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RESUMO

A decisdo sobre se uma gbénada bipotencial se desenvolverd em um testiculo ou em um ovario é
considerado um estégio critico na diferencia¢do sexual dos vertebrados. A administracdo de
esterdides exdgenos durante este periodo pode afetar essa plasticidade, promovendo a
diferenciacdo sexual na direcdo feminina ou masculina. Dessa forma, o objetivo desta tese foi
avaliar os efeitos do tratamento de 17B-estradiol no desenvolvimento de Astyanax altiparanae
(lambari), através de analises histoldgicas e de analises de expressdo genica de possiveis genes
envolvidos em vias masculinas e femininas. Para isso, larvas com gbnadas indiferenciadas foram
alimentadas com Artemia contendo diferentes concentracfes de estradiol durante 28 dias, desde
0 1 dia po6s-eclosdo (dpe) até o periodo que precede a diferenciacdo gonadal. Nossos resultados
mostraram que o E2 modificou o fenotipo e a relacdo sexual histolégica e, surpreendentemente,
induziu intersexo com com a presenca de dvulos nos testiculos nas concentracdes de 2 e 6 mg de
E2/kg de alimento. Esses dados s&o uma evidéncia clara de que o tratamento utilizado néo foi
suficiente para induzir a reversdo completa do sexo em A. altiparanae. Em termos de expressédo
génica, o tratamento com E2 (6 mg/kg de alimento) produziu uma notavel plasticidade gonadal
entre machos e fémeas aos 90 dias ap6s a eclosdo (dph). Os machos, denominados “machos
resistentes ao estradiol”, superexpressaram os genes masculinos, como dmrtl, sox9 e amh. Dessa
forma, nds sugerimos esses machos foram capazes de resistir & feminizacéo induzida por estradiol,
aumentando a expressdo de genes relacionados a diferenciacdo testicular. Interessantemente,
também encontramos fémeas derivadas de estradiol com maior expressdo de genes masculinos
como dmrtl e sox9. Em conclusdo, nossos resultados mostraram que menores concentracdes de
E2 administradas durante o desenvolvimento larval induziram uma reversdo incompleta do sexo
masculino para feminino em A. altiparanae e produziram uma complexa plasticidade gonadal

genética a 90 dph.

Palavras-chave: Astyanax altiparanae (lambari), diferenciagdo sexual, 17p-estradiol

Destaques

* A dieta com 17B-estradiol modificou as proporcdes fenotipicas e histoldgicas de sexo e intersex

* Machos resistem a feminizacao induzida por estradiol, aumentando a expressao de genes relacionados a
diferenciacdo testicular;
* A fémea derivada do tratamento com estradiol mostrou morfologia ovariana normal, mas exibiu um

perfil de expressdo génica "semelhante ao masculino”.



ABSTRACT

The decision whether a bipotential gonad will become a testis or ovary is considered a critical
stage in vertebrate sex determination. Administration of exogenous steroids can affect this
plasticity by skewing the sex gonadal differentiation towards a male or female. The aim of this
study is to evaluate the effects of 17p-estradiol (E2) diet on Astyanax altiparanae (lambari)
development, focusing on the gonadal development and gene expression analysis of possible
candidate genes involved in either male or female pathways. Larvae with undifferentiated gonads
were fed with steroid diet containing different concentrations of E2 during 28 days, from the
mouth opening until a period that precedes the gonadal differentiation. Animals were sampled at
90 days post-hatching (dhp) for histology and gene expression analysis. Our results showed that
E2 disrupted both phenotypic and histological sex ratios, and surprisingly, induced intersex with
testis-ova in the concentrations of 2 and 6 mg E2/Kg food. This data is a clear evidence that the
treatment used was not enough to induce complete sex reversal in A. altiparanae. However, in
terms of gene expression, E2 (6mg/Kg food) induced a remarkable gonadal plasticity between
males and females at 90 dph. The males, named as E2 resistant males, overexpressed the male-
biased genes, such as dmrt1, sox9 and amh. We suggested that these males were able to resist the
E2-induced feminization by the expression of genes related to testis differentiation. Strikingly,
we also found E2-derived females with normal ovarian morphology but with higher or lower
expression of dmrtl and sox9. In conclusion, our results showed that lower E2 concentrations
administered during larval development induced an incomplete male-to-female sex reversal in A.

altiparanae and produced a complex genetic gonadal plasticity at 90 dph

Keywords: Astyanax altiparanae (lambari), sex differentiation, 173-estradiol

Highlights

e 17B-estradiol (E2) diet disrupted both phenotypic and histological sex ratios and induced intersex

e Males resist to the E2-induced feminization by enhancing the expression of genes related to testis
differentiation;

e Female derived from E2 treatment showed a normal ovarian morphology but exhibited a "male-

like" gene expression profile.



CHAPTER 1
1. GENERAL INTRODUCTION

Sexual development is one of the most fundamental and intriguing developmental
processes shaping the life history of the vast majority of vertebrates. It is classically composed of
two processes, sex determination and sex differentiation. The sex determination is defined as the
master switch or primary mechanism governing the fate of the phenotypic sex while the sex
differentiation is the developmental consequence of the sex determination process (Herpin and
Schartl, 2015). Sex differentiation can be disrupted changing the original pathway that was
assuming by the sex determining gene. In addition, it seems that the sex differentiating pathway
in male appears more labile between the species but implicates more players than in female
allowing probably a more strict control (Cutting et al., 2013).

1.1 Genetic sex determination

In vertebrates, sexual reproduction is the oldest and most widespread form of propagation
used by vertebrates. The mechanisms that control sex determination and differentiation are
diverse and depend on a wide variety of genetic factors as well as in some cases on environmental
factors (Von Hofsten and Olsson 2005, Trukhina et al., 2013). Genetic sex can be defined by
hereditary genetic factors (XX/XY and ZZ/ZW, among others) that are determined at the moment
of the fertilization. On the other hand, gonadal differentiation depends on the activation of
transcriptional factors that are expressed before the window of sex differentiation. These factors
may have their expression altered by environmental conditions such as temperature, osmolarity,
and others (Kikuchi and Hamaguchi, 2013, Herpin et al., 2013, Heule et al., 2014). In fish genetic
sex determination can involve monogenic or polygenic systems, with factors located on the
autosomes or on sex chromosomes. Sex chromosomes are found in approximately 10% of fish
species studied, and sex-linked phenotypic traits, and protein and molecular genetic markers have
been identified in several fish systems. Several gene families known to be involved in sex
determination in other vertebrates have recently been shown to be similarly involved in fish,
suggesting conservation of sex determination pathways (Devlin and Nagahama, 2002). In the
monogenic system, genetic sex determination (GSD) presented both XX/XY and ZZ/ZW systems
and variations, environmental sex determination such as temperature-dependent sex
determination (TSD) like in reptiles, or social variables (the size of an organism relative to other
members of its population) (Charlesworth 2002). Contrary to many other developmental
processes, the mechanisms of sex determination exhibit a very large diversity at the top of the
cascade among various organismic groups and even in closely related group. This suggests that
the events triggering sex determination have evolved quickly, repeatedly and independently

during evolution (Herpin and Schartl, 2015).



1.2 Sex determination in vertebrates

In vertebrates, male heterogametic system is called XX-XY system (where the Y
chromosome determines the male sex) and a female heterogametic system is denoted ZZ-ZW
(where the W chromosome determine the female sex) (Heule et al., 2014). Most mammals have
an XX/XY sex determining system and the key components of the sex determining cascade have
been identified, although their position in the hierarchy and their modes of interactions are still
unknown (See review: Capel, 2017; Koopman et al., 1990). Sex determination in mammals is
established at the moment of the fertilization. The Y chromosome carries the sex determining
region Y (Sry) gene, which encodes a transcription factor that initiates testis development in the
bipotential gonad. Evidences came from mice, in which Sry is deleted in XY female and
transgenic XX male carrying a genomic fragment containing the Sry gene (See review: Capel
2017). In mammals, the male heterogametic system (XY) drives the sex determination whereas
in birds and in the African clawed frog Xenopus laevis a female heterogametic (ZW) system is
present. In fish, the sex chromosomes are often homomorphic and considered not differentiated
(Kikuchi and Hamaguchi, 2013). The master switch or master sex determining gene acts as a
presence/absence signal. The presence of this sex determining gene initiates a cascade that will
ultimately lead to the development of one sex, whereas its absence will lead to the other sexual
differentiation program (Kikuchi and Hamaguchi, 2013; Penman and Piferrer, 2008).
Transcriptome analysis of early gonadal populations and studies from single cell analysis
indicates that the cells in XX and XY bipotential gonads are initially nearly identical. The only
differences at early stages arise from genes that are specific to the sex chromosomes such as Xist,
Utx and Eif2s3x (only present in XX) and Ddx3y, Eif2s3y and Jarid1d (only present in XY) (See
review; Capel, 2019).

In mice, sex-determining gene. Sry encodes a transcription factor that acts by binding to
and activating the testis-specific enhancer (TES) of the related gene Sox9 (See review: Capel,
2017; 2019). A network of gene activity downstream of Sox9 then promotes male development
while simultaneously impeding the gene network that drives ovarian development. These two
alternative gene regulatory networks give the bipotential gonad its unique ability to differentiate
into two morphologically and functionally distinct organs (See review: Capel, 2017). The
regulation of Sry expression has to be tightly controlled. Mice with a “weak™ Sry allele, that
expresses Sry too late, show ovotestis formation. Additionally, Sry expression has to reach a
certain threshold to induce testis development (Bullejos and Koopman 2005). The primary
function of Sry is to induce differentiation of pre-Sertoli cells which is essential for testis
differentiation of the bipotential gonad. The fate of the of the expression of the sex determining
gene Sry in the bipotential gonad, determines the sex of an individual and the differentiation of

the germ cells. In testes, germ cells differentiate into sperm, whereas in ovaries, germ cells



differentiate into oocytes (Tanaka and Nishinakamura 2014). In male gonads, several factors
implicated in regulating Sry in XY gonadal cells, one of this factor is Sox9 and the ability to
repress the Wnt/Bcatenin pathway that drives the ovary fate (See review; Capel, 2019). Wnt4 and
Rspol may be involved in the establishment of cells in the gonad field. Together these genes
regulate proliferation of coelomic epithelium precursors (dividing cells) that give rise to Sertoli
cells and loss of Wnt4 was previously shown to affect the Sox9 population (See review; Capel,
2019). However, once this population is established, repression of Wnt4 signaling is required to
stabilize testis fate. Loss of Fgf9 leads to the reversion to ovary fate after SOX9 expression is
established, but if Wnt4 is also lost, SOX9 expression and the testis pathway are rescued (See
review; Capel, 2019). These results strongly suggest that there is a second stabilization step
controlling testis fate governed by repression of Wnt4 signaling. This occurs at multiple levels
including through the Wnt antagonist, ZNRF3 (Figure 1) (See review; Capel, 2019).

Interestingly, orthologous genes that are downstream of SRY in the mammalian sex
determination cascade have been identified in non-mammalian vertebrates. However, non-
mammalian vertebrates have a tremendous variety of sex determination mechanisms, especially
in fish (Herpin and Schartl 2015; Pan et al., 2016).

OFgf9

~

oo © © @ Wnt4
Sy —— @ 50x9

Bipotential gonad OaGerm cell
l Sox9 Wnt4

Rspol
Wnt4 \/ E

Sox9

Rspol Fgfo FoxI2

a x
Fgf9 B-cat/Lefl

Fate determination

morphogenesis

TESTIS OVARY

Figure 1. Signals control the fate of the gonad. When SRY triggers SOX9 upregulation, FGF9 is expressed and
represses Wnt4 and the female pathway. In the absence of SOX9 upregulation, ovarian development ensues, based on
Whnt and downstream signaling.. (Adapted from Capel., 2019).



