., Jia, S., Li, Y., Wang, Y., Yang, P., Zhu, Z., & Hu, W. (2018). Production of YY
Supermale and XY Physiological Female Common Carp for Potential Eradication of this Invasive Species. Journal of
the World Aquaculture Society, 49(2), 315-327. https://doi.org/10.1111/jwas.12492

Jobling, S., Coey, S., Whitmore, J. G., Kime, D. E., Van Look, K. J. W., McAllister, B. G., Beresford, N., Henshaw, A. C.,
Brighty, G., Tyler, C. R., & Sumpter, J. P. (2002). Wild Intersex Roach (Rutilus rutilus) Have Reduced Fertility1.
Biology of Reproduction, 67(2), 515-524. https://doi.org/10.1095/biolreprod67.2.515

Jorgensen, L. B., Orsted, M., Malte, H., Wang, T., & Overgaard, J. (2022). Extreme escalation of heat failure rates in
ectotherms with global warming. Nature, 611(7934), 93-98. https://doi.org/10.1038/s41586-022-05334-4

Joshi, H. D., Tiwari, V. K., Sharma, R., Gupta, S., Lakra, W. S., & Sahoo, U. (2017). Nanotechnological innovation for the
production of daughter less Tilapia, Oreochromis niloticus (Linnaeus, 1758). Journal of Applied and Natural Science,
9(4), 1921-1925. https://doi.org/10.31018/jans.v9i4.1464




1359
1360
1361
1362
1363
1364
1365
1366
1367
1368
1369
1370
1371
1372
1373
1374
1375
1376
1377
1378
1379
1380
1381
1382
1383
1384
1385
1386
1387
1388
1389
1390
1391
1392
1393
1394
1395
1396
1397
1398
1399
1400
1401
1402
1403
1404
1405
1406
1407

Joung, J. K., & Sander, J. D. (2013). TALENSs: A widely applicable technology for targeted genome editing. Nature Reviews.
Molecular Cell Biology, 14(1), 49-55. https://doi.org/10.1038/nrm3486

Kadota, T. (2023). Bidirectional Sex Change in Fishes. In T. Kuwamura, K. Sawada, T. Sunobe, Y. Sakai, & T. Kadota (Eds.),
Hermaphroditism and Mating Systems in Fish (pp. 145-180). Springer Nature. https://doi.org/10.1007/978-981-19-
6095-6_5

Katare, M. B., Basavaraja, N., Joshi, H. D., & Archana, C. (2015). Effect of letrozole on masculinization of Siamese fighting fish
(Betta splendens). Journal of Applied and Natural Science, 7(1), 425-433. https://doi.org/10.31018/jans.v7i1.627

Kato, M., Takehana, Y., Fukuda, Y., Naruse, K., Sakaizumi, M., & Hamaguchi, S. (2011). An autosomal locus controls sex
reversal in interspecific XY hybrids of the medaka fishes. Heredity, 107(6), 523-529.
https://doi.org/10.1038/hdy.2011.38

Kato, M., Takehana, Y., Sakaizumi, M., & Hamaguchi, S. (2010). A sex-determining region on the Y chromosome controls the

sex-reversal ratio in interspecific hybrids between Oryzias curvinotus females and Oryzias latipes males. Heredity,
104(2), 191-195. https://doi.org/10.1038/hdy.2009.114

Kavumpurath, S., & Pandian, T. J. (1993). Production of a YY female guppy, Poecilia reticulata, by endocrine sex reversal and
progeny testing. Aquaculture, 118(3), 183—189. https://doi.org/10.1016/0044-8486(93)90455-8

Kavumpurath, S., & Pandian, T. J. (1994). Masculinization of fighting fish, Betta splendens Regan, using synthetic or natural
androgens. Aquaculture Research, 25(4), 373-381. https://doi.org/10.1111/j.1365-2109.1994.tb00702.x

Kawahara, T., & Yamashita, I. (2000). Estrogen-Independent Ovary Formation in the Medaka Fish, Oryzias latipes. Zoological
Science, 17(1), 65-68. https://doi.org/10.2108/zsj.17.65

Kearney, M., Shine, R., & Porter, W. P. (2009). The potential for behavioral thermoregulation to buffer “cold-blooded” animals

against climate warming. Proceedings of the National Academy of Sciences of the United States of America, 106(10),
3835-3840. https://doi.org/10.1073/pnas.0808913106

Kim, D. S., Nam, Y. K., & Jo, J.-Y. (1997). Effect of oestradiol-17p immersion treatments on sex reversal of mud loach,
Misgurnus mizolepis (Ginther). Aquaculture Research, 28(12), 941-946. https://doi.org/10.1046/j.1365-
2109.1997.00925.x

Kipouros, K., Paschos, I., Gouva, E., Ergolavou, A., & Perdikaris, C. (2011). Masculinization of the ornamental Siamese fighting

fish with oral hormonal administration. ScienceAsia, 37(3), 277. https://doi.org/10.2306/scienceasia1513-
1874.2011.37.277

Kirankumar, S., & Pandian, T. J. (2002). Effect on growth and reproduction of hormone immersed and masculinized fighting fish
Betta splendens. Journal of Experimental Zoology, 293(6), 606—616. https://doi.org/10.1002/jez.10181

Kitano, T., Hayashi, Y., Shiraishi, E., & Kamei, Y. (2012). Estrogen rescues masculinization of genetically female medaka by

exposure to cortisol or high temperature. Molecular Reproduction and Development, 79(10), 719-726.
https://doi.org/10.1002/mrd.22080
Kitano, T., Takamune, K., Nagahama, Y., & Abe, S.-l. (2000). Aromatase inhibitor and 17a-methyltestosterone cause sex-

reversal from genetical females to phenotypic males and suppression of P450 aromatase gene expression in
Japanese flounder (Paralichthys olivaceus). Molecular Reproduction and Development, 56(1), 1-5.
https://doi.org/10.1002/(SICI)1098-2795(200005)56:1<1::AID-MRD1>3.0.C0O;2-3

Kitano, T., Yoshinaga, N., Shiraishi, E., Koyanagi, T., & Abe, S.-l. (2007). Tamoxifen induces masculinization of genetic

females and regulates P450 aromatase and muiillerian inhibiting substance mMRNA expression in Japanese flounder
(Paralichthys olivaceus). Molecular Reproduction and Development, 74(9), 1171-1177.
https://doi.org/10.1002/mrd.20603

Kocher, T. D., Meisel, R. P., Gamble, T., Behrens, K. A., & Gammerdinger, W. J. (2024). Yes, polygenic sex determination is a
thing! Trends in Genetics, 40(12), 1001-1017. https://doi.org/10.1016/j.tig.2024.10.003

K.Singh, A., & Srivastava, S. (n.d.). A CYP19 Based Sex Determination and Monosex Production in Aquaculture Species

Oreochromis niloticus L. and a Cyprinid Cyprinus carpio L. Fisheries and Aquaculture Journal, 6(1), 1-6.
https://doi.org/10.4172/2150-3508.1000112
Kuhl, A. J., & Brouwer, M. (2006). Antiestrogens Inhibit Xenoestrogen-Induced Brain Aromatase Activity but Do Not Prevent

Xenoestrogen-Induced Feminization in Japanese Medaka (Oryzias latipes). Environmental Health Perspectives,
114(4), 500-506. https://doi.org/10.1289/ehp.8211




1408
1409
1410
1411
1412
1413
1414
1415
1416
1417
1418
1419
1420
1421
1422
1423
1424
1425
1426
1427
1428
1429
1430
1431
1432
1433
1434
1435
1436
1437
1438
1439
1440
1441
1442
1443
1444
1445
1446
1447
1448
1449
1450
1451
1452
1453
1454
1455

Kuntz, S., Chesnel, A., Duterque-Coquillaud, M., Grillier-Vuissoz, ., Callier, M., Dournon, C., Flament, S., & Chardard, D.
(2003). Differential expression of P450 aromatase during gonadal sex differentiation and sex reversal of the newt
Pleurodeles waltl. The Journal of Steroid Biochemistry and Molecular Biology, 84(1), 89-100.
https://doi.org/10.1016/S0960-0760(03)00009-8

Kurokawa, H., Saito, D., Nakamura, S., Katoh-Fukui, Y., Ohta, K., Baba, T., Morohashi, K., & Tanaka, M. (2007). Germ cells
are essential for sexual dimorphism in the medaka gonad. Proceedings of the National Academy of Sciences,
104(43), 16958-16963. https://doi.org/10.1073/pnas.0609932104

Kwon, J. Y., McAndrew, B. J., & Penman, D. J. (2002). Treatment with an aromatase inhibitor suppresses high-temperature
feminization of genetic male (YY) Nile tilapia. Journal of Fish Biology, 60(3), 625-636. https://doi.org/10.1111/j.1095-
8649.2002.tb01689.x

Lagesson, A., Fahlman, J., Brodin, T., Fick, J., Jonsson, M., Bystrém, P., & Klaminder, J. (2016). Bioaccumulation of five

pharmaceuticals at multiple trophic levels in an aquatic food web—Insights from a field experiment. Science of The
Total Environment, 568, 208-215. https://doi.org/10.1016/j.scitotenv.2016.05.206

Lagomarsino, I. V., & Conover, D. O. (1993). Variation in Environmental and Genotypic Sex-Determining Mechanisms Across a
Latitudinal Gradient in the Fish, Menidia menidia. Evolution, 47(2), 487—494. https://doi.org/10.2307/2410066

Lambert, M. R., Giller, G. S. J., Barber, L. B., Fitzgerald, K. C., & Skelly, D. K. (2015). Suburbanization, estrogen
contamination, and sex ratio in wild amphibian populations. Proceedings of the National Academy of Sciences,
112(38), 11881-11886. https://doi.org/10.1073/pnas.1501065112

Lambert, M. R., Smylie, M. S., Roman, A. J., Freidenburg, L. K., & Skelly, D. K. (2018). Sexual and somatic development of
wood frog tadpoles along a thermal gradient. Journal of Experimental Zoology Part A: Ecological and Integrative
Physiology, 329(2), 72—79. https://doi.org/10.1002/jez.2172

Lambert, M. R., Tran, T., Kilian, A., Ezaz, T., & Skelly, D. K. (2019). Molecular evidence for sex reversal in wild populations of
green frogs (Rana clamitans). PeerJ, 7, €6449. https://doi.org/10.7717/peerj.6449

Lambeth, L. S., Cummins, D. M., Doran, T. J., Sinclair, A. H., & Smith, C. A. (2013). Overexpression of Aromatase Alone is
Sufficient for Ovarian Development in Genetically Male Chicken Embryos. PLOS ONE, 8(6), e68362.
https://doi.org/10.1371/journal.pone.0068362

Larsen, M. G., Bilberg, K., & Baatrup, E. (2009). Reversibility of estrogenic sex changes in zebrafish (Danio Rerio).
Environmental Toxicology and Chemistry, 28(8), 1783—-1785. https://doi.org/10.1897/08-563.1