1.3 Sex determination in fish

Sex determination in fish is a very flexible process in terms of evolutionary patterns. In
fish species, all kinds of sex determination systems have been observed, ranging from
hermaphroditism to gonochorism and from environmental to genetic sex determination (Devlin
and Nagahama 2002). Fish are the largest known group of vertebrates with approximately 32,000
species, 50 % of them correspond to vertebrates (Nelson, 2016). It is possible that among genera
and families sex determination varies and almost all-different forms of genetic sex determination
can be found in fish, including XX/XY male heterogamety, ZZ/ZW female heterogamety, and
multiple sex chromosomes (Kikuchi and Hamaguchi, 2013). Sex determining genes arose from
two main independent mechanisms: gene duplication and allelic diversification. A duplicated
copy of an ancestral gene and its insertion in the proto-sex chromosome constitute the gene
duplication mechanism. Allelic diversification comes from a stepwise diversification of one or
two loci of a sex chromosome pair, where one allele became the sex determiner while the other
allele at the same locus retained a non sex determination function or favored the development of
the opposite sex (Kikuchi and Hamaguchi, 2013) (Figure 2). In fish, different sex-determining
genes have been discovered with a chromosome system XX/XY (Figure 3). In 2002, the first sex-
determining gene was discovered in fish, in two species of medaka (Oryzias latipes and Oryzias
curvinotus) (Nanda et al., 2002; Matsuda et al. 2002). This sex determining gene is dmrtlbY or
dmyY, and is a paralog of dmrtl (important gene involved in testicular development of vertebrates
and invertebrates), linked to the Y chromosome. However, this gene was not found in other
species of fishes, even in other species of the same genus Oryzias (Volff et al., 2003).
Phylogenetic studies have been released that dmrtlbY appear belatedly than SRY (Zhang 2004).
In 2012, two other major sex-determining genes were reported: amhY in the Pejerrey (Hattori et
al., 2012), recently amhbY in Northern Pike (Esox lucius) (Pan et al., 2019), gsdfY in another
medaka specie (Oryzias luzonensis) (Myosho et al., 2012), amhr2 in the Fugu (Takifugu rubipes)
(Kamiya et al., 2012) and sdY in rainbow trout (Oncorhynchus mykiss) (Yano et al., 2012). ). In
Nile tilapia (Oreochromis niloticus), a XX-XY specie commercially important in which the sex
is mainly controlled genetically, a tandem duplication of amh located on the Y (sex determining
gene amhY) (Li et al., 2015a). In the genus Oryzias, an allelic diversification of the sox3 gene
triggers the sex determination in Oryzias dancena (Takehana et al., 2014). The male sex
determining gene was named sox3Y but this gene is not different from its X allelic copy. However,
on the Y chromosome, a specific cis regulatory DNA segment downstream of sox3Y is able to
induce male differentiation (Takehana et al., 2014) (Table 1). Sex determination in Astyanax
altiparanae is still unknown as well as for the most Neotropical fishes (Fernandino and Hattori,
2019).



Table 1. Master sex-determining genes in Vertebrates (Adapted from Herpin and Schartl, 2015)

. SD gene SD gene generated from ancestor .
Master SD gene Organism SD system ancgstor geneg by Gene ancestor function
Transcription factor, required in formation
. . . g . of the hypothalamo—pituitary axis,
SRY Therian mammals XY Sox3 Allelic diversification functions in neuronal differentiation,
expressed in developing gonads
. . . cpe s Transcription factor, key role in male sex
Dmrtl Birds wz Dmrtl Allelic diversification dermination and differentiation
. T Transcription factor, key role in male sex
DM-W Frog (Xenopus laevis) Wz Dmrtl Gene duplication dermination and differentiation
. . s Transcription factor, key role in male sex
DmrtlbY Medaka (O. latipes, O. curvinotus) XY Dmrtl Gene duplication dermination and differentiation
. . .- Interfereron response factor, no gonadal
sdY Rainbow trout (Onchorynchus mykiss ) XY Irf9 Gene duplication function Known
. . .- cpr - TGF-b factor, important role in fish gonad
gsdfy Oryzias luzonensis XY Gsdf Allelic diversification development
Transcription factor, required in formation
. . . P of the hypothalamo—pituitary axis,
sox3Y Oryzias dancena XY Sox3 Allelic diversification functions in neuronal differentiation.
expressed in developing gonads
amhy Pejerrey (Odonthesthes hatcheri) XY Amh Gene duplication Anti-Muellerian hormone, growth factor
amhY Nile tilapia (Oreochromis niloticus ) XY Amh Gene duplication Anti-Muellerian hormone, growth factor
. . . . T Type Il receptor for Amh, important
amhr2Y Fugu (Takifugu rubripes ) Wz Amh receptor Allelic diversification function in gonad development
. . . . . T Transcription factor, key role in male sex
Dmrtl Chinese tongue sole (Cynoglossus semilaevis) XY Dmrtl Allelic diversification dermination and differentiation
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Figure 2. Schematic representation of the two main mechanisms leading to monofactorial genetic sex determination. (A) The gene C is
duplicated give rise to gene C and C’. The gene C’ is inserted in the Y chromosome. (B) The gene C is present on the X chromosome
that give rise to the gene C’ inserted in the Y chromosome (Adapted from Kikuchi and Hamaguchi, 2013).

Genetic network of male
determination and testis
differentiation.
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Genetic network of female
determination and ovary
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Figure 3. A schematic diagram of sex determination and gonad (testis or ovary) differentiation in fish with XX/XY
sex determination system (Adapted from Smirnov and Trukhina 2019)
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1.4 Sex differentiation in fish

A complex series of interacting biochemical processes are involved after the expression
of the sex determining gene. At some point early in the cascade a primary sex determining gene
is activated, resulting in a commitment to the production of either male or female patways
programs (Figure 3). Although much is known about the process of sex differentiation in fish,
the precise mechanisms underpinning sex differentiation as well as those involved in primary sex-
determination remain undefined (Devlin and Nagahama, 2002). Fish gonadal sex differentiation
exhibits much diversified strategies and physiological regulations than the one found in mammals
(Baron and Guiguen, 2003). The differentiation of the bipotential gonad to either testis or ovary
relies on the regulation of the steroidogenic pathway. In basal fish, sex steroid (estrogens and
androgens) play a critical role in gonadal differentiation (Devlin and Nagahama, 2002,
Sturssmann and Nakamura, 2002). Unlike sex-determining systems, the genes involved in
gonadal differentiation appear to be relatively conserved. The genes involved in the regulatory
network of sexual development described so far come mainly from mammalian studies and can
be divided into functional groups as follows: 1) genes required for bipotential gonad development
[Wilm’s tumour suppressor-1 (WT1), steroidogenic factor-1 (SF-1), and GATA-binding protein
4 (GATA-4)]; 2) genes involved in male sex determination [double sex and mab-3 related
transcription factor 1 (DMRT1), SRY-related box 9 (SOX9), dosage-sensitive sex-reversal-
adrenal hypoplasia congenital critical region of X chromosome, gene 1 (DAX1), fibroblast growth
factor 9 (FGF9), and desert hedgehog (DHH)]; 3) genes involved in male sex differentiation
[AMH, AMHR?2, and androgen receptor (AR)]; 4) genes involved in female sex determination
[Wingless-type MMTV integration site family member 4 (WNT4), R-spondin-1 (RSPO-1),
cateninb-1 (CTNNBL), forkhead box transcription factor L2 (FOXL2), and follistatin (FST)]; 5)
genes involved in female sex differentiation [aromatase (also known as Cyp19A1 or P450arom),

aestrogen receptor a (ERa), and aestrogen receptor b (ERb)] (Forconi et al., 2013) (Figure 4).
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Figure 4. Putative mechanisms of fish sex determination and differentiation (Arrow-activation; Bars-repression).
Adapted from Matsuda et al., 2003)

1.5 Candidate genes
1.5.1 Male pathway program
Dmrtla (Doublesex and mab-3 related transcription factor 1)

Dmrtl is a transcription factor implicated in testis differentiation and it is evolutionary
conserved from cnidarian to mammals (Herpin and Schartl, 2011b, 2015). In mouse, DMRT1 is
present during embryogenesis and at adult stage. DMRT1 holds a key position in sex
differentiation. DMRTL1 directs the cellular fate of male somatic cells by promoting the male
specific pathway and meanwhile repressing female genes such as FOXL2 (Zhao et al., 2015b). In
addition, DMRT1 maintains the identity of the male somatic cells in mouse (Zhao et al., 2015b).
A transgenic study demonstrated that over-expression of dmrtl in the gonads of XX medaka
caused a reduction in aromatase expression resulting in degeneration of ovaries and development
of testicular tissue, with complete sex reversal in some individuals (Nagahama, 2005). The
mechanism of this action was explored using luciferase assays, suggesting that Dmrt1 bound to
Sf-1 itself, repressing Sf-1 activated transcription of aromatase (Nagahama, 2005). In medaka,
Dmrtl also plays the decisive role in maintaining the cellular identity of the adult testis, most
obvious from the fact that its malfunction in adult mutant mice gonads leads to trans-
differentiation of Sertoli to granulosa-like cells and feminization of a fully developed testis
(Herpin et al. 2019). Consequently, the action range of Dmrt1 is not restricted to initiation of the
male gonadal phenotype during early development but also contributes to the active suppression

of the female networks via repression of two ‘anti-testis’ pathways, FoxI2 and Wnt family
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member 4 (WNT4)/B-catenin (Herpin et al. 2019). In lambari this gene was studied by Adolfi and
collaborators (2015) who found that dmrt1 sequence is conserved and closely related to sequences
of other basal teleost. Expression analysis revealed that dmrtl display male-specific functions in
adult and probably is involved in gonad maintenance (Adolfi et al., 2015). The expression pattern
of dmrtl change throughout the male reproductive cycle, with a significant down-regulation after
spermiation, indicating a possible role of dmrtl in spermatogenesis. During gonadal formation,
dmrtl expression ocurrs at 78 days after hatching, later than ovary development. This indicates
that the male sex ddifferentiation period occurs before this stage (Adolfi et al., 2015).
Phylogenetic tree designed by comparing the amino acid sequence of the Dmrt1 of A. altiparanae
with 17 Dmrtl sequences from different vertebrate groups using fugu Dmrt2 sequence as the
outgroup shows a high homology with the Southern and African catfish, all belonging to the
superorder Ostariophysi (Figure 5) (Adolfi et al., 2015).
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Figure 5. Phylogenetic tree of Dmrtl in vertebrates. The tree was rooted using the fugu Dmrt2 as outgroup. Numbers

on each node are the bootstrap values in thousand runs (Adolfi et al., 2015).

Sox9 (SRY box transcription factor 9)

Two sox9 genes, sox9a and sox9b have been found in several teleost fish; zebrafish
(Plavicki et al., 2015), three-spined stickleback (Kluver et al., 2005), fugu (Koopman et al., 2004),
medaka ('Yokoi et al., 2002), rice field eel (Zhou et al., 2003) and rainbow trout (Takamatsu et
al., 1997). Investigations on these species showed that not only sox9 has been duplicated, but also
its functions have been partitioned in lineage-specific ways. Interestingly, in zebrafish, sox9a is a
putative regulator of the gonadal expression of an SF-1 homologue. However based on expression
pattern studies in medaka and rice field eel indicate that the function of sox9 genes in cartilage

development (chondrogenesis) is conserved in fish, but its role in male sex determination and
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differentiation may not be (Zhou et al., 2003). In zebrafish, sox9a is expressed in adult testis while
sox9b is expressed in adult ovary. However, in adult medaka, sox9a was expressed predominantly
in the ovary and much less expressed in the testis than sox9b (Kluver et al., 2005). In the genus
Astyanax, the genome of A. mexicanus provides a predicted sequence of a second copy of the sox9
gene, and together with phylogenetic analyses using other species, sox9 gene of A. altiparanae
showed higher identity with other teleost of sox9b genes (Adolfi et al., 2015). However, the
presence of another sox9 gene copy in lambari can only be confirmed by isolation and
characterization of this gene in this species. The sox9a and sox9b of zebrafish are more divergent
in comparison to other teleost sequences, and even lambari being closer phylogenetically to
zebrafish, the Sox9 sequence does not cluster together with the zebrafish sequence. However, the
sequence of Sox9 from A. altiparanae clusters in the group of basal teleost although, it is possible
the discrimination between sox9a or sox9b (Figure 6) (Adolfi et al., 2015).
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Figure 6. Phylogenetic tree of Sox E group proteins in vertebrates. The tree was rooted using yeast-MATAL
(CAA24622.1) as outgroup. Numbers on each node are the bootstrap values in thousand runs (Adolfi et al., 2015).

Amh (Anti-Mullerian Hormone)

Amh is a secreted glycoprotein belonging to TGF-B family which is expressed in Sertoli
cells and in post-natal granulosa cells in mammals (Adolfi et al., 2018). In mammals, its function
is to promote the regression of Millerian ducts in embryonic testis but Ambh is also implicated in
testicular differentiation by suppressing Cypl19al (aromatase) in both male and female somatic
cells in the fetal gonad (Adolfi et al., 2018). In teleost fish, the expression of amh is higher in
males than in females, as shown in sole (Yoshinaga et al. 2004), Nile tilapia (ljiri et al., 2008) and
zebrafish (Rodriguez-Mari et al. 2005). For example, in hermaphrodites such as black snapper

(Acanthopagrus schlegeli), high levels of amh are associated with the onset of testicular
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differentiation (Wu et al., 2010; Wu and Chang, 2013), and its expression pattern is maintained
during the period of female-to-male sex reversal. On the other hand, in male-to-female reversal,
amh levels decreased dramatically (Wu et al., 2010; Wu and Chang, 2013). Although Amh is
differencially expressed between males and females, little is known about the role of Amh in
spermatogenesis and testicular function in adult male fish. In zebrafish, Amh inhibits the
production and secretion of androgens by Leydig cells (Skaar et al., 2011). Androgens are
important by stimulating spermatogonial proliferation and the entry of meiosis (Morais et al.,
2017). In zebrafish, Amh neutralizes the effects of spermatogenesis stimulatory growth factors,
such as Igf-3 (insulin-like growth factor 3) (Morais et al., 2017). On the other hand, Amh increases
the production of inhibitory growth factors produced by Sertoli cells, such as inhibin-a (inha),
DNA-binding transcription factor (id3) inhibitor and prostaglandin E2 (PGE2) (Morais et al.,
2017). Together, these mechanisms lead to an inhibition of cell proliferation and differentiation
indicating that Amh plays a role in the maintenance of spermatogonia in its undifferentiated state
(Morais et al., 2017).

In zebrafish normal amh prevents female-biased sex ratios. Amh null alleles showed in
adult male enormous testes, half of which contained immature oocytes, demonstrating that Amh
regulates male germ cell accumulation and inhibits oocyte development or survival. Mutant males
formed sperm ducts and some produced a few offspring. Young female mutants laid a few fertile
eggs, so they also had functional sex ducts (Yan et al., 2019b). In medaka, mutation of the Anti-
mullerian hormone receptor Il (amhrll), known as hotei, showed a number of remarkable
phenotypic abnormalities including: (i) excessive proliferation of germ cells; (ii) initiation of
premature meiosis in phenotypically males; (iii) male-to-female sex reversal in 50% of XY males;
and (iv) arrest of follicular development at early stages (Morinaga et al., 2007). Nakamura and
colaborators (2012) found that Amh in medaka regulates the proliferation of mitotically active,
self-renewing, type | germ cells. In Odontesthes hatcheri, Hattori and colaborators (2012) have
shown that males have a duplicate copy of the amh gene, amhY, which is bound to the Y
chromosome and is required for the sex determination of this species. In this sense, Amh and its
receptor should play an important role in male sex differentiation, as well as in testicular

development of vertebrates in general (Hattori et al., 2012).

Ar (androgen receptor)

Steroid hormones are known to regulate cellular processes through two distinct receptor
mechanisms (Saravanan et al., 2016). Androgens are necessary for normal male phenotype
expression, including the initiation and maintenance of spermatogenesis. Many physiological

actions of androgens are mediated by the androgen receptor (AR), a member of the nuclear
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receptor super family (Saravanan et al., 2016). AR functions as a ligand-dependent transcription
factor, regulating expression of an array of target genes that are important in male development
and fertility (Saravanan et al., 2016). In Actinopterygians, several duplicates of AR were
characterized in the rainbow trout, (Oncorhynchus mykiss), the mosquitofish (Gambusia affinis),
Astatotilapia burtoni, the Nile tilapia (Oreochromis niloticus), the Japanese eel (Anguilla
japonica) and in Gasterosteus aculeatus (Douard et al., 2008).Two duplicated genes were found
for AR. The different forms of ARs, termed AR-A and AR-B, have also been biochemically
characterized based on their binding affinities for different androgen ligands in the Atlantic
croaker (Micropogonias undulates) and the kelp bass (Paralabrax clathratus). These two
receptors display different tissue distributions with AR-A present only in the brain and AR-B
found both in the brain and the gonads (Douard et al., 2008). Studies using as a model mouse
confirmed the need for ar in reproductive development, particularly spermatogenesis (Yu et al.,
2018). In zebrafish, targeted disruption of ar causes male infertility via defective spermatogenesis
and female premature ovarian failure during growth. Mechanistic assays suggest that these effects
are caused by fewer proliferated cells and more apoptotic cells in ar-null testes (Yu et al., 2018).
Moreover, genes involved in reproductive development, estradiol induction and hormone
synthesis were dys-regulated in testes and ovaries and disordered the reproductive-endocrine axis.
In zebrafish, ar is required for spermatogenesis and maintenance of ovarian function, which

confirms evolutionarily conserved functions of ar in other vertebrates (Yu et al., 2018).

1.5.2 Female pathway program
Cypl9ala (Cytochrome P450, family 19, subfamily A, polypeptide 1a)

Steroids such as estrogens (E2) play an important role in ovarian differentiation and
maintenance in fish (Guiguen et al., 2010; Paul-Prasanth et al., 2013). The product of CYP19al
gene is called aromatase, a key microsomal enzyme that catalyzes the synthesis of estrogens from
androgens in the smooth endoplasmic reticulum of steroidogenic cells (Devlin and Nagahama,
2002). In fish two cypl9al genes have been generated by the teleost specific whole genome
duplication with cypl9ala known as the gonadal form and cyp19alb as the brain form. In some
fish species, cypl9ala expression is female specific and occurs prior sex differentiation in most
species studied so far (Devlin and Nagahama, 2002; Suzuki et al., 2004; Vizziano et al., 2007).
During the early stage of differentiation, cypl9ala localizes in a subset of unknown lineage of
somatic cells and thereafter is found in both granulosa and theca cells. Aromatase inhibitors
treatment induces masculinization in several fish species such as Chinook salmon (Oncorhynchus
tshawytscha) (Piferrer et al., 1994), rainbow trout (Guiguen et al., 1999b), Nile tilapia (Guiguen
et al., 1999b), fugu (Rashid et al., 2007), zebrafish (McAllister and Kime, 2003), black tetra

(Mazzoni et al., 2015) and this confirmed the previously well-known important role of estrogen
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for ovarian differentiation in fish. The regulation of the cyp19ala promoter involves many factors
such as activators FoxI2, Nr5al, CREB (cAMP responsive element Binding), repressor Nrb01
(Dax1). FoxI2 regulates steroidogenesis especially via its binding to cypl9al promoter (Bentsi-
Barnes et al., 2010). Guiguen et al (2010) proposed a positive regulation loop where Foxl2
activates the cypl9ala promoter, in turn the enzyme produces estrogens (E2) and the product

induces the synthesis of FoxI2.

Rspo-1/R-Spondinl (Roof plate specific spondin)

Ovarian development requires the canonical B-catenin signaling pathway (Chassot et al.,
2012). In mammals, Wnt4 and R-spondinl that are two members of the Wnt signaling pathway
both drive the stabilization of B-catenin and its import to the nucleus to activate the female sex
differentiation genes (Chassot et al., 2012). In fish, wnt4 transcripts are detected in somatic cells
surrounding the germ cells in rainbow trout and Rspo-1 and Rspo-2 in both somatic and germ
cells of medaka (Herpin et al., 2013; Nicol et al., 2012; Zhou et al., 2012). The wnt-R-spondinl-
[B-catenin pathway seems to be conserved across the taxa to induce female development and
should be repressed during male differentiation as shown in mammals, red eared slider turtle and
zebrafish and chicken. It is evident today that the RSPO1/WNT/b-catenin pathway acts at the top
of the ovarian differentiation cascade (Chassot et al., 2012). The development of male or female
traits appears to be antagonistic, and two key events orient the developing gonad toward a male
or a female fate: female (or male) genes need to be expressed and male (or female) genes actively
repressed. The molecular mechanisms regulating the expression of Rspol and Wnt4 in the
bipotential gonad, as well as those involved in their ovary-specific up-regulation remain not yet
known (Chassot et al., 2014).

FoxI2 (Forkhead Box L2)

Another transcription factor that exhibits sexually dimorphic expression is foxI2. FoxI2 is
a member of the winged helix/forkhead family of transcription factors known to be involved in
ovarian development granulosa cell differentiation, and the proper maintenance of ovarian
function (Cocquet et al., 2003). FoxI2 has been found to be correlated with the level of cypl9
expression in a diverse range of species, including medaka (Nakamoto et al., 2006), tilapia
(Yoshiura et al., 2003), rainbow trout (Baron et al., 2005b), Japanese flounder, Paralichthys
olivaceus (Yamaguchi et al., 2007), wrinkled frog, Rana rugosa (Oshima et al., 2008), chicken
(Govoroun et al., 2004), turtle (Ramsey et al., 2007) and mammals (Pannetier et al., 2006). At
adult stages, FoxI2 protein is mainly present in follicular cells (granulosa and theca) surrounding

the oocytes. In male, during sexual development, a low but significant foxl2 expression is detected
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by sensitive quantitative methods but the mRNA and/or the protein have not been visualized yet
(Caulier et al., 2015). In the adult testis, FoxI2 has been detected in Leydig and germ cells of
zebrafish (Caulier et al., 2015). It is worth to note that foxI2 is absent from the developing and
adult medaka testis (Nakamoto et al., 2006). The testicular function of foxI2/FoxI2 is unknown in

most of the species.