Laven, N. E., Pearson, P. R., Wild, K. H., Noble, D. W. A., & Crino, O. L. (2025). Sex steroid profiles align with phenotype in
sex-reversed female lizards. General and Comparative Endocrinology, 369, 114754.
https://doi.org/10.1016/j.ygcen.2025.114754

Lawson, L., & Rollinson, N. (2021). A simple model for the evolution of temperature-dependent sex determination explains the

temperature sensitivity of embryonic mortality in imperiled reptiles. Conservation Physiology, 9(1), coab020.
https://doi.org/10.1093/conphys/coab020

Leet, J. K., Richter, C. A., Cornman, R. S., Berninger, J. P., Bhandari, R. K., Nicks, D. K., Zajicek, J. L., Blazer, V. S., & Tillitt, D.
E. (2020). Effects of early life stage exposure of largemouth bass to atrazine or a model estrogen (17a-
ethinylestradiol). Peerd, 8, €9614. https://doi.org/10.7717/peerj.9614

Leihy, M. W., Shaw, G., Renfree, M. B., & Wilson, J. D. (2002). Administration of 5a-Androstane-3a,17(3-Diol to Female
Tammar Wallaby Pouch Young Causes Development of a Mature Prostate and Male Urethra. Endocrinology, 143(7),
2643-2651. https://doi.org/10.1210/endo.143.7.8917

Levy, G., Lutz, |., Kriiger, A., & Kloas, W. (2004). Bisphenol A induces feminization in Xenopus laevis tadpoles. Environmental
Research, 94(1), 102—111. https://doi.org/10.1016/S0013-9351(03)00086-0

Li, H., Holleley, C. E., Elphick, M., Georges, A., & Shine, R. (2016). The behavioural consequences of sex reversal in dragons.
Proceedings of the Royal Society B: Biological Sciences, 283(1832), 20160217.
https://doi.org/10.1098/rspb.2016.0217

Li, M.-H., Yang, H.-H., Li, M.-R., Sun, Y.-L., Jiang, X.-L., Xie, Q.-P., Wang, T.-R., Shi, H.-J., Sun, L.-N., Zhou, L.-Y., & Wang,
D.-S. (2013). Antagonistic Roles of Dmrt1 and FoxI2 in Sex Differentiation via Estrogen Production in Tilapia as
Demonstrated by TALENs. Endocrinology, 154(12), 4814—4825. https://doi.org/10.1210/en.2013-1451




1456
1457
1458
1459
1460
1461
1462
1463
1464
1465
1466
1467
1468
1469
1470
1471
1472
1473
1474
1475
1476
1477
1478
1479
1480
1481
1482
1483
1484
1485
1486
1487
1488
1489
1490
1491
1492
1493
1494
1495
1496
1497
1498
1499
1500
1501
1502
1503

Li, P., Guo, Y., Jin, L., Liang, X., Chen, G., Sun, W, Xiao, L., Qian, G., & Ge, C. (2022). ESR1 mediates estrogen-induced
feminization of genetic male Chinese soft-shelled turtlet. Biology of Reproduction, 107(3), 779-789.
https://doi.org/10.1093/biolre/ioac088

Li, Y., Shen, Y., Li, J., Cai, M., & Qin, Z. (2020). Transcriptomic analysis identifies early cellular and molecular events by which

estrogen disrupts testis differentiation and causes feminization in Xenopus laevis. Aquatic Toxicology (Amsterdam,
Netherlands), 226, 105557. https://doi.org/10.1016/j.aquatox.2020.105557

Liu, H., Guan, B., Xu, J., Hou, C., Tian, H., & Chen, H. (2013). Genetic Manipulation of Sex Ratio for the Large-Scale Breeding
of YY Super-Male and XY All-Male Yellow Catfish (Pelteobagrus fulvidraco (Richardson)). Marine Biotechnology,
15(3), 321-328. https://doi.org/10.1007/s10126-012-9487-7

Liu, J., Liu, X., Jin, C., Du, X,, He, Y., & Zhang, Q. (2019). Transcriptome Profiling Insights the Feature of Sex Reversal Induced
by High Temperature in Tongue Sole Cynoglossus semilaevis. Frontiers in Genetics, 10.
https://doi.org/10.3389/fgene.2019.00522

Liu, S., Zhao, B., Gu, X., & Du, W. (2023). Behavioral thermoregulation by reptile embryos promotes hatching success and
synchronization. Communications Biology, 6(1), 848. https://doi.org/10.1038/s42003-023-05229-8

Liu, X., Dai, S., Wu, J., Wei, X., Zhou, X., Chen, M., Tan, D., Pu, D., Li, M., & Wang, D. (2022). Roles of anti-Mllerian hormone
and its duplicates in sex determination and germ cell proliferation of Nile tilapia. Genetics, 220(3), iyab237.
https://doi.org/10.1093/genetics/iyab237

Ldhmann, L. M., Knorr, C., Horstgen-Schwark, G., & Wessels, S. (2012). First evidence for family-specific QTL for temperature-

dependent sex reversal in Nile tilapia (Oreochromis niloticus). Sexual Development: Genetics, Molecular Biology,
Evolution, Endocrinology, Embryology, and Pathology of Sex Determination and Differentiation, 6(5), 247-256.
https://doi.org/10.1159/000339705

Lutz, I, Kloas, W., Springer, T. A., Holden, L. R., Wolf, J. C., Krueger, H. O., & Hosmer, A. J. (2008). Development,

standardization and refinement of procedures for evaluating effects of endocrine active compounds on development

and sexual differentiation of Xenopus laevis. Analytical and Bioanalytical Chemistry, 390(8), 2031-2048.
https://doi.org/10.1007/s00216-008-1973-4

Ma, W.-J., & Veltsos, P. (2021). The Diversity and Evolution of Sex Chromosomes in Frogs. Genes, 12(4), 483.
https://doi.org/10.3390/genes 12040483

Ma, X., Liu, F., Chen, Q., Sun, W., Shen, J., Wu, K., Zheng, Z., Huang, J., Chen, J., Qian, G., & Ge, C. (2022). FoxI2 is required
for the initiation of the female pathway in a temperature-dependent sex determination system in Trachemys scripta.
Development, 149(13), dev200863. https://doi.org/10.1242/dev.200863

Mackenzie, C. A., Berrill, M., Metcalfe, C., & Pauli, B. D. (2003). Gonadal differentiation in frogs exposed to estrogenic and

antiestrogenic compounds. Environmental Toxicology and Chemistry, 22(10), 2466—2475. https://doi.org/10.1897/02-
173

Mair, G. C., Scott, A. G., Penman, D. J., Skibinski, D. O. F., & Beardmore, J. A. (1991). Sex determination in the genus
Oreochromis. Theoretical and Applied Genetics, 82(2), 153—160. https://doi.org/10.1007/BF00226206

Malik, M. A., Nuzaiba, P. M., Ahmad, ., Nathaniel, P., Arya, P., Gupta, S., & Varghese, T. (2026). Sex control strategies in
aquaculture: A systematic review of aromatase inhibition. Aquaculture, 611, 743053.
https://doi.org/10.1016/j.aquaculture.2025.743053

Mankiewicz, J. L., Godwin, J., Holler, B. L., Turner, P. M., Murashige, R., Shamey, R., Daniels, H. V., & Borski, R. J. (2013).
Masculinizing Effect of Background Color and Cortisol in a Flatfish with Environmental Sex-Determination. Integrative
and Comparative Biology, 53(4), 755-765. https://doi.org/10.1093/icb/ict093

Manshack, L. K., Conard, C. M., Bryan, S. J., Deem, S. L., Holliday, D. K., Bivens, N. J., Givan, S. A., & Rosenfeld, C. S.

(2017). Transcriptomic alterations in the brain of painted turtles (Chrysemys picta) developmentally exposed to

bisphenol A or ethinyl estradiol. Physiological Genomics, 49(4), 201-215.
https://doi.org/10.1152/physiolgenomics.00103.2016
Maraud, R., Vergnaud, O., & Rashedi, M. (1990). New insights on the mechanism of testis differentiation from the

morphogenesis of experimentally induced testes in genetically female chick embryos. American Journal of Anatomy,
188(4), 429-437. https://doi.org/10.1002/aja.1001880411




1504
1505
1506
1507
1508
1509
1510
1511
1512
1513
1514
1515
1516
1517
1518
1519
1520
1521
1522
1523
1524
1525
1526
1527
1528
1529
1530
1531
1532
1533
1534
1535
1536
1537
1538
1539
1540
1541
1542
1543
1544
1545
1546
1547
1548
1549
1550
1551
1552
1553

Marin-Ramirez, J. A., Alcantar-Vazquez, J. P., Antonio-Estrada, C., Moreno-de la Torre, R., & Calzada-Ruiz, D. (2016).
Feminization of nile tilapia Oreochromis niloticus (L.) by diethylstilbestrol growth and gonadosomatic index.
Ecosistemas y Recursos Agropecuarios, 3(7), 51-61.

Martinez-Bengochea, A. L., Kneitz, S., Herpin, A., Nébrega, R. H., Adolfi, M. C., & Schartl, M. (2022). Sexual development
dysgenesis in interspecific hybrids of Medaka fish. Scientific Reports, 12(1), 5408. https://doi.org/10.1038/s41598-
022-09314-6

Martin-Robichaud, D. J., Peterson, R. H., Benfey, T. J., & Crim, L. W. (1994). Direct feminization of lumpfish (Cyclopterus
lumpus L.) using 17B-oestradiol-enriched Artemia as food. Aquaculture, 123(1), 137-151.
https://doi.org/10.1016/0044-8486(94)90126-0

Matsuda, M., Shinomiya, A., Kinoshita, M., Suzuki, A., Kobayashi, T., Paul-Prasanth, B., Lau, E., Hamaguchi, S., Sakaizumi,

M., & Nagahama, Y. (2007). DMY gene induces male development in genetically female (XX) medaka fish.
Proceedings of the National Academy of Sciences, 104(10), 3865-3870. https://doi.org/10.1073/pnas.0611707104

Matthiessen, P., & Sumpter, J. P. (1998). Effects of estrogenic substances in the aquatic environment. EXS, 86, 319-335.
https://doi.org/10.1007/978-3-0348-8853-0_10

McLachlan, J. A. (2001). Environmental Signaling: What Embryos and Evolution Teach Us About Endocrine Disrupting
Chemicals. Endocrine Reviews, 22(3), 319-341. https://doi.org/10.1210/edrv.22.3.0432

Mikamo, K., & Witschi, E. (1963). FUNCTIONAL SEX-REVERSAL IN GENETIC FEMALES OF XENOPUS LAEVIS, INDUCED
BY IMPLANTED TESTES. Genetics, 48(10), 1411-1421. https://doi.org/10.1093/genetics/48.10.1411

Mikamo, K., & Witschi, E. (1964). Masculinization and breeding of the WW Xenopus. Experientia, 20(11), 622—623.
https://doi.org/10.1007/BF02144823