17p-hsd (17p-hydroxysteroid dehydrogenase)

17B-hydroxysteroid dehydrogenases (178-HSDs) regulate androgen and estrogen
concentrations in mammals. The group of 17B-hydroxysteroid dehydrogenases (174-HSD) is
defined by their catalytic activity to reduce or oxidize hydroxysteroids (androgens and estrogens)
at position C17 of the steroid backbone (Diotel et al., 2011). Many 17B-HSDs have overlapping
substrate spectra but two of them seem to be especially important for the activation of estrogens
and androgens: 17p-HSD type 1 and 17B-HSD type 3 (Diotel et al., 2011). 175-HSD type 1
catalyzes the reduction of estrone to estradiol, the major biologically effective estrogen in
mammals and fish (Mindnich et al., 2004). While, the main player in testosterone formation is
considered to be 17p-HSD type 3, which catalyzes the reduction of androstenedione to
testosterone with high efficiency and is almost exclusively expressed in testis (Mindnich et al.,
2005). 17p -HSD type 3 expression was detected in various tissues of both male and female adults
but displayed sexual dimorphism. Interestingly, expression was not highest in male testis but in
male liver. In female adults, strongest expression was observed in ovaries. At the subcellular level,
both human and zebrafish 174 -HSD type 3 localize to the endoplasmic reticulum (Mindnich et
al., 2005). In fish 17B-HSD-1 played key roles in the regulation of estradiol synthesis (Mindnich
et al., 2004; Diotel et al., 2011). Important roles for estrogens in ovarian differentiation (Guiguen
et al., 1999) and for 11-oxygenated androgens in testicular differentiation (Liu et al., 2000) have
been described. 17B8-HSD enzyme in Japanese eel displays a substrate specificity similar to the
human protein but seems to differ slightly from any known mammalian HSD17B1 in being

expressed not only in female tissues but also in testis (Mindnich et al., 2004)

Esr (estrogen receptor)

Estrogen is a steroid hormone known by its reproductive roles, as well as for its non-
reproductive functions in vertebrates (Socorro et al., 2000). The Esr is a nuclear receptor
superfamily belonging to a steroid receptor subfamily. The Esr has been cloned in several teleost
fish, including rainbow trout, killifish, Oryzias latipes, tilapia, channel catfish (lctalurus
punctatus), Japanese eel, Anguilla, red seabream (Chrysophrys major), gilthead seabream (Sparus

aurata) and goldfish (Carassius auratus) (Socorro et al., 2000). All fish Esrs, excluding the

21



Japanese eel and goldfish, are more related to ERa (Socorro et al., 2000). In fish, the receptors
are slightly less conserved, especially in the ligand-binding domain, and fish can have duplicate
copies of the receptors. The genome of the zebrafish (Danio rerio) (Bondesson et al., 2016) and
tilapia (Yan et al., 2019a) codes for three estrogen receptors, ESR1, ESR2a and ESR2. Estrogen
also plays significant roles for normal vertebrate embryonic development (Bondesson et al.,
2016). The formation of the female reproductive tract has been most studied, however, several
reports suggested that estrogens have additional important functions, such as in the development
of the male reproductive organs and sex differentiation of the brain (Bondesson et al., 2016).
Estrogens are produced by cholesterol and it requires intermediaries and enzymes to generate
androstenedione and testosterone that finally are transformed it into estrone and estradiol through
the CYP19al enzyme (Figure 7).
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Figure 7. Synthesis of 17f-estradiol. In red are the enzymes involved in the production of estrone and 173-estradiol.

(Vizziano com pers.)

The above mention genes dmrtl, sox9, amh, ar, cypl9al, rspo, foxl2, 775-hsd and esr
have been identified as players in mammalian sex differentiation as well as in some fish species
and other vertebrates studied, albeit some species specific differences are exhibited. The large
majority of these molecules had not been characterized in Neotropical species, such as lambari.
The figure 9 summarizes the main effectors involved in either male or female pathway program

of sex differenciation in vertebrates (Figure 8).
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Figure 8. Main downstream effectors involved in male or female pathway programs of sex differentiation (own
scheme).

1.6 Gonad plasticity and the effect of estrogens

Fish is characterized by plasticity of germ and somatic cells. This plasticity is maintained
throughout the life cycle. Furthermore, the influence of factors in this process such as temperature,
pH, density of population, etc, have been described. In some fish, temperature can play a role in
sex determination, althought TSD in fish is less common than previously thought when compaed
to reptiles, for example (Devlin and Nagahama 2002). Ribas and colaborators (2016) evaluated
the effects of elevated temperature on zebrafish sex differentiation with respect to transcriptome
gonadal analysis. The authors found neomales (female-to-male sex reversal) and, strikingly,
females with a “male-like” transcriptome (Ribas et al., 2016). In addition, some heat-treated fish
showed a gene expression profile similar to untreated controls of the same sex, indicating that
they were resistant to thermal effects (Ribas et al., 2016). This study showed how diverse is the
gonadal plasticity in teleost fish and functional consequences of elevated temperature in natural

populations exposed to global warming.

Sex reversal can be achieved with hormonal treatment during sex differentiation. The
ability to control sex in fish is quite relevant for aquaculture to obatain monosex cultures (Devlin
and Nagahama 2002; Smirnov and Trukhina 2019). This process is very complex, but it can be

manipulated using androgens or estrogens. These steroids control gonad differentiation and
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maintain sexual phenotypes in teleost fish, wherein 17p-estradiol (E2) and 11-ketotestosterone
(11-KT) function as the major estrogen and androgen, respectively (Smirnov and Trukhina 2019).
The balance between estrogen and androgen production is expected to control sexual fate of the
gonads during sex change. For example, factors regulating cypl9ala expression are strong
candidates for the trigger that initiates gonadal sex change; cypl9ala promoter regions contain
binding motifs for numerous factors that potentially regulate its expression (Smirnov and
Trukhina 2019). The brain-pituitary-gonad (BPG) axis can be affected by different external
factors, and this can provoke changes in phenotype fish, independent of the genotype. In the BPG
axsis, hypothalamic neuron secrete gonadotropin releasing-hormone (Gnrh) that induces the
gonadotrophs to synthesize and secrete gonadotropins. Fish possess two gonadotropins similar to
those in higher vertebrates, follicle stimulating hormone (Fsh) and luteinizing hormone (Lh)
(Sullivan and Yilmaz 2018). Depending on species and reproductive status, one or both of these
gonadotropins stimulate the synthesis and secretion of the estrogen, 17p-estradiol (EZ2).
Circulating E2 then induces hepatocytes in the liver to synthesize and secrete vitellogenin (\Vtgs).
E2 also feeds back to act on the brain and pituitary gland, providing homeostatic control of
vitellogenesis and later maturational processes (Sullivan and Yilmaz 2018). Xenoestrogens
present in the environment can 'short-circuit' the brain-pituitary-gonad axis and act directly on the
liver to induce abnormal vitellogenesis in male and juvenile fish, sometimes resulting in the
appearance of ‘intersex’ males bearing previtellogenic oocytes in their testes, and in reproductive
failure (Sullivan and Yilmaz 2018). Vitellogenesis is highly responsive to synthetic and natural
estrogens, and fish Vtgs have been globally adopted as biomarkers of the presence of estrogenic
chemical contaminants in aquatic environments, which is indicated by elevated Vtg levels in the

blood or tissues of male and/or and juvenile fish (Sullivan and Yilmaz 2018).

In order to induce sex change, steroid hormones should be administered consistently
before the period of sex differentiation. Steroid hormones are applied via immersion or treated
feed. Ethinylestradiol (EE2) is often found to be more potent than estradiol (E2), but this ratio
may change with exposure duration, probably due to differences in uptake and different
metabolization rate, and E2 becomes more potent than EE2 as treatment duration increases
(Piferrer and Donaldson 1992). Both female and male vertebrates produce estrogens. The
production and excretion varies throughout life, reproductive cycle and between the two sexes.
Estradiol is both metabolized reversibly and irreversibly. In the reversible metabolism, estradiol
is transformed to estrone, while estradiol is transformed to catechol estrogens or estriol in the
irreversible metabolism (Hoga et al., 2018). The main part of the produced metabolites are finally
conjugated with sulphate and glucuronides and excreted in the urine and are as such an important
source of natural estrogens in the municipal sewage system. A minor amount is excreted via feces

as un-conjugated metabolites (Hoga et al., 2018).
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Therefore, the observation of feminized fish in many parts of the world have raised the
question whether the fertility or reproductive capacity of the fish is reduced and populations in
danger of decreasing (Hoga et al., 2018). Although in most teleosts the gonadal sex can be easily
manipulated by the appropriate treatment, sex control by steroid treatment is not fully effective
in some species. As an example, in brook trout (Salvelinus fontinalis) androgen treatment did not
result in an increase of the proportion of males, nor did it induce intersex, although feminization
could be achieved by estrogen treatment (Diaz and Piferrer 2017). The exact timing and duration
of this sensitive period differs from species to species, depending on the species-specific time of
sex determination, which can lay before or after hatching, before or after onset of feeding (Diaz
and Piferrer 2017). According to Pandian and Sheela (1995), fish species can be divided into two
groups according to the period of sex differentiation. In one group, differentiation occurs for a
short period following hatching, which makes exact timing of any hormonal treatment very
important. In the other group, differentiation occurs during the late juvenile stage and is not
always restricted to a single physiological stage, extending even to adult stages (Pandian and
Sheela, 1995). These species maintain their sexual bipotentiality for a considerate period and may
be influenced by hormonal treatment over several intervals (Adolfi et al., 2019). In a number of
species, it is known that females differentiate earlier than males, as for example in sea bass, barfin
flounder, schwartz's catfish, zebra cichlid, tanictis and pejerrey (Diaz and Piferrer 2017; Mazzoni
and Quagio Grassiotto, 2017; Koger et al. 2000; Piferrer and Donalson 1992).

Yamamoto (1969) postulated that sex steroids were in fact the natural male and female
sex inducers in fish. These include the more classic sex steroid hormones related with the gender
of the fish, namely androgens (males) and estrogens (female). However, it has become clear that
sexual differentiation depends on the balance between sex hormones in the organism, for example
the balance between 11-ketotestosterone (11KT), 17p-estradiol (E2) and others. If the balance is
altered and there is excess 11KT, then this scenario may favor masculine differentiation, while
excess E2 induces feminine differentiation as in the cases of Eurasian perch (Perca fluviatilis)

(Rougeot et al., 2007), and Japanese medaka (Oryzias latipes) (Bahamonde et al., 2013).

Bem and collaborators (2012) investigated the effectiveness of estradiol valerate on A.
altiparanae feminization with the intention to contribute data that could advance the knowledge
about the production and standardization of a sex reversion technique in a native fish. During 30
days, estradiol valerate was administered in different dosages (20, 40, and 80 mg/kg of diet); the
control group did not receive hormone in the diet. The hormone treatments were effective in
feminizing A. altiparanae, achieving 70-76% of the desired sex, while the control treatment had
44% females (Bem et al., 2012). The hormone treatment did not affect the growth of fish.
According to Devlin and Nagahama (2002), incomplete sex transformations are regularly

observed with steroid treatments in fish, with the development of both testicular and ovarian tissue
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in the same individual. Also, according to these authors, in gonochorists species it is difficult to
determine whether or not intersexuality arises from insufficient treatment (dosage, duration, or
timing) or because the particular species is unable to fully respond to exogenous hormone

treatment (Devlin and Nagahama 2002).

1.7 Intersex

Intersex is defined as the simultaneous presence of male and female gonadal tissue in an
individual of a gonochoristic (fixed-sex) species (Adolfi et al., 2018). The most frequently
reported manifestation of intersex is the presence of single or multiple oocytes within the testes
of sub-adult or adult males. However, several other manifestations, such as the presence of
testicular tissue within ovaries or the feminization of male gonadal ducts, have also been
documented (Adolfi et al., 2018). In terms of aquatic contaminants, intersex can vary according
to the exposure and it could be a feminization process (i.e. the presence of oocytes in the testes or
a masculinization process (i.e. the presence of spermatozoa with previtellogenic oocytes)
(Kavanagh et al., 2004). An important point to make is that not all gonochoristic fish species
develop intersex condition (even at contaminated sites). It is unknown if there are sensitive
developmental stages in which male gonochoristic species develop intersex (Kavanagh et al.,
2004). For examples, no intersex cases were observed in goldfish (Carassius auratus), gizzard
shad (Dorosoma cepedianum), brown bullhead (Ictalurus ameiurus), pumpkinseed (Lepomis

gibbosus), and bluegill (Lepomis macrochirus) (Kavanagh et al., 2004).

In a characiformes species like G. ternetzi it was found a juvenile hermaphroditism.
Gonadal aromatase was detected in interstitial cells in the early steps of the gonadal differentiation
in both sexes. The authors believe that Leydig cells have a critical role in gonadal inversion.

Apoptotic oocytes were observed and afterward degenerated (Mazzoni et al., 2015).