Miko, Z., Nemeshazi, E., Ujhegyi, N., Verebélyi, V., Ujszegi, J., Kasler, A., Bertalan, R., Vili, N., Gal, Z., Hoffmann, O. |.,

Hettyey, A., & Bokony, V. (2021). Sex reversal and ontogeny under climate change and chemical pollution: Are there

interactions between the effects of elevated temperature and a xenoestrogen on early development in agile frogs?
Environmental Pollution, 285, 117464. https://doi.org/10.1016/j.envpol.2021.117464
Miyoshi, K., Hattori, R. S., Strissmann, C. A., Yokota, M., & Yamamoto, Y. (2020). Phenotypic/genotypic sex mismatches and

temperature-dependent sex determination in a wild population of an Old World atherinid, the cobaltcap silverside
Hypoatherina tsurugae. Molecular Ecology, 29(13), 2349-2358. https://doi.org/10.1111/mec.15490

Mizukami-Murata, S., Kishi-Kadota, K., & Nishida, T. (2016). 17B-Trenbolone exposure programs metabolic dysfunction in
larval medaka. Environmental Toxicology, 31(11), 1539—-1551. https://doi.org/10.1002/tox.22158

Mohammadrezaei, M., Toghyani, M., Gheisari, A., Toghyani, M., & Eghbalsaied, S. (2014). Synergistic Effect of Fadrozole and
Insulin-Like Growth Factor-l on Female-To-Male Sex Reversal and Body Weight of Broiler Chicks. PLOS ONE, 9(7),
e€103570. https://doi.org/10.1371/journal.pone.0103570

Morinaga, C., Saito, D., Nakamura, S., Sasaki, T., Asakawa, S., Shimizu, N., Mitani, H., Furutani-Seiki, M., Tanaka, M., &

Kondoh, H. (2007). The hotei mutation of medaka in the anti-Mullerian hormone receptor causes the dysregulation of

germ cell and sexual development. Proceedings of the National Academy of Sciences, 104(23), 9691-9696.
https://doi.org/10.1073/pnas.0611379104

Mork, L., & Capel, B. (2013). Conserved action of 3-catenin during female fate determination in the red-eared slider turtle.
Evolution & Development, 15(2), 96—106. https://doi.org/10.1111/ede.12020

Mukai, K., Hara, S., Sakima, K., Nozu, R., Yazawa, T., & Kitano, T. (2022). Oxidative Stress Causes Masculinization of

Genetically Female Medaka Without Elevating Cortisol. Frontiers in Endocrinology, 13.
https://doi.org/10.3389/fendo.2022.878286
Mukherjee, D., Ghosal, I., Dhar, D., Das, S., & Chakraborty, S. B. (2023). Bioactive compounds from four Indian medicinal

plants have different potency to induce sex reversal in Nile tilapia: A chromatographic, molecular docking and in silico
analysis. Journal of Ethnopharmacology, 307, 116263. https://doi.org/10.1016/j.jep.2023.116263
Mustapha, U. F., Huang, Y., Huang, Y.-Q., Assan, D., Shi, H.-J., Jiang, M.-Y., Deng, S.-P., Li, G.-L., & Jiang, D.-N. (2021).

Gonadal development and molecular analysis revealed the critical window for sex differentiation, and E2 reversibility

of XY-male spotted scat, Scatophagus argus. Aquaculture, 544, 737147.
https://doi.org/10.1016/j.aquaculture.2021.737147
Myosho, T., Sato, T., Nishiyama, H., Watanabe, A., Yamamoto, J., Okamura, T., Onishi, Y., Fujimaki, R., Hamaguchi, S.,

Sakaizumi, M., & Kobayashi, T. (2019). Inter- and Intraspecific Variation in Sex Hormone-Induced Sex-Reversal in



1554
1555
1556
1557
1558
1559
1560
1561
1562
1563
1564
1565
1566
1567
1568
1569
1570
1571
1572
1573
1574
1575
1576
1577
1578
1579
1580
1581
1582
1583
1584
1585
1586
1587
1588
1589
1590
1591
1592
1593
1594
1595
1596
1597
1598
1599
1600
1601
1602

Medaka, Oryzias latipes and Oryzias sakaizumii. Zoological Science, 36(5), 425-431.
https://doi.org/10.2108/zs180194
Nagler, J. J., Bouma, J., Thorgaard, G. H., & Dauble, D. D. (2001). High incidence of a male-specific genetic marker in

phenotypic female chinook salmon from the Columbia River. Environmental Health Perspectives, 109(1), 67-69.
https://doi.org/10.1289/ehp.0110967

Nakamoto, M., Uchino, T., Koshimizu, E., Kuchiishi, Y., Sekiguchi, R., Wang, L., Sudo, R., Endo, M., Guiguen, Y., Schartl, M.,
Postlethwait, J. H., & Sakamoto, T. (2021). A Y-linked anti-Mdllerian hormone type-Il receptor is the sex-determining
gene in ayu, Plecoglossus altivelis. PLOS Genetics, 17(8), e1009705. https://doi.org/10.1371/journal.pgen.1009705

Nakamura, S., Watakabe, |., Nishimura, T., Picard, J.-Y., Toyoda, A., Taniguchi, Y., di Clemente, N., & Tanaka, M. (2012).
Hyperproliferation of mitotically active germ cells due to defective anti-Mdillerian hormone signaling mediates sex
reversal in medaka. Development (Cambridge, England), 139(13), 2283-2287. https://doi.org/10.1242/dev.076307

Nakamura, Y., lwasaki, T., Umei, Y., Saotome, K., Nakajima, Y., Kitahara, S., Uno, Y., Matsuda, Y., Oike, A., Kodama, M., &

Nakamura, M. (2015). Molecular cloning and characterization of oocyte-specific Pat1a in Rana rugosa frogs. Journal

of Experimental Zoology. Part A, Ecological Genetics and Physiology, 323(8), 516-526.
https://doi.org/10.1002/jez.1938

Navarro-Martin, L., Blazquez, M., & Piferrer, F. (2009). Masculinization of the European sea bass (Dicentrarchus labrax) by

treatment with an androgen or aromatase inhibitor involves different gene expression and has distinct lasting effects
on maturation. General and Comparative Endocrinology, 160(1), 3—11. https://doi.org/10.1016/j.ygcen.2008.10.012
Navarro-Martin, L., Vifas, J., Ribas, L., Diaz, N., Gutiérrez, A., Croce, L. D., & Piferrer, F. (2011). DNA Methylation of the
Gonadal Aromatase (cyp19a) Promoter Is Involved in Temperature-Dependent Sex Ratio Shifts in the European Sea
Bass. PLOS Genetics, 7(12), e1002447. https://doi.org/10.1371/journal.pgen.1002447
Nemeshazi, E., Gal, Z., Ujhegyi, N., Verebélyi, V., Miké, Z., Uveges, B., Lefler, K. K., Jeffries, D. L., Hoffmann, O. |., & Bokony,

V. (2020). Novel genetic sex markers reveal high frequency of sex reversal in wild populations of the agile frog (Rana

dalmatina) associated with anthropogenic land use. Molecular Ecology, 29(19), 3607-3621.
https://doi.org/10.1111/mec.15596

Nishimura, T., Yamada, K., Fujimori, C., Kikuchi, M., Kawasaki, T., Siegfried, K. R., Sakai, N., & Tanaka, M. (2018). Germ cells
in the teleost fish medaka have an inherent feminizing effect. PLOS Genetics, 14(3), e1007259.
https://doi.org/10.1371/journal.pgen.1007259

Nivelle, R., Gennotte, V., Kalala, E. J. K., Ngoc, N. B., Muller, M., Mélard, C., & Rougeot, C. (2019). Temperature preference of
Nile tilapia (Oreochromis niloticus) juveniles induces spontaneous sex reversal. PLOS ONE, 14(2), e0212504.
https://doi.org/10.1371/journal.pone.0212504

Noble, D. W. A,, Stenhouse, V., & Schwanz, L. E. (2018). Developmental temperatures and phenotypic plasticity in reptiles: A

systematic review and meta-analysis. Biological Reviews, 93(1), 72-97. https://doi.org/10.1111/brv.12333

Norazmi-Lokman, N. H., Purser, G. J., & Patil, J. G. (2021). Efficacy of estradiol in feminising the eastern mosquitofish,
Gambusia holbrooki: Advance towards developing a genetic control option. Marine & Freshwater Research, 72(11),
1657—-1666. https://doi.org/10.1071/MF21104

O'Dea, R. E., Lagisz, M., Jennions, M. D., Koricheva, J., Noble, D. W. A., Parker, T. H., Gurevitch, J., Page, M. J., Stewart, G.,
Moher, D., & Nakagawa, S. (2021). Preferred reporting items for systematic reviews and meta-analyses in ecology
and evolutionary biology: A PRISMA extension. Biological Reviews, 96(5), 1695-1722.
https://doi.org/10.1111/brv.12721

Oike, A., Kodama, M., Nakamura, Y., & Nakamura, M. (2016). A Threshold Dosage of Testosterone for Female-to-Male Sex

Reversal in Rana rugosa Frogs. Journal of Experimental Zoology Part A: Ecological Genetics and Physiology,
325(8), 532-538. https://doi.org/10.1002/jez.2037

Oka, T., Mitsui, N., Hinago, M., Miyahara, M., Fujii, T., Tooi, O., Santo, N., Urushitani, H., Iguchi, T., Hanaoka, Y., & Mikamid,
H. (2006). All ZZ male Xenopus laevis provides a clear sex-reversal test for feminizing endocrine disruptors.
Ecotoxicology and Environmental Safety, 63(2), 236—243. https://doi.org/10.1016/j.ecoenv.2005.07.018

Omoto, N., Maebayashi, M., Mitsuhashi, E., Yoshitomi, K., Adachi, S., & Yamauchi, K. (2002). Effects of estradiol-178 and 17a-
methyltestosterone on gonadal sex differentiation in the F2 hybrid sturgeon, the bester. Fisheries Science, 68(5),
1047-1054. https://doi.org/10.1046/j.1444-2906.2002.00531.x




1603
1604
1605
1606
1607
1608
1609
1610
1611
1612
1613
1614
1615
1616
1617
1618
1619
1620
1621
1622
1623
1624
1625
1626
1627
1628
1629
1630
1631
1632
1633
1634
1635
1636
1637
1638
1639
1640
1641
1642
1643
1644
1645
1646
1647
1648
1649
1650
1651
1652

OpenTreeOfLife, Redelings, B., Reyes, L. L. S., Cranston, K. A., Allman, J., Holder, M. T., & McTavish, E. J. (2019). Open Tree
of Life Synthetic Tree. https://doi.org/10.5281/zenodo.3937742

Orr, J. A,, Macaulay, S. J., Mordente, A., Burgess, B., Albini, D., Hunn, J. G., Restrepo-Sulez, K., Wilson, R., Schechner, A.,
Robertson, A. M., Lee, B., Stuparyk, B. R., Singh, D., O’'Loughlin, I., Piggott, J. J., Zhu, J., Dinh, K. V., Archer, L. C.,

Penk, M., ... Jackson, M. C. (2024). Studying interactions among anthropogenic stressors in freshwater ecosystems:

A systematic review of 2396 multiple-stressor experiments. Ecology Letters, 27(6), e14463.
https://doi.org/10.1111/ele.14463

Ortiz, M. I., Pinna-Senn, E., Dalmasso, G., & Lisanti, J. A. (2009). Chromosomal aspects and inheritance of the XY female

condition in Akodon azarae (Rodentia, Sigmodontinae). Mammalian Biology, 74(2), 125-129.
https://doi.org/10.1016/j.mambio.2008.03.001
Oshima, A., Yamashita, R., Nakamura, K., Wada, M., & Shibuya, K. (2012). In ovo exposure to nonylphenol and bisphenol A

resulted in dose-independent feminization of male gonads in Japanese quail (Coturnix japonica) embryos.
Environmental Toxicology and Chemistry, 31(5), 1091-1097. https://doi.org/10.1002/etc.1787

Otake, H., Shinomiya, A., Matsuda, M., Hamaguchi, S., & Sakaizumi, M. (2006). Wild-derived XY sex-reversal mutants in the
Medaka, Oryzias latipes. Genetics, 173(4), 2083-2090. https://doi.org/10.1534/genetics.106.058941

Ottolenghi, C., Pelosi, E., Tran, J., Colombino, M., Douglass, E., Nedorezov, T., Cao, A., Forabosco, A., & Schlessinger, D.

(2007). Loss of Wnt4 and FoxI2 leads to female-to-male sex reversal extending to germ cells. Human Molecular
Genetics, 16(23), 2795-2804. https://doi.org/10.1093/hmg/ddm235

Palaiokostas, C., Bekaert, M., Khan, M. G., Taggart, J. B., Gharbi, K., McAndrew, B. J., & Penman, D. J. (2015). A novel sex-
determining QTL in Nile tilapia (Oreochromis niloticus). BMC Genomics, 16(1), 171. https://doi.org/10.1186/s12864-
015-1383-x

Pan, Y.-J,, Tong, S.-K., Hsu, C., Weng, J.-H., & Chung, B. (2022). Zebrafish Establish Female Germ Cell Identity by Advancing
Cell Proliferation and Meiosis. Frontiers in Cell and Developmental Biology, 10.
https://doi.org/10.3389/fcell.2022.866267

Pandian, T. J., & Sheela, S. G. (1995). Hormonal induction of sex reversal in fish. Aquaculture, 138(1-4), 1-22.
https://doi.org/10.1016/0044-8486(95)01075-0

Park, 1.-S., Kim, J.-H., Cho, S. H., & Kim, D. S. (2004). Sex differentiation and hormonal sex reversal in the bagrid catfish
Pseudobagrus fulvidraco (Richardson). Aquaculture, 232(1), 183-193. https://doi.org/10.1016/S0044-
8486(03)00481-2

Parma, P., Veyrunes, F., & Pailhoux, E. (2016). Sex Reversal in Non-Human Placental Mammals. Sexual Development:

Genetics, Molecular Biology, Evolution, Endocrinology, Embryology, and Pathology of Sex Determination and
Differentiation, 10(5-6), 326—344. https://doi.org/10.1159/000448361
Pask, A. J., Calatayud, N. E., Shaw, G., Wood, W. M., & Renfree, M. B. (2010). Oestrogen blocks the nuclear entry of SOX9 in
the developing gonad of a marsupial mammal. BMC Biology, 8(1), 113. https://doi.org/10.1186/1741-7007-8-113
Paul-Prasanth, B., Shibata, Y., Horiguchi, R., & Nagahama, Y. (2011). Exposure to Diethylstilbestrol During Embryonic and

Larval Stages of Medaka Fish (Oryzias latipes) Leads to Sex Reversal in Genetic Males and Reduced Gonad Weight
in Genetic Females. Endocrinology, 152(2), 707-717. https://doi.org/10.1210/en.2010-0812

Perrin, N. (2009). Sex reversal: A fountain of youth for sex chromosomes? Evolution; International Journal of Organic Evolution,
63(12), 3043-3049. https://doi.org/10.1111/.1558-5646.2009.00837.x

Phelps, R. P., & Okoko, M. (2011). A non-paradoxical dose response to 17a-methyltestosterone by Nile tilapia Oreochromis

niloticus (L.): Effects on the sex ratio, growth and gonadal development. Aquaculture Research, 42(4), 549-558.
https://doi.org/10.1111/j.1365-2109.2010.02650.x
Phuge, S. K., & Gramapurohit, N. P. (2015). Sex hormones alter sex ratios in the Indian skipper frog, Euphlyctis cyanophlyctis:

Determining sensitive stages for gonadal sex reversal. General and Comparative Endocrinology, 220, 70-77.
https://doi.org/10.1016/j.ygcen.2014.04.030

Pierron, F., Lorioux, S., Héroin, D., Daffe, G., Etcheverria, B., Cachot, J., Morin, B., Dufour, S., & Gonzalez, P. (2021).
Transgenerational epigenetic sex determination: Environment experienced by female fish affects offspring sex ratio.
Environmental Pollution, 277, 116864. https://doi.org/10.1016/j.envpol.2021.116864

Piferrer, F. (2001). Endocrine sex control strategies for the feminization of teleost fish. Aquaculture, 197(1), 229-281.
https://doi.org/10.1016/S0044-8486(01)00589-0




1653
1654
1655
1656
1657
1658
1659
1660
1661
1662
1663
1664
1665
1666
1667
1668
1669
1670
1671
1672
1673
1674
1675
1676
1677
1678
1679
1680
1681
1682
1683
1684
1685
1686
1687
1688
1689
1690
1691
1692
1693
1694
1695
1696
1697
1698
1699
1700

Piferrer, F., & Anastasiadi, D. (2021). Do the Offspring of Sex Reversals Have Higher Sensitivity to Environmental
Perturbations? Sexual Development: Genetics, Molecular Biology, Evolution, Endocrinology, Embryology, and
Pathology of Sex Determination and Differentiation, 15(1-3), 134—147. https://doi.org/10.1159/000515192

Piferrer, F., & Donaldson, E. M. (1991). Dosage-dependent differences in the effect of aromatizable and nonaromatizable

androgens on the resulting phenotype of coho salmon (Oncorhynchus kisutch). Fish Physiology and Biochemistry,
9(2), 145-150. https://doi.org/10.1007/BF02265130

Piferrer, F., & Lim, L. C. (1997). Application of sex reversal technology in ornamental fish culture. Aquarium Sciences and
Conservation, 1(2), 113-118. https://doi.org/10.1023/A:1018391702814

Piprek, R. P., Pecio, A., Kubiak, J. Z., & Szymura, J. M. (2012a). Differential effects of busulfan on gonadal development in five
divergent anuran species. Reproductive Toxicology, 34(3), 393-401. https://doi.org/10.1016/j.reprotox.2012.05.002

Piprek, R. P., Pecio, A., Kubiak, J. Z., & Szymura, J. M. (2012b). Differential effects of testosterone and 17B-estradiol on
gonadal development in five anuran species. Reproduction (Cambridge, England), 144(2), 257-267.
https://doi.org/10.1530/REP-12-0048

Quinn, A. E., Georges, A., Sarre, S. D., Guarino, F., Ezaz, T., & Graves, J. A. M. (2007). Temperature Sex Reversal Implies
Sex Gene Dosage in a Reptile. Science, 316(5823), 411-411. https://doi.org/10.1126/science.1135925

Radder, R. S., Pike, D. A., Quinn, A. E., & Shine, R. (2009). Offspring sex in a lizard depends on egg size. Current Biology: CB,
19(13), 1102-1105. https://doi.org/10.1016/j.cub.2009.05.027

Radder, R. S., Quinn, A. E., Georges, A., Sarre, S. D., & Shine, R. (2007). Genetic evidence for co-occurrence of chromosomal

and thermal sex-determining systems in a lizard. Biology Letters, 4(2), 176-178.
https://doi.org/10.1098/rsbl.2007.0583

Radder, R. S., & Shine, R. (2007). Sex-based hatching asynchrony in an oviparous lizard (Bassiana duperreyi, Scincidae).
Austral Ecology, 32(5), 502-508. https://doi.org/10.1111/j.1442-9993.2007.01722.x

Ramee, S. W., Lipscomb, T. N., & DiMaggio, M. A. (2020). Effects of 17a-methyltestosterone feeding and immersion on

masculinization of rosy barbs Pethia conchonius and dwarf gouramis Trichogaster lalius. Journal of the World
Aquaculture Society, 51(6), 1341-1353. https://doi.org/10.1111/jwas.12703

Rhen, T., Elf, P. K., Fivizzani, A. J., & Lang, J. W. (1996). Sex-reversed and normal turtles display similar sex steroid profiles.
Journal of Experimental Zoology, 274(4), 221-226. https://doi.org/10.1002/(SICI)1097-
010X(19960301)274:4<221::AID-JEZ2>3.0.CO;2-R

Ribas, L., Liew, W. C., Diaz, N., Sreenivasan, R., Orban, L., & Piferrer, F. (2017). Heat-induced masculinization in

domesticated zebrafish is family-specific and yields a set of different gonadal transcriptomes. Proceedings of the
National Academy of Sciences, 114(6), E941-E950. https://doi.org/10.1073/pnas.1609411114

Richard-Mercier, N., Dorizzi, M., Desvages, G., Girondot, M., & Pieau, C. (1995). Endocrine sex reversal of gonads by the

aromatase inhibitor Letrozole (CGS 20267) in Emys orbicularis, a turtle with temperature-dependent sex
determination. General and Comparative Endocrinology, 100(3), 314—326. https://doi.org/10.1006/gcen.1995.1162

Roberts, E. K., Padmanabhan, V., & Lee, T. M. (2008). Differential Effects of Prenatal Testosterone Timing and Duration on
Phenotypic and Behavioral Masculinization and Defeminization of Female Sheep1. Biology of Reproduction, 79(1),
43-50. https://doi.org/10.1095/biolreprod.107.067074

Rodrigues, N., Studer, T., Dufresnes, C., & Perrin, N. (2018). Sex-Chromosome Recombination in Common Frogs Brings
Water to the Fountain-of-Youth. Molecular Biology and Evolution, 35(4), 942-948.
https://doi.org/10.1093/molbev/msy008

Rodriguez-Mari, A., Cafiestro, C., Bremiller, R. A., Nguyen-Johnson, A., Asakawa, K., Kawakami, K., & Postlethwait, J. H.