During larval life in zebrafish in the period of sex differentiation, gonads go through a
transient female-like phase (approx. 13-25 days post fertilization ), where all larvae produce some
early-stage oocytes (sex determination occurs during this period) (See review; Kossackand
Draper, 2019). For animals that were determined as females, the early-stage oocytes continue to
maturation. By contrast, for animals that were determined as males, their early-stage oocytes
undergo apoptosis as the gonads transition from a proto-ovary into a functional testis (See review;
Kossack and Draper, 2019). Because gonads during this transition period can contain both female-
and male-type germ cells, zebrafish have been referred to as juvenile hermaphrodites. The
transitioning phase of testis development appeared to be over by 30 dpf, when the majority of
oocytes had been cleared from gonads that will differentiate as testes (See review; Kossack and
Draper, 2019).
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1.8 Astyanax genus: A. altiparanae
Astyanax is a genus from the family Characidae widely distributed throughout South and

Central America and previously assigned to the subfamily Tetragonopterinae (Géry, 1977,
Ferreira Neto et al., 2009). The order Characiformes contains at least 24 families, about 520
genera, and about 2,300 species. The genus Astyanax is comprised of freshwater fish that are
widely distributed in the Neotropical region (Garutti and Britski, 2000). This group has been
recently considered for not exhibiting consistent evidence of monophyletism. Astyanax
altiparanae (=A. lacustris (Pereira et al., 2016)) also called lambari is a typical species of the
upper Parana River Basin above Sete Quedas, in Brazil, with the exception of one population

from a location in the Iguagu River situated below this region (Ferreira Neto et al., 2009).

The available cytogenetic data on Astyanax indicate a high karyotypic diversity, with
diploid number of 36-52 chromosomes, presence of B chromosomes, heterochromatin
polymorphism, and variations with respect to the number and localization of nucleolar organizer
regions (NORs) and 18S and 5S ribosomal DNA sites. Studies revealed four different diploid
chromosome number, 2n = 36 for A. schubarti, 2n = 46 for A. fasciatus, 2n = 48 for A. marionae,
and 2n =50 for A. altiparanae, with karyotypes dominated by bi-armed chromosomes. Analysis
in the numerical variation of the 18S rDNA sites of Astyanax species, shown that the terminal
chromosomal position did not change among the different species, suggesting the ancestral state
that diverged about 11.2 Mya (Piscor et al., 2019) (Figure 9).
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Astyanax altiparanae become an attractive commercial fish for fish farmers because of the ease
of fish-seed production, fast growth and resistance, and the simple handling required for this
species (Cassel et al., 2017). There are about one hundred nominal species and subspecies
described in Astyanax genus, but many aspects of their taxonomy are still unknown.

In the Iguacu River basin, Parana State, Brazil, Astyanax is represented mainly by seven or eight
endemic species. The Iguagu ichthyo fauna has a peculiar evolutionary history, with a high rate
of endemism in a cataract-ridden fluvial environment (Prioli et al., 2002). Astyanax species have
a long reproductive period, fast maturation, multiple spawn, small eggs, higher fecundity and
absence of parental care (Suzuki et al., 2005). It addition to its ecological and academic
importance, the order is of substantial commercial importance as a food, particularly in the case
of the species of the genus Astyanax (Cassel et al., 2017). Since some years, A. altiparanae has
become a relevant species for aquiculture, due to its attractive traits such as good survival rate for
larvae and juveniles, easy reproduction, faster growth rate especially for the females and good
resistance (Porto-Foresti et al., 2005; Gongalves et al., 2014) which makes this specie a good
study model.

Reproductive analysis showed that A. altiparanae has paired and ovoid ovaries, as it has been
described for other species of this genus. Ovaries are classified as cystovarian, according the
description by Grier et al., (2007). The germ cells are arranged along the entire lamella and occur
in various stages of development. The development of the oogonia, (into mature oocytes) seems
to be consistent among different teleost species. A. altiparanae has a long spawning period with
reproductive peak from October to February (Cassel et al., 2017: Mazzoni and Quagio Grassiotto
2017). The asynchronous development of oocytes, with postovulatory complexes and vitellogenic
oocytes at the same time, indicates that the species has multiple spawning events (Cassel et al.,
2017). A. altiparanae males also appear to exhibit multiple spermiation. A. altiparanae testes
have distinct areas with different phases of development, and the maintenance of the testicular
regions during the reproductive cycle seems to enable the males to produce and storage sperm
throughout the year (Costa et al., 2014). This allows the species to provide multiple releases of
sperm, which is likely to be associated with more favorable environmental conditions (Cassel et
al., 2017) (Figure 10).

All this characteristics make this specie important for commercial purposes and as a
model in studies concerning fish reproduction and genotoxicity (Silva et al., 2011; Weber et
al.,2013; Gomes et al., 2013; Adolfi et al., 2015; Chehade et al., 2015; Yasui et al., 2015; Santana
et al., 2015; Kida et al., 2016; Levy-Pereira et al., 2019; Francisco et al., 2019). Due to its recent

use as a biological model, genome and transcriptomic data base is not available, as well as there
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are not so many sequences available in NCBI. Sex determining gene is still unknown, for this
reason genotyping is not possible and sex was considering using external characters (phenotype:

females smooth anal fin and males rough anal fin), gonad shape and morphology.

Figure 10. Astyanax altiparanae female adult specimen (Adapted from Cassel 2017).
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2. OBJECTIVE

2.1 General Objective
The aim of this thesis is to evaluate the effects of 17p-estradiol diet during the A.

altiparanae development, focusing on gonadal development and gene expression analysis of
some downstream effectors involved in male and female pathways of sex differentiation. This
study will provide relevant information on whether 17p-estradiol can induce gonadal sex reversal
in this species and how this hormone can modify the regulatory cascades involved on gonadal
differentiation of this species. Moreover, these data would be helpful to establish a hormonal
treatment protocol to produce monosex culture of this species which is extremely relevant for

aquaculture.

2.2 Specific objectives

1. Evaluated the expression of selected genes in adult gonads (testes and ovaries) to find
potential sex-based gene candidates for A. altiparanae.

2. Evaluate the effects of 17p-estradiol diet during A. altiparanae sex differentiation with

respect to the sex ratio gonad morphology and growth rate.

3. Analysis of the effects of 17p-estradiol diet on the expression of genes involved either

male or female pathway program during A. altiparanae gonad development.

2.3 Hypthesis

The hypothesis of this work is obtained a population of 100% rex reversal fish (from male
to female) to understand how the plasticity of the downstream regulatory pathways of the
population at 90dph using as a model a neotropical fish, lambari. For this purpose, we studied
three different doses of 17p-estradiol (2mg/kg, 4mg/kg and 6mg/kg) to investigate which doses

is the best to obtained 100% female population.

This study will provide relevant information on whether 173-estradiol can induce gonadal
sex reversal in this species and how this hormone can modify the regulatory cascades involved

on gonadal differentiation in this species.
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CHAPTER 2

3.Estrogen disrupted sex ratio and induced a complex gonadal
plasticity in lambari, Astyanax altiparanae

3.1 INTRODUCTION

The decision whether the bipotential gonad anlage will become a testis or ovary
is a critical stage in vertebrate sex determination. This developmental process includes
fate determination and cellular differentiation which are finely regulated by a complex
network of multiple regulatory genes and its interactions (Herpin et al., 2013; Herpin and
Schartl, 2015). Recent studies on the molecular identification of upstream regulators and
the downstream regulatory network have provided new information on how sexual
development is regulated in different organisms, and how new sex determiners have
evolved (see review in Herpin and Schartl, 2015). These authors demonstrated that the
downstream effectors are not as strictly conserved as it was suggested by the central
paradigma of sex determination “masters change, slaves remain” (Graham et al., 2003;
Herpin and Schartl, 2015). Herpin and Schartl (2015) proposed a plasticity of gene
regulatory-network composed of "masters", "slaves", "usual suspects", "newcomers" and
"usurpators" regulating sex determination within vertebrates. In this scenario, in addition
to the "masters" and "slaves", new players could be added into the regulatory network
cascade, modifying the length or the entire cascade, but without necessarily impacting on
the final phenotype of male or female (Herpin and Schartl, 2015). This explains the
diversity of molecular mechanisms underlying sex determination and differentiation
among various organismic groups, even within closely related groups or species with the
same sex determining gene. Although diverse, the commonly reported effectors involved
in the vertebrate male pathway program are Fgf9, Sox9, Sox8, Sf1, Dmrtl, while Rspol,
Wnt4, f-catenin, Fst, FoxI2, Esr 1,2 and Cyp19a are the common described for the female
pathway program (Brennan and Capel, 2004; Yao, 2005; Herpin and Schartl, 2015;
Biscotti et al., 2018).

In addition to the specific male or female regulatory pathways, it has been shown
that the development of a testis or ovary from a bipotential gonad requires a controlled
antagonism of one organogenetic pathway by another (Warr and Greenfield, 2012). When
the gonadal development is disrupted, it can lead to a gonadal sex reversal which is
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defined as the transformation of one structure into another normally found elsewhere, in
this case, in the opposite sex (Warr and Greenfield, 2012). The gonadal sex reversal
sometimes can result in an incomplete differentiation of one tissue in another. This results
in an intersex condition, as found in many vertebrates, including fish (Adolfi et al., 2019).
Intersex is defined as the simultaneous presence of male and female gonadal tissue in an
individual of a gonochoristic (fixed-sex) species (Adolfi et al., 2019). In aquatic animals,
intersex is often viewed as a signature effect of exposure to endocrine disrupting
compounds (EDCs), such as the estrogenic chemicals (Bahamonde et al., 2013; Adolfi et
al., 2019).

17p-Estradiol (E2) is a natural estrogen hormone (Simpson et al., 1994)
commonly used to induce effective feminization in some fish species, such as in
Cyprinidae, Anabantidae, Poecilidae, Ictaluridae, Salmonidae and Cichlidae (Pandian and
Sheela, 1995). Moreover, this hormone is widely used to obtain female monosex cultures
from sex reversed fish (Hunter and Donaldson, 1983; Piferrer and Lim, 1997; Aktas and
Genc, 2011). This is the case of some species where the female is more economically
attractive than the male due to its faster growth rate (Beardmore et al., 2001). However,
to obtain an effective sex reversal, several studies have shown that E2 hormonal treatment
should be carried out before the sexual differentiation, during the time where the gonadal
tissue is more sensitive to the action of the hormone (Pandian and Sheela 1995; Piferrer
2001; Devlin and Nagahama 2002; Diaz and Piferrer 2017). The molecular mechanism
by which estrogens or anti-androgens exert its feminizing effects are not completely clear
and systematically compared. In pejerrey, (Odontesthes bonariensis), for example, E2
plays an important role in the early stages of gonadal development by promoting the
expression of genes related to the ovarian differentiation while repressing the testicular
differentiation cascade. In this species, administration of exogenous E2 decreased the
dmrtl mRNA levels, whereas the gonadal aromatase (cypl9ala) was up-regulated
(Fernandino 2008a). In addition to these genes, amh, which plays a critical role in
testicular differentiation, is down-regulated by estrogens in pejerrey (Fernandino 2008b).

The species Astyanax altiparanae, known locally as lambari-do-rabo-amarelo
(Nakatani et al., 2001), is a South American teleost species, which is native to the Upper
Parana basin in Brazil (Garutti and Britski, 2000). A. altiparanae is a fish whose traits
include easy reproduction, good survival rate for larvae and juveniles and faster growth
rate, especially for females (Porto-Foresti et al., 2005). For these reasons, the specie has

commercial importance (Porto-Foresti et al., 2005), and scientifical relevance as
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Neotropical experimental model fish (Gomes et al., 2013; Costa et al., 2014; Chehade et
al., 2015; Siqueira-Silva et al., 2015; Yasui et al., 2015; Adolfi et al., 2015; Pereira-Santos
etal., 2016; Jesus et al., 2017; de Paiva Camargo et al., 2017; Cassel et al., 2017; Branco
et al., 2019; Levy-Pereira et al., 2019). Therefore, the aim of this study is to evaluate the
effects of E2 on A. altiparanae gonadal development by evaluating the gonadal
morphology and the E2-induced changes on male and female sexual differentiation
regulatory pathways. This study will expand our knowledge on the reproductive biology
of A. altiparanae, and also provide information on the gonadal sex differentiation in a

Neotropical species.
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3.2 MATERIAL AND METHODS

Ethics statement

All animal experimentation followed the guidelines for the Ethical Animal
treatment and were approved by the Ethics Committee for animal experimentation of Séo
Paulo State University (CEUA - protocol number: 9496). All efforts were made to

minimize discomfort and suffering during the experimental procedures.

Animals and steroid diet treatment

The specimens used in this study were obtained from the Center of

Aquaculture of S&o Paulo State University (CAUNESP), Jaboticabal (S&o Paulo State,
Brazil). The artificial reproduction was carried out using A. altiparanae broodstocks (1
female : 2 males) that were kept in 100L tanks with constant photoperiod (14 h light:10
h dark) and temperature (28°C), Spawning was induced by a single dose of 3-6 mg carp
pituitary extract/Kg of fish and the fertilized eggs were collected and incubated into a
controlled incubation system until the larva-mouth opening period, which is
approximately 4 days post-hatching (dph) for this species at these conditions. At this stage
(start of experiment), larvae were considered undifferentiated, as previously described
(Adolfi et al., 2015). The animals were then randomly distributed into groups (130
larvae/tank per group) that received different concentrations of steroid diet (0, 2, 4 or 6
mg E2/Kg food) for 28 days. Hormonal treatment lasted until 32 dph because this period
precedes the gonadal sex differentiation as reported before for this species (Adolfi et al.,
2015). In this species, ovaries were identified at 58 dph, while testis at 78 dph, which
suggests that gonadal sex differentiation might occur before 58 dph (Adolfi et al., 2015).
After 28 days of treatment, juvenile fish were then fed ad libitum twice a day with
commercial powdered food without any hormonal treatment. Fish were sampled at 90
dph (three replicas/group); biometric data (weight and length) were recorded and gonads
dissected and collected for morphological and gene expression analysis (see below). The
phenotypic sex was recorded based on the presence of secondary sexual characteristics
(enlarged abdomen and smooth anal fin for females and flat abdomen and rough anal fin
for males) and external gonadal parameters such as color, transparency, vascularity and

presence of oocytes with a naked eye. Approximately 108, 111, 125 and 101 fish at 90
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dph from the experimental groups 0, 2, 4 and 6 mg E2 per Kg food, respectively, were
evaluated for the phenotypic sex.

During the whole experiment, water quality parameters were monitored daily. The
monitored conditions were pH 6.6 + 0.7 (pH meter YSI, model PH100), dissolved oxygen
6.2 + 0.6 mg/L (oximeter YSI model 55), while ammonia (< 0.1 mg/L) and nitrite (0.11
mg/L) concentrations were analyzed weekly. In addition to the abiotic parameters,

mortality rate among the groups was assessed during the whole experiment.

Steroid diet preparation

For the larval stages, steroid diet was prepared according to Stewart and
collaborators (2001). In this method, decapsulated Artemia cysts were incubated in the
hatching medium at proportion of 3 g of cysts per L of medium (Stewart et al., 2001). A
stock solution of 500 mg of E2 (Cayman Chemical, 1180 E, MI 48108) in 75 ml of 70%
ethyl alcohol was prepared. Subsequently, 300, 600 and 900 pl of stock solution was
added to 1 L hatching medium to prepare 2, 4 and 6 mg E2 per L as final concentration,
respectively. Artemia cysts were cultivated at 18-20°C for 24 h and nauplii were collected
by siphoning, filtered and rinsed in 1 L tap water. Stewart and collaborators (2001) have
confirmed that E2 is efficiently incorporated into Artemia prior to the first feeding instar
Il stage. In our experiment, larvae were fed ad libitum 4 times a day with the Artemia

nauplii exposed to 0, 2, 4 or 6 mg E2 per L.

For juvenile stages, fish were fed with commercial powdered food containing 0,
2, 4,6 mg E2 per Kg of food, as described by Popma and Green (1990). For this purpose,
a hormone-—alcohol mixture at 2, 4, 6 mg E2/L was sprayed onto the powdered food. The
food was left in a dark room for 12 h to volatilize the solvent and afterwards the powdered
food was stored at 4°C. Juvenile fish were fed ad libitum 4 times a day with commercial
powdered food containing 2, 4, 6 mg E2 per Kg of food. The control diet was impregnated
with 96% ethyl alcohol, processed the same way as the treated feed, and stored at 4°C
until the day of use.

Histology
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Gonads from the different experimental groups 0 (n = 12), 2 (n = 24), 4 (n = 29)
and 6mg E2/Kg food (n = 44) were analyzed at 90 dph by histology. For this purpose,
gonads were dissected, fixed in modified Karnovsky solution (2% glutaraldehyde and 4%
paraformaldehyde in Sorensen buffer [0.1 M, pH 7.2]) for at least 24 h at room
temperature, and subsequently dehydrated, embedded in resin (Leica HistoResin) and
sectioned at 3um thickness. Some samples were also fixed in buffered 4%
paraformaldehyde solution, embedded in Paraplast (Paraplast High Melt, Leica) and
sectioned with Sum thickness. The sections were stained with hematoxylin and eosin. The
gonads were analyzed and classified as ovary, testis or testis-ova. The histological
sections were examined and documented using Leica DMI6000 microscope from the
Reproductive and Molecular Biology group (UNESP/Botucatu).

Gene expression analysis

Gene expression analysis were performed in adult male and female fish tissues
(380 dph) to examine the tissue distribution expression for the selected genes. We also
analyzed the expression of the selected genes in adult testes and ovaries (380 dph) to
identify putative sex biased genes in this species. In the first approach, different tissues
(pituitary, muscle, liver, gonads and intestine) were used from males (n = 3) and females
(n = 3), while in the second one, testes (n = 6) and ovaries (n = 6), confirmed by histology,

were used. All individuals were not subjected to any hormonal treatment.

We also evaluated the E2-induced changes on gene expression in the gonads of
juvenile fish (90 dph) (n =5 males, 5 females per group, both confirmed by histology
prior the analysis) in the control (0 mg E2/Kg) and 6 mg E2/Kg food group. We selected
this group because this concentration (6 mg E2/Kg) induced more phenotypic and
histological females after the treatment (Fig. 1).

Total RNA (adults and juveniles) was extracted using TRIzol™ (Invitrogen,
Carlsbad, CA, EUA), following manufacturer’s instructions. After verifying RNA
integrity and quality, cDNA synthesis was performed using 1 pg total RNA and 4 pL 5x
iScript reaction mix for 5 min at 25°C. Reverse transcription (RT) was performed at 46°C
for 20 min using iScript Reverse Transcriptase (Bio-Rad Laboratories, Hercules, CA,

EUA), as described by the manufacturer.
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gRT-PCRs reactions (10 uL) were performed in a StepOne Plus system (Life
Technologies), where each reaction contained 2.5 pL each primer (1.125 nM), 5.0 uL
SYBR® Green Master Mix (Bio-Rad Laboratories, Hercules, CA, EUA) and 2.5 uL total
cDNA. All reactions were subjected to 95°C for 10 min followed by 40 cycles at 95°C
for 15 sec and 60°C for 1 min, and at the end, 95°C for 15 sec. Primers of dmrtl, elfla
and sox9 (Table 1) are specific to A. altiparanae and were obtained from Adolfi et al.,
(2015). Primers for amh, ar, cypl9ala, foxl2, esr and Asd17p1 were designed based on
highly conserved nucleotide regions of A. mexicanus. (Table 1). Sequences to design the
primers for rspol and esr were based on the transcript variant X1 of the available genome
of cave fish, A. mexicanus, a related species of A. altiparanae. These sequences
correspond to rspol and esrl or esr alpha in other species. In addition, based on A.
mexicanus genome, only one isoform was found for ar, esr and the rest of the evaluated
genes. All primers for gRT-PCR amplification were designed with Primer Express
version 3.0 software (Applied Biosystems). The levels of elfla mRNA, chosen as
endogenous control mMRNA, remained stably expressed under the different experimental
conditions. The validity of the gRT-PCR reactions were confirmed through the analysis
of the melting curves (Supplementary Fig. 1A) and by checking the amplified fragments
in an agarose gel. The relative mMRNA levels of the target genes were determined using
the 24A¢D method, in which the expression of the studied gene was normalized using
efla as the reference gene and subsequently calibrated to its average expression value

found in all tissues/conditions.

Statistical Analysis

Results were expressed as mean values £ SEM. Significant differences between
two groups were identified using unpaired Student t-test (p < 0.05). Comparisons of more
than two groups were performed with one-way ANOVA followed by Student-Newman-
Keuls test (p < 0.05). Graph Pad Prism 4.0 (Graph Pad Software, Inc., San Diego, CA,

USA, (http://www.graphpad.com) was used for all statistical analysis.
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3.3 RESULTS

E2 disrupted the sex ratio and induced intersex

The E2 treatment disrupted the sex ratio by increasing the number of phenotypic
females in a dose dependent manner (Fig. 1A). For the phenotypic identification, as
mentioned before, animals were recorded as females if presented enlarged abdomen,
smooth anal fin and gonads with higher vasculature and oocytes at naked eye. The higher
percentage of phenotypic females (~80%) was observed in the 6 mg E2/Kg food (Fig.
1A). The histological analysis revealed that E2 treatment imbalanced the sex ratio, and
surprisingly, induced intersex individuals with testis-ova in the groups of 2 and 6 mg
E2/Kg food (Fig. 1B). We found 45,8% testes, 37,5% ovaries and 16,7% testes-ova in the
treatment of 2 mg E2/Kg (Fig. 1B). For the intermediate concentration (4 mg/Kg), we
observed 65,5% testes, 34,5% ovaries and no intersex among the individuals (Fig. 1B).
While the highest concentration of E2 (6 mg/Kg) produced 52,3% ovaries, 40,9% testes
and 6,8% testes-ova (Fig. 1B). There was no intersex condition in the control fish (0 mg
E2/Kg) (Fig. 1B).

With respect to the gonadal histological characteristics, no differences were
observed between control and treatment groups (Fig. 2). In females, the ovaries presented
numerous lamellae that project into the ovarian lumen, and also oocytes at different stages
of development, especially at primary and secondary growth phases (Fig. 2A,D,F). For
males, the testes showed an anastomosing tubular structure and a germinal epithelium
composed of cysts at different stages of germ cell development (Fig. 2B,E,G). The
testicular lumen was fulfilled of spermatozoa and secretion (Fig. 2B,E,G). The intersex
individuals presented a testis-ova gonad with oocytes intermixed with male germ cell
cysts (Fig. 2C,H).

Interestingly, the hormonal treatments did not induce significant fish mortality,
and no differences in length and weight were observed between control and the

experimental groups (Table 2).

Tissue screening and sex-biased gene expression in adult gonads

Expression analysis for the selected genes were evaluated by gRT-PCR in adult

tissues (pituitary, muscle, liver, gonads and intestine) from males and females (Fig. 3).
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Among the evaluated genes, only amh, dmrtl and cyp19ala were highly expressed in the
testes when compared to other tissues (Fig. 3A). Most of the selected genes showed lower
or not detectable expression levels in adult tissues from males and females (Fig. 3). For
the females, none of the selected genes were highly expressed, except the esr, which was

highly expressed in the liver (Fig. 3B).

Further analysis compared the expression of the selected genes in the adult testes
and ovaries in order to identify sex-biased genes for this species (Fig. 4). This
identification would help to understand the E2-induced changes on gene expression (see
below). Therefore, the gRT-PCR revealed a dimorphic expression for dmrtl, amh, sox9,
showing that these transcripts are highly expressed in the testes than in ovaries (Fig. 4).
We did not find any dimorphic expression for esr, rspo, cypl9ala and foxI2, considered

as female genes (Fig. 4).