(2010). Sex reversal in zebrafish fancl mutants is caused by Tp53-mediated germ cell apoptosis. PLoS Genetics,
6(7), €1001034. https://doi.org/10.1371/journal.pgen.1001034

Rogerson, G., Bock, S., Loera, Y., Parrott, B., & Mulley, J. F. (2023). Incubation temperature alters stripe formation and head

colouration in American alligator hatchlings and is unaffected by estradiol-induced sex reversal. Journal of
Experimental Biology, 226(6), jeb245219. https://doi.org/10.1242/jeb.245219

Roy, S. W. (2023). Did the creeping vole sex chromosomes evolve through a cascade of adaptive responses to a selfish x
chromosome? BioEssays, 45(12), 2100164. https://doi.org/10.1002/bies.202100164




1701
1702
1703
1704
1705
1706
1707
1708
1709
1710
1711
1712
1713
1714
1715
1716
1717
1718
1719
1720
1721
1722
1723
1724
1725
1726
1727
1728
1729
1730
1731
1732
1733
1734
1735
1736
1737
1738
1739
1740
1741
1742
1743
1744
1745
1746
1747
1748
1749
1750

Ruhi, A., Acufia, V., Barcelo, D., Huerta, B., Mor, J.-R., Rodriguez-Mozaz, S., & Sabater, S. (2016). Bioaccumulation and
trophic magnification of pharmaceuticals and endocrine disruptors in a Mediterranean river food web. The Science of
the Total Environment, 540, 250—259. https://doi.org/10.1016/j.scitotenv.2015.06.009

Saidapur, S. K., Gramapurohit, N. P., & Shanbhag, B. A. (2001). Effect of sex steroids on gonadal differentiation and sex

reversal in the frog, Rana curtipes. General and Comparative Endocrinology, 124(1), 115-123.
https://doi.org/10.1006/gcen.2001.7699
Saillant, E., Fostier, A., Haffray, P., Menu, B., Thimonier, J., & Chatain, B. (2002). Temperature effects and genotype-

temperature interactions on sex determination in the European sea bass (Dicentrarchus labrax L.). Journal of
Experimental Zoology, 292(5), 494-505. https://doi.org/10.1002/jez.10071

Sakae, Y., Oikawa, A., Sugiura, Y., Mita, M., Nakamura, S., Nishimura, T., Suematsu, M., & Tanaka, M. (2020). Starvation
causes female-to-male sex reversal through lipid metabolism in the teleost fish, medaka (Olyzias latipes). Biology
Open, 9(4), bio050054. https://doi.org/10.1242/bio.050054

Sakamoto, D., Cho, A., Abe, T., Nakamura, Y., Oike, A., Kodama, M., & Nakamura, M. (2016). Structural changes in female-to-
male sex-reversing gonads of Rana RUGOSA. Journal of Experimental Zoology Part A: Ecological Genetics and
Physiology, 325(3), 209-218. https://doi.org/10.1002/jez.2009

Sakata, N., Tamori, Y., & Wakahara, M. (2005). P450 aromatase expression in the temperature-sensitive sexual differentiation

of salamander <I>(Hynobius retardatus) </I>gonads. The International Journal of Developmental Biology, 49(4), 417—
425, https://doi.org/10.1387/ijdb.041916ns

Sanchez, A., Marchal, J. A., Romero-Fernandez, |., Pinna-Senn, E., Ortiz, M. |., Bella, J. L., & Lisanti, J. A. (2010). No
Differences in the Sry Gene between Males and XY Females in Akodon (Rodentia, Cricetidae). Sexual Development,
4(3), 155-161. https://doi.org/10.1159/000309780

Sander van Doorn, G. (2014). Patterns and Mechanisms of Evolutionary Transitions between Genetic Sex-Determining
Systems. Cold Spring Harbor Perspectives in Biology, 6(8), a017681. https://doi.org/10.1101/cshperspect.a017681

Santi, S., Rougeot, C., Toguyeni, A., Gennotte, V., Kebe, |., & Melard, C. (2017). Temperature Preference and Sex

Differentiation in African Catfish, Clarias gariepinus. Journal of Experimental Zoology Part A: Ecological and
Integrative Physiology, 327(1), 28-37. https://doi.org/10.1002/jez.2066

Saunders, P. A,, Ferre-Ortega, C., Hill, P., Simakov, O., Ezaz, T., Burridge, C. P., & Wapstra, E. (2023). Using a handful of
transcriptomes to detect sex-linked markers in a lizard with homomorphic sex chromosomes (p. 2023.03.14.532509).
bioRxiv. https://doi.org/10.1101/2023.03.14.532509

Saunders, P. A, Franco, T., Sottas, C., Maurice, T., Ganem, G., & Veyrunes, F. (2016). Masculinised Behaviour of XY Females
in a Mammal with Naturally Occuring Sex Reversal. Scientific Reports, 6, 22881. https://doi.org/10.1038/srep22881

Saunders, P. A,, Perez, J., Rahmoun, M., Ronce, O., Crochet, P.-A., & Veyrunes, F. (2014). Xy Females Do Better Than the Xx
in the African Pygmy Mouse, Mus Minutoides. Evolution, 68(7), 2119-2127. https://doi.org/10.1111/ev0.12387

Saunders, P. A,, Perez, J., Ronce, O., & Veyrunes, F. (2022). Multiple sex chromosome drivers in a mammal with three sex
chromosomes. Current Biology, 32(9), 2001-2010.e3. https://doi.org/10.1016/j.cub.2022.03.029

Saunders, P. A, & Veyrunes, F. (2021). Unusual Mammalian Sex Determination Systems: A Cabinet of Curiosities. Genes,
12(11), 1770. https://doi.org/10.3390/genes12111770

Schill, D. J., Heindel, J. A., Campbell, M. R., Meyer, K. A., & Mamer, E. R. J. M. (2016). Production of a YY Male Brook Trout
Broodstock for Potential Eradication of Undesired Brook Trout Populations. North American Journal of Aquaculture,
78(1), 72—-83. https://doi.org/10.1080/15222055.2015.1100149

Schumer, M., Cui, R., Rosenthal, G. G., & Andolfatto, P. (2015). Reproductive Isolation of Hybrid Populations Driven by
Genetic Incompatibilities. PLoS Genetics, 11(3), 100504 1. https://doi.org/10.1371/journal.pgen.100504 1

Schwanz, L. E., Cordero, G. A., Charnov, E. L., & Janzen, F. J. (2016). Sex-specific survival to maturity and the evolution of

environmental sex determination. Evolution; International Journal of Organic Evolution, 70(2), 329-341.
https://doi.org/10.1111/evo.12856

Schwanz, L. E., Georges, A., Holleley, C. E., & Sarre, S. D. (2020). Climate change, sex reversal and lability of sex-determining
systems. Journal of Evolutionary Biology, 33(3), 270-281. https://doi.org/10.1111/jeb.13587

Schwanz, L. E., & Proulx, S. R. (2008). Mutual information reveals variation in temperature-dependent sex determination in

response to environmental fluctuation, lifespan and selection. Proceedings. Biological Sciences, 275(1650), 2441—
2448. https://doi.org/10.1098/rspb.2008.0427




1751
1752
1753
1754
1755
1756
1757
1758
1759
1760
1761
1762
1763
1764
1765
1766
1767
1768
1769
1770
1771
1772
1773
1774
1775
1776
1777
1778
1779
1780
1781
1782
1783
1784
1785
1786
1787
1788
1789
1790
1791
1792
1793
1794
1795
1796
1797
1798
1799
1800

Senior, A. M., Johnson, S. L., & Nakagawa, S. (2016). Sperm traits of masculinized fish relative to wild-type males: A
systematic review and meta-analyses. Fish and Fisheries, 17(1), 143—-164. https://doi.org/10.1111/faf.12096

Senior, A. M., Lim, J. N., & Nakagawa, S. (2012). The fitness consequences of environmental sex reversal in fish: A
quantitative review. Biological Reviews, 87(4), 900-911. https://doi.org/10.1111/j.1469-185X.2012.00230.x

Senior, A. M., & Nakagawa, S. (2013). A comparative analysis of chemically induced sex reversal in teleosts: Challenging

conventional suppositions: A comparative study of sex reversal. Fish and Fisheries, 14(1), 60-76.
https://doi.org/10.1111/j.1467-2979.2011.00446.x

Shapiro, M., Erickson, R. P., Lewis, S., & Tres, L. L. (1982). Serological and cytological evidence for increased Y-chromosome

related material in Sxr,XY (sex-reversed carrier, male) mice. Journal of Reproductive Immunology, 4(4), 191-205.
https://doi.org/10.1016/0165-0378(82)90026-2

Shen, J., Sun, W., Wu, K., Zhuang, T., Lei, J., Ma, Q., Xiao, L., & Ge, C. (2023). Loss- and gain-of-function analyses reveal the
essential role of Cyp19a1 in ovarian determination of the red-eared slider turtle. Genetics, 224(1), iyad041.
https://doi.org/10.1093/genetics/iyad041

Shen, Z.-G,, Fan, Q.-X., Yang, W., Zhang, Y .-L., & Wang, H.-P. (2015). Effects of 17a-Methyltestosterone and Aromatase
Inhibitor Letrozole on Sex Reversal, Gonadal Structure, and Growth in Yellow Catfish Pelteobagrus fulvidraco. The
Biological Bulletin, 228(2), 108—117. https://doi.org/10.1086/BBLv228n2p108

Shimasaki, Y., Kitano, T., Oshima, Y., Inoue, S., Imada, N., & Honjo, T. (2003). Tributyltin causes masculinization in fish.
Environmental Toxicology and Chemistry, 22(1), 141-144. https://doi.org/10.1002/etc.5620220118

Shinomiya, A., Kato, M., Yaezawa, M., Sakaizumi, M., & Hamaguchi, S. (2006). Interspecific hybridization between Oryzias

latipes and Oryzias curvinotus causes XY sex reversal. Journal of Experimental Zoology Part A: Comparative
Experimental Biology, 305A(10), 890-896. https://doi.org/10.1002/jez.a.330
Shinomiya, A., Otake, H., Togashi, K., Hamaguchi, S., & Sakaizumi, M. (2004). Field survey of sex-reversals in the medaka,

Oryzias latipes: Genotypic sexing of wild populations. Zoological Science, 21(6), 613-619.
https://doi.org/10.2108/zsj.21.613

Shioda, K., Odajima, J., Kobayashi, M., Kobayashi, M., Cordazzo, B., Isselbacher, K. J., & Shioda, T. (2021). Transcriptomic
and Epigenetic Preservation of Genetic Sex Identity in Estrogen-feminized Male Chicken Embryonic Gonads.
Endocrinology, 162(1), bqaa208. https://doi.org/10.1210/endocr/bgqaa208

Shirane, T. (1982). Gonadal differentiation in frogs, Rana japonica and R. brevipoda, raised from UV irradiated eggs. Journal of
Experimental Zoology, 223(2), 165-173. https://doi.org/10.1002/jez.1402230208

Siegfried, K. R., & Nusslein-Volhard, C. (2008). Germ line control of female sex determination in zebrafish. Developmental
Biology, 324(2), 277-287. https://doi.org/10.1016/j.ydbio.2008.09.025