E2 induced changes on gonadal gene expression at 90 dph

Gene expression analysis were performed in testes and ovaries from control and
6 mg E2/Kg food group. Prior the analysis, testes and ovaries from control and 6 mg
E2/Kg food were first confirmed by histology. We selected the highest concentration (6
mg/kg), because this dose induced more phenotypic and histological females. Intersex
individuals were not subjected for gene expression analysis, due to their low number in
the samples collected for gene expression analysis. Our results showed that E2 induced
changes on the expression of the target genes when compared to the control (Fig. 5;
Supplemetary Fig. 1B,C). The males that received E2 (6 mg/Kg) showed higher testicular
expression of dmrtl, amh and sox9 when compared to the non-treated males (Fig
5A,B,D). The 17B-HSD enzyme, which is involved in the conversion of
dihydrotestosterone into androstenediol, androstenedione into testosterone and estrone
into estradiol, showed lower mRNA levels in the E2 (6 mg/Kg) group (Fig. 5E). On the
other hand, genes related to the female pathway program, such as esr and foxI2 were up-

regulated in the males from the E2 group (Fig. 5G,I).

When evaluating the females, steroid treatment also changed the expression of
target genes when compared to the control (Fig. 5, Supplemetary Fig. 1C). Surprisingly,
the testicular-biased-genes dmrtl and sox9 were overexpressed in the ovaries of the E2-

derived females than in the control (Fig. 5A,D). On the other hand, amh, which is also a
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male-biased gene, did not change its expression levels in the steroid group when
compared to the control (Fig. 5B). For the genes related to the female pathway, E2 diet
significantly increased the esr and rspo mRNA levels when compared to the control (Fig.
5G,H), whereas the gene encoding the gonadal aromatase (cypl9ala) was down-

regulated in the hormone diet group (Fig. 5F).
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3.4 DISCUSSION

Several studies have demonstrated that estrogens or anti-androgens can skew the
sex ratio towards females in different species of fish (Pandian and Sheela 1995; Piferrer
2001; Devlin and Nagahama 2002; Vizziano et al., 2008, Budd et al., 2015, Diaz and
Piferrer, 2017). The hormonal treatment with E2 has been reported as the most efficient
method to induce feminization and produce sex reversed fish to obtain monosex
populations in aquaculture (Hunter and Donaldson, 1983; Piferrer and Lim, 1997,
Piferrer, 2001; Aktas and Genc, 2011). This is also applied for A. altiparanae, a
neotropical model species with economical and ecological relevance (Bem et al., 2012).
In the present study, we evaluated whether E2 could skew the sex ratio in A. altiparanae,
and how this hormone could modify the regulatory cascades involved on the gonadal sex
differentiation. Our results demonstrated that E2 increased the number of phenotypic
females at 90 dph in a dose dependent manner. The concentration of 6 mg E2/Kg food
was the most efficient to disrupt the sex ratio according to the phenotypic characteristics
(~80% females out of 101 sampled fish in this group) and histological analysis (52,3% of
ovaries out of 44 sampled fish). For the other concentrations, histology revealed 45,8%
testes, 37,5% ovaries and, surprisingly, 16,7% testes-ova in the 2 mg E2/Kg group (n =
22). While for 4 mg E2/Kg group, we observed 65,5% testes, 34,5% ovaries and no
intersex among the individuals (n = 29). While the highest concentration (6 mg E2/Kg)
produced 52,3% ovaries, 40,9% testes and 6,8% testes-ova (n = 44). Based on these
results, our data indicate that E2 can disrupt the phenotypic and histological sex ratios in
A. altiparanae. Another interesting finding is the presence of intersex individuals with
testes-ova at the lowest (16,7%) and highest (6,8%) concentration of E2. From our
knowledge, this is the first study that reports the occurrence of intersex in lambari.
Intersex is defined as the simultaneous presence of male and female gonadal tissue in a
gonochoristic (fixed-sex) species and it is often viewed as an effect of exposure to
estrogenic chemicals (Bahamonde et al. 2013). When the gonadal development is
disrupted by estrogens, a complete male-to-female sex reversal is reported (Warr and
Greenfield, 2012), but sometimes it can lead to an incomplete differentiation of one tissue
in another, producing intersex animals (Adolfi et al., 2019). Therefore, our results indicate
that treatment used was not enough to induce a complete male-to-female sex reversal in
A. altiparanae, producing intersex individuals with testes-ova at 90 dph. In another study

with the same species, Bem and collaborators (2012) used at least 10 times higher
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concentration of estradiol valerate to produce 70-76% male-to-female sex reversal
without intersex at 161 dph. This leads us to conclude that the concentration used in our
work could be considered lower to induce a complete male-to-female sex reversal.
Despite the species-specific sensitivity, other studies also reported intersex after using a
considerably lower concentration of E2. For example, 100 ng and 1 pg/L E2 caused 10%
intersex in chinook salmon (Oncorhynchus tshawytscha) (Bjerregaard et al., 2008). In
Japanese medaka (Oryzias latipes), an exposure to 10 ng/L E2 for approximately 100
days after hatching caused 10% intersex but no change in the sex ratio (Bjerregaard et al.,
2008). Interestingly, in our study, the percentage of intersex decreased from 16,7% to
6,8%, using the lowest and highest E2 dose, respectively. This is another evidence that if
used in higher concentrations, E2 could be more effective to induce a complete sex
reversal in A. altiparanae. Despite of 29 animals from the intermediate concentration (4
mg/Kg) had their gonads observed at histology, we did not find any intersex animal in

this group. This is intriguing and deserves more attention in future experiments.

In this study, we also examined the E2-induced changes on gene expression to
understand how E2 could affect the regulatory cascade involved on gonadal sex
differentiation of A. altiparanae. For this purpose, we first evaluated the existence of sex-
biased genes by analyzing the expression of some selected candidate genes in adult
gonads (380 dph). Our data revealed a testis-biased expression for dmrtl (p < 0.01) and
sox9 (p < 0.05), which is in accordance with previous studies for this species (Adolfi et
al., 2015). In several fish species, both genes, dmrtl and sox9, are expressed during the
early stages of development, playing an essential role in testis differentiation (Marchand
et al., 2000; Kluver et al., 2005; Masuyama et al., 2012; Herpin and Schartl, 2015; Adolfi
et al., 2015; Cui et al., 2017; Adolfi et al., 2019a). We do not know if A. altiparanae
presents different isoforms of dmrtl and sox9 (Adolfi et al., 2015). Moreover, the sox9
sequence used here shows higher identity with other teleost sox9b genes (Adolfi et al.,
2015), which is the copy exclusively expressed in the testes (Kluver et al., 2005; Adolfi
et al., 2015).

Our expression analysis also revealed a dimorphic expression for amh (p <
0.0001). These transcripts are highly expressed in the testes than in the ovaries of A.
altiparanae. In fish, it has been reported that Amh, anti-Mdllerian hormone, a member of
transforming growth factor B, is expressed in the undifferentiated gonads of both sexes at

relatively low and equal levels (Kluver et al., 2007; Pfennig et al., 2015; Adolfi et al.,
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2019b). During testis differentiation, amh expression increases and remains higher during
and after puberty in adult males (Pfennig et al., 2015; Adolfi et al., 2019b). Accumulating
evidences that Amh plays a role in testis differentiation come from medaka studies, where
amhr2 loss-of-function mutant hotei leads to an excessive germ cell proliferation and
male-to-female sex reversal in 50% of the XY animals (Morinaga et al., 2007; Nakamura
et al., 2012). Based on these observations, our expression analysis suggested that amh
could be considered a testis-biased gene (p < 0.0001) with potential roles on testicular
differentiation of A. altiparanae. When analyzing possible candidates involved in the
female pathway program, none of the selected genes (esr, rspo, cypl9ala and foxI2)
showed a female-biased expression pattern. This observation was also reported for other
fish species, such as zebrafish and medaka where esr and rspo are not female-biased genes
(Herpin et al., 2013).

When analyzing the E2-induced changes on gene expression, we found that E2-
derived males overexpressed the testicular-biased genes dmrtl, sox9 and amh. On the
other hand, 173-HSD, an enzyme involved in the production of steroids (androstenediol,
testosterone and estradiol), showed lower testicular mMRNA levels in the E2 group. This
data suggests that steroids levels (androstenediol, testosterone and estradiol) could be
reduced in these males when compared to the control. Although esr and foxI2 are not
female-biased genes, their mRNA levels were significantly increased in the testes of
treatment group. FoxI2 is considered an important gene for the ovarian differentiation in
mammals and fish (see review in Herpin and Schartl, 2015). Moreover, it has been shown
in trout (O. mykiss) that foxI2 expression is dependent of estrogens and is temporally co-
expressed with cypl9ala during the initial steps of ovarian differentiation (Vizzano et al.
2008). Therefore, we believe that the higher expression of esr and foxI2 in A. altiparanae
males could be interpreted as E2-related effects.  Altogether, the testicular expression
profile found in the E2-derived A. altiparanae males could be associated to a mechanism
of resilience to the E2 treatment. We Dbelieve that these males, considered as "E2
resistance males” (Fig. 6), were able to resist the E2-induced feminization by enhancing
the expression of genes related to testis differentiation, such as dmrtl, sox9 and amh. The
higher expression of these genes might be responsible for maintaining the testicular
morphology under E2 treatment (Fig. 6). Despite the androgen pathway seemed to be
affected, as shown by 774-hsd and E2-related genes (esr and foxI2), this genetic profile

was not enough to induce a complete male-to-female sex reversal (Fig. 6). Interestingly,
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the same phenomenon is reported for zebrafish (Ribas et al., 2017) and European sea bass
(Navarro-Martin et al., 2009) but for the opposite sex. In these species, heat-exposed
females remained as phenotypic females because they were unable to be masculinized by

high temperature (see below) (Navarro-Martin et al., 2009; Ribas et al., 2017).

Strikingly, we also found females derived from the E2 treatment that showed
normal ovarian morphology but with altered gene expression, exhibiting higher
expression of testicular-biased genes, such as dmrtl and sox9 (Fig. 6). Moreover, these
E2-derived females also presented lower mRNA levels for the gonadal aromatase
(cypl9ala), which is important for estrogen production in females (Fig. 6). In tilapia,
zebrafish and rainbow trout, it has been shown that dmrtl down-regulates cypl9ala
transcription, resulting in a decreased aromatase activity and consequently lower E2
levels (Guiguen et al., 2009; Wang et al., 2010; Paradhan and Olsson 2016; Li et al.,
2018). Likewise, the lower expression of cypl9ala in the E2-derived females in our
experiment could be attributed to the higher expression of dmrtl. Moreover, due to the
decrease of cypl9ala mRNA levels, it is probably that E2 levels are reduced in these
females. Although not female-biased, esr and rspo were up-regulated in the A.
altiparanae females treated with E2 (Fig. 6). With respect to r-spondin (rspo), this gene
is considered a potential female-determining gene in vertebrates which regulates the
Wnt4/B-catenin signaling pathway (see review in Herpin and Schartl, 2015). Altogether,
our results showed that despite of the normal ovarian morphology, the E2-derived females
showed a "male-like" gonadal expression (Fig. 6). This is quite interesting and
demonstrates the complexity of the gonadal plasticity in teleost fish. As far as we know,
this is the second evidence that reports such complexity in fish. The first evidence comes
from studies in zebrafish, where Ribas and collaborators (2017) found females or so-
called "superfemales" that were able to resist the heat-induced masculinization,
maintaining their ovarian morphology despite changing their gonadal transcriptome to a
testis-like one. These females displayed a gene expression analysis where the female
related genes, such as cyp19ala and vtg5 were down-regulated, while genes related to the
testicular differentiation, such as dmrtl and amh were up-regulated (Ribas et al., 2017).