Smith, C. A., Roeszler, K. N., Ohnesorg, T., Cummins, D. M., Farlie, P. G., Doran, T. J., & Sinclair, A. H. (2009). The avian Z-
linked gene DMRT1 is required for male sex determination in the chicken. Nature, 461(7261), 267-271.
https://doi.org/10.1038/nature08298

Smith, K. E., Burrows, M. T., Hobday, A. J., King, N. G., Moore, P. J., Gupta, A. S., Thomsen, M. S., Wernberg, T., & Smale, D.
A. (2023). Biological Impacts of Marine Heatwaves. Annual Review of Marine Science, 15(Volume 15, 2023), 119—
145. https://doi.org/10.1146/annurev-marine-032122-121437

Soares, J., Neuparth, T., Lyssimachou, A., Lima, D., André, A., Reis-Henriques, M. A., Castro, L. F. C., Carvalho, A. P.,

Monteiro, N. M., & Santos, M. M. (2018). 17a-ethynilestradiol and tributyltin mixtures modulates the expression of

NER and p53 DNA repair pathways in male zebrafish gonads and disrupt offspring embryonic development.
Ecological Indicators, 95, 1008—1018. https://doi.org/10.1016/j.ecolind.2017.04.054

Somjee, U., Fuxjager, M. J., Khuntia, P., Koch, R. E., Larter, L., Leith, N. T., Nagarajan-Radha, V., Palaoro, A. V., Shankar, A.,
Sondhi, Y., Wang, S., Ryan, M. J., & Havird, J. C. (2025). Sexual Selection, Energetics and Ecological Innovation:

How Sexual Selection Diversifies the Landscape of Behavior, Morphology and Physiology. Integrative and
Comparative Biology, 65(2), 461-471. https://doi.org/10.1093/icb/icaf092

Sower, S. A, Dickhoff, W. W., Flagg, T. A., Mighell, J. L., & Mahnken, C. V. W. (1984). Effects of estradiol and
diethylstilbesterol on sex reversal and mortality in Atlantic salmon (Salmo salar). Aquaculture, 43(1), 75-81.
https://doi.org/10.1016/0044-8486(84)90011-5

Speakman, C. N., Bull, S., Cubaynes, S., Davis, K. J., Devillard, S., Fryxell, J. M., Gallagher, C. A., McHuron, E. A., Rastello,

K., Smallegange, |. M., Salguero-Gémez, R., Bonnaud, E., Duchamp, C., Giraudoux, P., Lacombe, S., Marneweck,




1801
1802
1803
1804
1805
1806
1807
1808
1809
1810
1811
1812
1813
1814
1815
1816
1817
1818
1819
1820
1821
1822
1823
1824
1825
1826
1827
1828
1829
1830
1831
1832
1833
1834
1835
1836
1837
1838
1839
1840
1841
1842
1843
1844
1845
1846
1847
1848
1849
1850

C. J., Schroll, L., Tableau, A., Ruette, S., & Gimenez, O. (2025). Understanding and Predicting Population Response
to Anthropogenic Disturbance: Current Approaches and Novel Opportunities. Ecology Letters, 28(8), e70198.
https://doi.org/10.1111/ele.70198

Stadtlander, T., Levavi-Sivan, B., Kerem, Z., Dweik, H., Qutob, M., Abu-Lafi, S., Francis, G., Focken, U., & Becker, K. (2013).

Effects of a saponin fraction extracted from Trigonella foenum-graecum L. and two commercially available saponins

on sex ratio and gonad histology of Nile tilapa fry, Oreochromis niloticus (L.). Journal of Applied Ichthyology, 29(1),
265-267. https://doi.org/10.1111/jai.12002

Stelkens, R. B., & Wedekind, C. (2010). Environmental sex reversal, Trojan sex genes, and sex ratio adjustment: Conditions
and population consequences. Molecular Ecology, 19(4), 627-646. https://doi.org/10.1111/j.1365-294X.2010.04526.x

Stoker, C., Rey, F., Rodriguez, H., Ramos, J. G., Sirosky, P., Larriera, A., Luque, E. H., & Mufioz-de-Toro, M. (2003). Sex
reversal effects on Caiman latirostris exposed to environmentally relevant doses of the xenoestrogen bisphenol A.
General and Comparative Endocrinology, 133(3), 287—296. https://doi.org/10.1016/S0016-6480(03)00199-0

Sun, L.-X., Wang, Y.-Y., Zhao, Y., Wang, H., Li, N., & Ji, X. S. (2016). Global DNA Methylation Changes in Nile Tilapia Gonads
during High Temperature-Induced Masculinization. PLOS ONE, 11(8), e0158483.
https://doi.org/10.1371/journal.pone.0158483

Teal, C. N., Schill, D. J., Fogelson, S. B., Roberts, C. M., Fitzsimmons, K., Bauder, J. M., Stewart, W. T., & Bonar, S. A. (2023).
The effects of estradiol-17f on the sex reversal, survival, and growth of green sunfish Lepomis cyanellus.
Aquaculture, 562, 738853. https://doi.org/10.1016/j.aquaculture.2022.738853

Telemeco, R. S., Elphick, M. J., & Shine, R. (2009). Nesting lizards (Bassiana duperreyi) compensate partly, but not
completely, for climate change. Ecology, 90(1), 17-22. https://doi.org/10.1890/08-1452.1

Terao, M., Ogawa, Y., Takada, S., Kajitani, R., Okuno, M., Mochimaru, Y., Matsuoka, K., Itoh, T., Toyoda, A., Kono, T.,

Jogahara, T., Mizushima, S., & Kuroiwa, A. (2022). Turnover of mammal sex chromosomes in the Sry-deficient

Amami spiny rat is due to male-specific upregulation of Sox9. Proceedings of the National Academy of Sciences,
119(49), €2211574119. https://doi.org/10.1073/pnas.2211574119

Thépot, D. (2021). Sex Chromosomes and Master Sex-Determining Genes in Turtles and Other Reptiles. Genes, 12(11), 1822.
https://doi.org/10.3390/genes 12111822

Tripathi, N., Hoffmann, M., Weigel, D., & Dreyer, C. (2009). Linkage Analysis Reveals the Independent Origin of Poeciliid Sex

Chromosomes and a Case of Atypical Sex Inheritance in the Guppy (Poecilia reticulata). Genetics, 182(1), 365-374.
https://doi.org/10.1534/genetics.108.09854 1

Trivers, R. L., & Willard, D. E. (1973). Natural selection of parental ability to vary the sex ratio of offspring. Science (New York,
N.Y.), 179(4068), 90-92. https://doi.org/10.1126/science.179.4068.90

Trudeau, V. L., Thomson, P., Zhang, W. S., Reynaud, S., Navarro-Martin, L., & Langlois, V. S. (2020). Agrochemicals disrupt
multiple endocrine axes in amphibians. Molecular and Cellular Endocrinology, 513, 110861.
https://doi.org/10.1016/j.mce.2020.110861

Trukhina, A. V., Lukina, N. A., Wackerov-Kouzova, N. D., Nekrasova, A. A., & Smirnov, A. F. (2014). Sex inversion in domestic

chicken (Gallus gallus domesticus) by letrozole and tamoxifen. Cell and Tissue Biology, 8(3), 244-252.
https://doi.org/10.1134/S1990519X14030122
Uchimura, T., Hara, S., Yazawa, T., Kamei, Y., & Kitano, T. (2019). Involvement of Heat Shock Proteins on the Transcriptional

Regulation of Corticotropin-Releasing Hormone in Medaka. Frontiers in Endocrinology, 10.
https://doi.org/10.3389/fendo.2019.00529
Ujszegi, J., Bertalan, R., Ujhegyi, N., Verebélyi, V., Nemeshazi, E., Miko, Z., Kasler, A., Herczeg, D., Szederkényi, M., Vili, N.,

Gal, Z., Hoffmann, O. I., Békony, V., & Hettyey, A. (2022). “Heat waves” experienced during larval life have species-
specific consequences on life-history traits and sexual development in anuran amphibians. Science of The Total
Environment, 835, 155297 . https://doi.org/10.1016/j.scitotenv.2022.155297

Vaillant, S., Magre, S., Dorizzi, M., Pieau, C., & Richard-Mercier, N. (2001). Expression of AMH, SF1, and SOX9 in gonads of
genetic female chickens during sex reversal induced by an aromatase inhibitor. Developmental Dynamics: An Official
Publication of the American Association of Anatomists, 222(2), 228-237. https://doi.org/10.1002/dvdy.1190

Valdivia, K., Jouanno, E., Volff, J.-N., Galiana-Arnoux, D., Guyomard, R., Helary, L., Mourot, B., Fostier, A., Quillet, E., &
Guiguen, Y. (2014). High Temperature Increases the Masculinization Rate of the All-Female (XX) Rainbow Trout
“Mal” Population. PLOS ONE, 9(12), e113355. https://doi.org/10.1371/journal.pone.0113355




1851
1852
1853
1854
1855
1856
1857
1858
1859
1860
1861
1862
1863
1864
1865
1866
1867
1868
1869
1870
1871
1872
1873
1874
1875
1876
1877
1878
1879
1880
1881
1882
1883
1884
1885
1886
1887
1888
1889
1890
1891
1892
1893
1894
1895
1896
1897
1898
1899

van Aerle, R., Pounds, N., Hutchinson, T. H., Maddix, S., & Tyler, C. R. (2002). Window of Sensitivity for the Estrogenic Effects
of Ethinylestradiol in Early Life-Stages of Fathead Minnow, Pimephales promelas. Ecotoxicology, 11(6), 423-434.
https://doi.org/10.1023/A:1021053217513

van den Berg, H. (2009). Global status of DDT and its alternatives for use in vector control to prevent disease. Environmental
Health Perspectives, 117(11), 1656—1663. https://doi.org/10.1289/ehp.0900785

van Nes, S., & Andersen, @. (2006). Temperature effects on sex determination and ontogenetic gene expression of the

aromatases cyp19a and cyp19b, and the estrogen receptors esr1 and esr2 in atlantic halibut (Hippoglossus
hippoglossus). Molecular Reproduction and Development, 73(12), 1481-1490. https://doi.org/10.1002/mrd.20514

Vannini, E., & Stagni, A. (1967). Repression by actinomycin D of testosterone induced sex reversal in Rana dalmatina tadpoles.
Experimental Cell Research, 46(2), 460-463. https://doi.org/10.1016/0014-4827(67)90083-3

Vannini, E., & Stagni, A. (1968). Repression by puromycin of testosterone-induced sex reversal in Rana dalmatina tadpoles.
Experimental Cell Research, 50(3), 683-687. https://doi.org/10.1016/0014-4827(68)90438-2

Varadaraj, K., & Pandian, T. J. (1989). First Report on Production of Supermale Tilapia by Integrating Endocrine Sex Reversal

with Gynogenetic Technique. Current Science, 58(8), 434—441.

Veltsos, P., Rodrigues, N., Studer, T., Ma, W.-J., Sermier, R., Leuenberger, J., & Perrin, N. (2020). No evidence that Y-
chromosome differentiation affects male fitness in a Swiss population of common frogs. Journal of Evolutionary
Biology, 33(4), 401-409. https://doi.org/10.1111/jeb.13573

Veyrunes, F., Perez, J., Heitzmann, L. D., Saunders, P. A., & Givalois, L. (2024). Hormone profiles of the African pygmy mouse

Mus minutoides, a species with XY female sex reversal. Journal of Experimental Zoology Part A: Ecological and
Integrative Physiology, 341(2), 130—137. https://doi.org/10.1002/jez.2767

Vidal, V. P., Chaboissier, M. C., de Rooij, D. G., & Schedl, A. (2001). Sox9 induces testis development in XX transgenic mice.
Nature Genetics, 28(3), 216—217. https://doi.org/10.1038/90046

Villalpando, I., & Merchant-Larios, H. (1990). Determination of the sensitive stages for gonadal sex-reversal in Xenopus laevis

tadpoles. The International Journal of Developmental Biology, 34(2), 281-285.

Vizziano, D., Baron, D., Randuineau, G., Mahé, S., Cauty, C., & Guiguen, Y. (2008). Rainbow Trout Gonadal Masculinization
Induced by Inhibition of Estrogen Synthesis Is More Physiological Than Masculinization Induced by Androgen
Supplementation1. Biology of Reproduction, 78(5), 939-946. https://doi.org/10.1095/biolreprod.107.065961

Voorhees, J. M., Mamer, E. R. J. M., Schill, D. J., Adams, M., Martinez, C., & Barnes, M. E. (2023). 17B-Estradiol Can Induce
Sex Reversal in Brown Trout. Fishes, 8(2), 103. https://doi.org/10.3390/fishes8020103

Wade, C. M., & Daly, M. J. (2005). Genetic variation in laboratory mice. Nature Genetics, 37(11), 1175-1180.
https://doi.org/10.1038/ng1666

Wallace, H., & Wallace, B. M. (2000). Sex reversal of the newt Triturus cristatus reared at extreme temperatures. The

International Journal of Developmental Biology, 44(7), 807-810.

Wang, C., Chen, X., Dai, Y., Zhang, Y., Sun, Y., & Cui, X. (2022). Comparative transcriptome analysis of heat-induced
domesticated zebrafish during gonadal differentiation. BMC Genomic Data, 23(1), 39. https://doi.org/10.1186/s12863-
022-01058-6

Wang, D.-S., Kobayashi, T., Zhou, L.-Y., Paul-Prasanth, B., ljiri, S., Sakai, F., Okubo, K., Morohashi, K., & Nagahama, Y.

(2007). FoxI2 up-regulates aromatase gene transcription in a female-specific manner by binding to the promoter as

well as interacting with ad4 binding protein/steroidogenic factor 1. Molecular Endocrinology (Baltimore, Md.), 21(3),
712-725. https://doi.org/10.1210/me.2006-0248

Wang, J., Tao, W., Kocher, T. D., & Wang, D. (2024). Sex chromosome turnover and biodiversity in fishes. Journal of Genetics
and Genomics, 51(12), 1351-1360. https://doi.org/10.1016/j.jgg.2024.08.008

Wang, Q., Liu, K., Feng, B., Zhang, Z., Wang, R., Tang, L., Li, W., Li, Q., Piferrer, F., & Shao, C. (2019). Transcriptome of

Gonads From High Temperature Induced Sex Reversal During Sex Determination and Differentiation in Chinese

Tongue Sole, Cynoglossus semilaevis. Frontiers in Genetics, 10. https://doi.org/10.3389/fgene.2019.01128
Wang, W., Tan, S, Yang, Y., Zhou, T., Xing, D., Su, B., Wang, J., Li, S., Shang, M., Gao, D., Dunham, R., & Liu, Z. (2022).

Feminization of channel catfish with 173-oestradiol involves methylation and expression of a specific set of genes

independent of the sex determination region. Epigenetics, 17(12), 1820-1837.
https://doi.org/10.1080/15592294.2022.2086725




1900
1901
1902
1903
1904
1905
1906
1907
1908
1909
1910
1911
1912
1913
1914
1915
1916
1917
1918
1919
1920
1921
1922
1923
1924
1925
1926
1927
1928
1929
1930
1931
1932
1933
1934
1935
1936
1937
1938
1939
1940
1941
1942
1943
1944
1945
1946
1947
1948

Wang, Y., Luo, X., Qu, C., Xu, T., Zou, G., & Liang, H. (2022). The Important Role of Sex-Related Sox Family Genes in the Sex
Reversal of the Chinese Soft-Shelled Turtle (Pelodiscus sinensis). Biology, 11(1), 83.
https://doi.org/10.3390/biology11010083

Wang, Y. Y., Sun, L. X,, Zhu, J. J., Zhao, Y., Wang, H., Liu, H. J., & Ji, X. S. (2017). Epigenetic control of cyp719a1a expression
is critical for high temperature induced Nile tilapia masculinization. Journal of Thermal Biology, 69, 76—84.
https://doi.org/10.1016/j.jtherbio.2017.06.006

Warner, D. A., & Shine, R. (2005). The Adaptive Significance of Temperature-Dependent Sex Determination: Experimental
Tests with a Short-Lived Lizard. Evolution, 59(10), 2209-2221. https://doi.org/10.1111/1.0014-3820.2005.tb00929.x

Warner, D. A., & Shine, R. (2008). The adaptive significance of temperature-dependent sex determination in a reptile. Nature,
451(7178), 566-568. https://doi.org/10.1038/nature06519

Warr, N., Siggers, P., May, J., Chalon, N., Pope, M., Wells, S., Chaboissier, M.-C., & Greenfield, A. (2022). Gadd45g is
required for timely Sry expression independently of RSPO1 activity. Reproduction, 163(6), 333-340.
https://doi.org/10.1530/REP-21-0443

Weber, C., & Capel, B. (2018). Sex reversal. Current Biology: CB, 28(21), R1234-R1236.
https://doi.org/10.1016/j.cub.2018.09.043

Weber, G. M., & Leeds, T. D. (2022). Effects of duration and timing of immersion in 17a-methyltestosterone on sex reversal of
female rainbow trout. Aquaculture Reports, 23, 101014. https://doi.org/10.1016/j.aqrep.2022.101014

Webster, K. A., Schach, U., Ordaz, A., Steinfeld, J. S., Draper, B. W., & Siegfried, K. R. (2017). Dmrt1 is necessary for male
sexual development in zebrafish. Developmental Biology, 422(1), 33—46. https://doi.org/10.1016/j.ydbio.2016.12.008

Wedekind, C. (2017). Demographic and genetic consequences of disturbed sex determination. Philosophical Transactions of
the Royal Society of London. Series B, Biological Sciences, 372(1729), 20160326.
https://doi.org/10.1098/rstb.2016.0326

Whiteley, S. L., Holleley, C. E., & Georges, A. (2022a). Developmental dynamics of sex reprogramming by high incubation
temperatures in a dragon lizard. BMC Genomics, 23(1), 322. https://doi.org/10.1186/s12864-022-08544-2

Whiteley, S. L., Holleley, C. E., Wagner, S., Blackburn, J., Deveson, |. W., Graves, J. A. M., & Georges, A. (2021). Two
transcriptionally distinct pathways drive female development in a reptile with both genetic and temperature dependent
sex determination. PLOS Genetics, 17(4), e1009465. https://doi.org/10.1371/journal.pgen.1009465

Whiteley, S. L., McCuaig, R. D., Holleley, C. E., Rao, S., & Georges, A. (2022b). Dynamics of epigenetic modifiers and

environmentally sensitive proteins in a reptile with temperature induced sex reversalt. Biology of Reproduction,
106(1), 132—144. https://doi.org/10.1093/biolre/ioab217

Whiteley, S. L., Wagner, S., Holleley, C. E., Deveson, |. W., Marshall Graves, J. A., & Georges, A. (2022c). Truncated jarid2
and kdme6b transcripts are associated with temperature-induced sex reversal during development in a dragon lizard.
Science Advances, 8(16), eabk0275. https://doi.org/10.1126/sciadv.abk0275

Wiggins, J. M., Santoyo-Brito, E., Scales, J. B., & Fox, S. F. (2020). Gene Dose Indicates Presence of Sex Chromosomes in

Collared Lizards (Crotaphytus collaris), a Species with Temperature-Influenced Sex Determination. Herpetologica,
76(1), 27-30. https://doi.org/10.1655/Herpetologica-D-19-00036

Wild, K. H., Roe, J. H., Schwanz, L., Georges, A., & Sarre, S. D. (2022). Evolutionary stability inferred for a free ranging lizard
with sex-reversal. Molecular Ecology, 31(8), 2281-2292. https://doi.org/10.1111/mec.16404

Wild, K. H., Roe, J. H., Schwanz, L., Rodgers, E., Dissanayake, D. S. B., Georges, A., Sarre, S. D., & Noble, D. W. A. (2023).
Metabolic consequences of sex reversal in two lizard species: A test of the like-genotype and like-phenotype
hypotheses. The Journal of Experimental Biology, 226(13), jeb245657. https://doi.org/10.1242/jeb.245657

Williamson, K. S., & May, B. (2005). Inheritance Studies Implicate a Genetic Mechanism for Apparent Sex Reversal in Chinook
Salmon. Transactions of the American Fisheries Society, 134(5), 1253—-1261. https://doi.org/10.1577/T04-208.1

Willingham, E., & Crews, D. (1999). Sex reversal effects of environmentally relevant xenobiotic concentrations on the red-eared

slider turtle, a species with temperature-dependent sex determination. General and Comparative Endocrinology,
113(3), 429-435. https://doi.org/10.1006/gcen.1998.7221

Wilson, C. A., High, S. K., McCluskey, B. M., Amores, A., Yan, Y., Titus, T. A., Anderson, J. L., Batzel, P., Carvan, M. J., lll,
Schartl, M., & Postlethwait, J. H. (2014). Wild Sex in Zebrafish: Loss of the Natural Sex Determinant in Domesticated
Strains. Genetics, 198(3), 1291-1308. https://doi.org/10.1534/genetics.114.169284




1949
1950
1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997

Witschi, E. (1929). Studies on sex differentiation and sex determination in amphibians. 1l. Sex reversal in female tadpoles of
Rana sylvatica following the application of high temperature. Journal of Experimental Zoology, 52(2), 267-291.
https://doi.org/10.1002/jez.1400520203

Wright, S. (1932). The roles of mutation, inbreeding, crossbreeding, and selection in evolution. Proceedings of the XI

International Congress of Genetics, 8, 209-222.

Wu, P.-F., Wang, X.-F., Gao, F., & Du, W.-G. (2022). Role of Cyp19a1 in the female pathway of a freshwater turtle species
(Mauremys reevesii) with temperature-dependent sex determination. Zoological Research, 43(1), 81-84.
https://doi.org/10.24272/j.issn.2095-8137.2021.287

Xie, Y., Huang, D., Chu, L., Liu, Y., Sun, X, Li, J., & Cheng, C. H. K. (2021). Igf3 is essential for ovary differentiation in
zebrafisht. Biology of Reproduction, 104(3), 589-601. https://doi.org/10.1093/biolre/ioaa218

Xu, W., Li, Y.-Y,, Lou, Q.-Q., Chen, X.-R., Qin, Z.-F., & Wie, W.-J. (2015). Low concentrations of dihydrotestosterone induce
female-to-male sex reversal in the frog Pelophylax nigromaculatus. Environmental Toxicology and Chemistry, 34(10),
2370-2377. https://doi.org/10.1002/etc.3072

Xu, Y., Du, Z., Liu, J., Su, H., Ning, F., Cui, S., Wang, L., Liu, J., Ren, C., Di, S., & Bai, X. (2022). Male heterogametic sex
determination in Rana dybowskii based on sex-linked molecular markers. Integrative Zoology, 17(1), 105-114.
https://doi.org/10.1111/1749-4877.12577

Yamaguchi, T., Yoshinaga, N., Yazawa, T., Gen, K., & Kitano, T. (2010). Cortisol is involved in temperature-dependent sex
determination in the Japanese flounder. Endocrinology, 151(8), 3900-3908. https://doi.org/10.1210/en.2010-0228

Yamamoto, T. (1958). Artificial induction of functional sex-reversal in genotypic females of the medaka (Oryzias latipes). The
Journal of Experimental Zoology, 137(2), 227-263. https://doi.org/10.1002/jez.1401370203

Yamamoto, T. O. (1959). The effects of estrone dosage level upon the percentage of sex-reversals in genetic male (XY) of the

medaka (Oryzias latipes). The Journal of Experimental Zoology, 141, 133-153.
https://doi.org/10.1002/jez.1401410107

Yamamoto, T.-O. (1955). PROGENY OF ARTIFICIALLY INDUCED SEX-REVERSALS OF MALE GENOTYPE (XY) IN THE
MEDAKA (ORYZIAS LATIPES) WITH SPECIAL REFERENCE TO YY-MALE. Genetics, 40(3), 406-419.
https://doi.org/10.1093/genetics/40.3.406

Yamamoto, Y., Hattori, R., Kitahara, A., Kimura, H., Yamashita, M., & Strissmann, C. (2013). Thermal and Endocrine

Regulation of Gonadal Apoptosis during Sex Differentiation in Pejerrey Odontesthes bonariensis. Sexual
Development : Genetics, Molecular Biology, Evolution, Endocrinology, Embryology, and Pathology of Sex
Determination and Differentiation, 7. https://doi.org/10.1159/000353506

Yang, L., Zhang, X., Liu, S., Zhao, C., Miao, Y., Jin, L., Wang, D., & Zhou, L. (2021). Cyp17a1 is Required for Female Sex
Determination and Male Fertility by Regulating Sex Steroid Biosynthesis in Fish. Endocrinology, 162(12), bqab205.
https://doi.org/10.1210/endocr/bgab205

Yang, X., Luo, W., Xia, Y., & Zeng, X. (2022). Using Sex-Linked Markers via Genotyping-by-Sequencing to Identify XX/XY Sex
Chromosomes in the Spiny Frog (Quasipaa boulengeri). Genes, 13(4), 575. https://doi.org/10.3390/genes 13040575

Yang, X., Zheng, J., Na, R., Li, J., Xu, G., Qu, L., & Yang, N. (2008). Degree of sex differentiation of genetic female chicken

treated with different doses of an aromatase inhibitor. Sexual Development: Genetics, Molecular Biology, Evolution,
Endocrinology, Embryology, and Pathology of Sex Determination and Differentiation, 2(6), 309-315.
https://doi.org/10.1159/000195680

Yang, X., Zheng, J., Qu, L., Chen, S., Li, J., Xu, G., & Yang, N. (2011). Methylation status of cMHM and expression of sex-

specific genes in adult sex-reversed female chickens. Sexual Development: Genetics, Molecular Biology, Evolution,

Endocrinology, Embryology, and Pathology of Sex Determination and Differentiation, 5(3), 147-154.
https://doi.org/10.1159/000327712

Yang, Y., Liu, Q., Xiao, Y., Xu, S., Wang, X,, Yang, J., Song, Z., You, F., & Li, J. (2019). High temperature increases the gsdf
expression in masculinization of genetically female Japanese flounder (Paralichthys olivaceus). General and
Comparative Endocrinology, 274, 17-25. https://doi.org/10.1016/j.ygcen.2018.12.012

Yao, Z. L., Zhao, Y., Chen, H. J., Wang, H., & Ji, X. S. (2022). Integrated analysis of DNA methylome and RNA transcriptome
during high-temperature-induced masculinization in sex-undifferentiated Nile tilapia gonad. Aquaculture, 552,
738043. https://doi.org/10.1016/j.aquaculture.2022.738043




1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022
2023
2024
2025
2026
2027
2028
2029
2030
2031
2032
2033
2034
2035
2036
2037
2038
2039
2040
2041
2042
2043

Ye, Z., Wang, W., Zhang, Y., Wang, L., Cui, Y., & Li, H. (2020). Integrative analysis reveals pathways associated with sex
reversal in Cynoglossus semilaevis. PeerJ, 8, e8801. https://doi.org/10.7717/peerj.8801

Yu, M., Wang, J., Liu, W., Qin, J., Zhou, Q., Wang, Y., Huang, H., Chen, W., & Ma, C. (2014). Effects of tamoxifen on the sex
determination gene and the activation of sex reversal in the developing gonad of mice. Toxicology, 321, 89-95.
https://doi.org/10.1016/j.tox.2014.04.006

Yu, N. W., Hsu, C. Y., Ku, H. H,, Chang, L. T., & Liu, H. W. (1993). Gonadal differentiation and secretions of estradiol and
testosterone of the ovaries of Rana catesbeiana tadpoles treated with 4-hydroxyandrostenedione. The Journal of
Experimental Zoology, 265(3), 252—257. https://doi.org/10.1002/jez.1402650307

Yu, Y., Chen, M,, Lu, Z.-Y., Liu, Y., Li, B., Gao, Z.-X., & Shen, Z.-G. (2022). High-temperature stress will put the thermo-
sensitive teleost yellow catfish (Tachysurus fulvidraco) in danger through reducing reproductivity. Ecotoxicology and
Environmental Safety, 239, 113638. https://doi.org/10.1016/j.ecoenv.2022.113638

Yu, Y., Chen, M., Qi, P.-P., Chang, L.-Y., Wang, T., Hu, C.-H., Lu, Z.-Y., Fan, Q.-X., & Shen, Z.-G. (2021). High temperature-
induced masculinization in yellow catfish Tachysurus fulvidraco: A potential approach for environmental-friendly
mono-sex production. Aquaculture, 534, 736263. https://doi.org/10.1016/j.aquaculture.2020.736263

Zerulla, M., Lange, R., Steger-Hartmann, T., Panter, G., Hutchinson, T., & Dietrich, D. R. (2002). Morphological sex reversal

upon short-term exposure to endocrine modulators in juvenile fathead minnow (Pimephales promelas). Toxicology
Letters, 131(1), 51-63. https://doi.org/10.1016/S0378-4274(02)00070-X

Zhang, X, Li, J., Chen, S., Yang, N., & Zheng, J. (2023a). Overview of Avian Sex Reversal. International Journal of Molecular
Sciences, 24(9), 8284. https://doi.org/10.3390/ijms24098284

Zhang, X, Li, J., Wang, X., Jie, Y., Sun, C., Zheng, J., Li, J., Yang, N., & Chen, S. (2023b). ATAC-seq and RNA-seq analysis
unravel the mechanism of sex differentiation and infertility in sex reversal chicken. Epigenetics & Chromatin, 16(1), 2.
https://doi.org/10.1186/s13072-022-00476-1

Zhang, X, Li, M., Ma, H., Liu, X., Shi, H., Li, M., & Wang, D. (2017). Mutation of foxI2 or cyp19a1a Results in Female to Male
Sex Reversal in XX Nile Tilapia. Endocrinology, 158(8), 2634—2647. https://doi.org/10.1210/en.2017-00127

Zhang, Y., Wang, B., Sun, W., Wang, G., Liu, Z., Zhang, X., Ding, J., Han, Y., & Zhang, H. (2024). Paternal exposures to
endocrine-disrupting chemicals induce intergenerational epigenetic influences on offspring: A review. Environment
International, 187, 108689. https://doi.org/10.1016/j.envint.2024.108689

Zhang, Y., Xiao, L., Sun, W., Li, P., Zhou, Y., Qian, G., & Ge, C. (2021). Knockdown of R-spondin1 leads to partial sex reversal
in genetic female Chinese soft-shelled turtle Pelodiscus sinensis. General and Comparative Endocrinology, 309,
113788. https://doi.org/10.1016/j.ygcen.2021.113788

Zhou, H., Zhuang, Z.-X., Sun, Y.-Q., Chen, Q., Zheng, X.-Y., Liang, Y.-T., Mahboob, S., Wang, Q., Zhang, R., Al-Ghanim, K.
A., Shao, C.-W., & Li, Y.-J. (2019). Changes in DNA methylation during epigenetic-associated sex reversal under low
temperature in Takifugu rubripes. PLOS ONE, 14(8), €0221641. https://doi.org/10.1371/journal.pone.0221641

Zhou, T., Sha, H., Chen, M., Chen, G., Zou, G., & Liang, H. (2021). MicroRNAs May Play an Important Role in Sexual Reversal
Process of Chinese Soft-Shelled Turtle, Pelodiscus sinensis. Genes, 12(11), 1696.
https://doi.org/10.3390/genes 12111696

Zhou, Y., Sun, W., Cai, H., Bao, H., Zhang, Y., Qian, G., & Ge, C. (2019). The Role of Anti-Millerian Hormone in Testis
Differentiation Reveals the Significance of the TGF-f3 Pathway in Reptilian Sex Determination. Genetics, 213(4),
1317-1327. https://doi.org/10.1534/genetics.119.302527

Zillioux, E. J., Johnson, I. C., Kiparissis, Y., Metcalfe, C. D., Wheat, J. V., Ward, S. G., & Liu, H. (2001). The sheepshead

minnow as an in vivo model for endocrine disruption in marine teleosts: A partial life-cycle test with 17a-

ethynylestradiol. Environmental Toxicology and Chemistry, 20(9), 1968—1978.
https://doi.org/10.1002/etc.5620200915

Zlotnik, S., Gridi-Papp, M., & Bernal, X. E. (2019). Laryngeal Demasculinization in Wild Cane Toads Varies with Land Use.
EcoHealth, 16(4), 682—693. https://doi.org/10.1007/s10393-019-01447-x