In our study, we speculate whether A. altiparanae females with "male-like"
expression could be derived from the E2 resistant males which somehow lost their
resistance to E2 and undergo a complete gonadal transformation (testis to ovary) but not

accompanied at the transcriptomic level (Fig. 6). The presence of intersex individuals
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could support this hypothesis and would indicate a transitional stage of the gonadal
transformation (Fig. 6). In this scenario, an interesting question for future studies
concerns to determine which genes are involved in the E2 resilience and which genes
would be involved in the transcriptional and morphological gonadal male-to-female sex

reversal.

With this respect, when comparing the expression profile of the E2 resistant males
with the E2-derived females, a similar pattern was found for the male-biased genes (dmrt1
and sox9), except for amh. While dmrtl and sox9 mRNA increased in both males and
females treated with E2, amh was down-regulated only in the E2-derived females.
Considering the role of Amh on testicular sex differentiation (Adolfi et al., 2019;
Morinaga et al., 2007; Nakamura et al., 2012), we speculate that the down-regulation of
amh could be associated to the gonadal transformation into ovary. Schulz and
collaborators (2007) demonstrated that 17a-ethinylestradiol (EE2) exposure in early life
of zebrafish caused a down-regulation of amh and consequently a disruption in the male
gonadal development. Further studies will be necessary to address the role of Amh in A.
altiparanae sex differentiation and to evaluate how Amh interacts with other effectors
(Dmrtl and Sox9) in the male regulatory cascade pathway of this species.

Finally, we also wonder if all E2-derived females presented a "male-like™ gene
expression profile. Thus, based on R-values for dmrtl and sox9 (Supplementary Fig. 1C),
we could observed that 1 out of 5 individuals presented lower dmrtl and sox9 mRNA
levels (Supplementary Fig. 1C). This indicates that some individuals among the
population remain with the female expression profile independently of the E2 treatment
(Fig. 6). These results are still a puzzle especially because there are no evidences of sex
determining gene and the mechanisms involved in the gonadal sex differentiation of this

species are unknown.

In conclusion, our results provide information on gonadal sex differentiation of a
Neotropical species model, A. altiparanae. First, we showed that E2 concentration used
was not enough to induce a complete male-to-female sex reversal, producing intersex
individuals with testes-ova. We also discovered that E2 treatment induced a complex
gonadal plasticity, in terms of genetic expression (Fig. 6): 1 - the E2 resistant males that
overexpressed the testicular sex-biased genes dmrtl, sox9 and amh; 2 - the E2-derived
females with normal ovarian morphology but with a "male-like™ gene expression; and 3-

the E2-derived females with lower dmrtl and sox9. This model opens new possibilities
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to study the mechanisms of gonadal sex differentiation and plasticity in a Neotropical fish
model, as well as the consequences of exogenous estrogens in the natural environment at

individual, populational and transgenerational levels.
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3.5 FIGURES
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Figure 1. A. Percentage of phenotypic females derived from the steroid diet treatments.
Animals received a steroid diet containing 2, 4 or 6 mg E2 per Kg food during 28 days,
from the mouth opening (4 days post-hatching) until the period that precedes the gonadal
sex differentiation. The asterisks denote significant differences between control and
treatment groups using Chi-square (control vs 2mg/Kg: ** p = 0.0014; control vs 4
mg/Kg: * p = 0.0100; control vs 6 mg/Kg: **** p < 0.0001). The phenotypic sex was
identified according to the presence of secondary sexual characteristics: enlarged
abdomen and smooth anal fin for females; flat abdomen and rough anal fin for males, and
also according to external gonadal parameters such as color, transparency, vascularity and
presence of oocytes with a naked eye. Approximately 108, 111, 125 and 101 fish from
the experimental groups 0, 2, 4 and 6 mg E2 per Kg food, respectively, were evaluated
for the phenotypic sex. B. Percentage according to the gonadal histology: control (0
mg/Kg food) exhibited 50% ovaries, 50% testes (50%) and no intersex; 2 mg E2/Kg food
showed 45,8% testes, 37,5% ovaries and 16,7% testes-ova; 4 mg E2/Kg food presented
65,5% testes, 34,5% ovaries and no intersex; 6 mg E2/Kg food produced 52,3% ovaries,
40,9% testes and 6,8% testes-ova. Sex ratio (males/females) were: 1,00 (control), 1,22 (2
mg/Kg), 1,9 (4 mg/Kg) and 0,78 (6 mg/Kg). The sample size for the histological analysis
was: 12 (control), 24 (2 mg/Kg), 29 (4 mg/Kg) and 44 (6 mg/Kg).

59



Figure 2. Gonadal histological analysis from the 2, 4 and 6 mg E2 per Kg food . The

gonadal morphology among the groups were quite similar, no structural differences were
observed. The females (A,D,F) showed similar morphology; numerous lamellae with
oocytes at different stages of development, especially at primary and secondary growth
phases, including previtellogenic oocytes (perinucleolar) (PVO) and vitellogenic oocytes
(VO). The males (B,E,G) exhibited testes with anastomosing tubular structure (E) and

germinal epithelium composed of cysts (arrowheads) at different stages of

60



spermatogenesis. Spermatozoa (SZ) and secretion (asterisks) are also seen in the testicular
lumen. The intersex individuals (C,H) presented a testis-ova gonad with oocytes (PVO
and VO) intermixed with male germ cell cysts (arrowheads). Staining: hematoxylin and

eosin (H&E).
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Figure 3. A,B. Relative expression of amh [Anti-Mullerian Hormone], dmrtl [doublesex
and mab-3-related transcription factor 1], sox9 [SRY-box transcription factor 9b], ar

[androgen receptor], /74-hsd [17-bethydroxysteroid dehydrogenase ], esr [estrogen
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Relative mRNA expression

receptor], rspo [R-spondin 1], cypl9ala [aromatase] and foxl2a [forkhead box L2 a] in
adult tissues (pituitary, muscle, liver, gonads, intestine). A. Male (n =3). B. Female (n =
3). Animals were sampled at 380 days post-hatching. The expression level of each gene
was first normalized to the expression of elfla and then expressed as relative values to its
average expression in all organs. Each bar represents the mean £ SEM. Asterisks denote
significant differences among the samples: * (p < 0.05), ** (p < 0.01) and NS (not

significant).
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Figure 4. The relative expression of dmrtl [doublesex and mab-3-related transcription
factor 1], amh [Anti-Mullerian Hormone], sox9 [SRY-box transcription factor 9], ar
[androgen receptor], 175-hsd [17-beta hydroxysteroid dehydrogenase ], esr [estrogen
receptor], rspo [R-spondin 1], cypl9ala [aromatase] and foxl2a [forkhead box L2 a] in
adult gonads of A. altiparanae; testes (n = 6) and ovaries (n = 6). Animals were sampled
at 380 days post-hatching. The expression level of each gene was normalized to the

expression of elfla and expressed as relative values to its average expression in both
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gonads. Data are expressed as mean = SEM. Asterisks denote significant differences

between testes and ovaries: * (p < 0.05); ** (p < 0.01); **** (p < 0.0001).
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Figure 5. The relative expression of the selected genes in testes and ovaries from control
and 6 mg E2/Kg food at 90 days post-hatching. Control males (n = 5); control females
(n =5), 6 mg E2/Kg males (n = 5) and 6 mg E2/Kg females (n =5). A: dmrtl [doublesex
and mab-3-related transcription factor 1]. B: amh [Anti-Mdllerian Hormone]. C: ar
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E2

Control

[androgen receptor]. D: sox9 [SRY-box transcription factor 9]. E: 17p-hsd [17-beta
hydroxysteroid dehydrogenase ]. F: cypl9ala [aromatase]. G: esr [estrogen receptor].
H: rspo [R-spondin 1]. I: foxl2a [forkhead box L2 a]). The expression level for each
gene was normalized with the expression of elfla and expressed as relative value to its
average expression in both gonads. Each bar represents the mean + SEM. Different letters

denote significant differences (p < 0.05) between control and treatment group for the same

gonad.
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Figure 6. Gonadal plasticity in Astyanax altiparanae. The existing dichotomy between
male and female originates a complex gonadal plasticity at 90 days post-hatching when
larvae (4 days post-hatching) with undifferentiated gonads were treated with 6 mg E2/Kg
food during 28 days. Four different scenarios were derived from the E2 treatment. The
"E2 resistant males™ which comprises males that were resilient to the E2 treatment. These
males overexpressed genes related to the testicular differentiation, such as dmrtl, sox9
and amh. On the other hand, 77p-hsd is downregulated, while genes considered E2-

related, such as esr and foxI2 were up-regulated. We believe that these males become
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resistant to the E2-induced feminization due to the overexpression of male-biased genes.

The first question mark (?1) speculates whether the intersex individuals (second scenario)

were originated from the E2 resistant males that lost their resistance to E2 and start to

undergo sex reversal (male-to-female). Intersex individuals could indicate an incomplete

gonadal sex reversal or a transitional stage to originate sex reversed females (?2). The

third scenario comprises the females that exhibited a normal ovarian morphology but

showed a "male-like" gene expression. dmrtl, sox9, esr and rspo-1 were up-regulated,

while cypl9ala and amh were down-regulated in these females. The last scenario refers

to the animals that developed as females independently of the E2 treatment. Within the

circles, genes on the upper part are up-regulated, while the ones on the lower, are down-

regulated.

3.6 TABLES

Table 01: Specifications of the primers used in gRT-PCR reactions

Gene Primer sequence (5'-3") Accession no. Species Amplify length (bp) | Annealing temp. (°C) | PCR efficiency (%o)
amih Forward: AGGCTTTGCAAGCTGTGTTG XM 0226697741 Asf_L.'(rmrx 4 ss 100
Reverse: GCTTTGTTGTGCCATCCTGG - nrexicanis
ar Forward: GCTAAGGCAGGGTTAAGGCA XM 0226850811 Asf_yl-rmnx 135 sg 104
Reverse: ACACCTAAGCCTGTGTCTGC mexicamis
. Forward: TGCAGTTCCTGAGCAGCAG Astyanax
PI9a1a g erse: TTCGACACTTGGCAGACAGT MMO2268702L1 | i o3 60 102
dmrtl Forward: CAGCCTACTACAGCAACCTCTACAAT KMS02983.1 As.ryanax 76 60 100
Reverse: TGGCTGGACAGACGGCTATC altiparanae
osr Forward: GTCCACTTCCTGGATGGAGC M 007253897 3 Ast}.‘(rn(Tx 120 50 107
Reverse: AAGAGTTTCTTCGGCCAGGG - mexicanits
elfla Forward: CTTCTCAGGCTGACTGTGC XM 0072538973 Asr}l‘anax 112 60 110
Reverse: CCGCTAGCATTACCCTCC mexicanits
foxl2 Forward: ACCTGAGCCTTAACGAGTGC XM _007232295.3 Ast}.‘(rn(Tx 97 58 100
Reverse: ATGTCTTCACACGTCGGGTC mexicanits
hsd17b1 Forward: AGAGCAACATCACTGAGGGC XM 007234470.2 Asr}l‘anax 76 sg 08
Reverse: GCTTCCAGTGGTCCCATCAA - mexicanits
rspol Forward: ACATGAGAAGAAGATGAGTGGG XM 007251793.3 Ast}.‘(rn(Tx 31 58 101
Reverse: CTGGAATCCTACGCGTGACA mexicanits
) Forward: CCAGCATGGGCGAAGTG Astyanax
$0%9 | Reverse: CGTCGGTGGCGITGGA KM302984.1 altiparanae n 58 100
Table 02: Total length and weight of A. altiparanae sampled at 90 days post-hatching.
T1 = control; T2 = 2 mg/L estradiol; T3 = 4 mg/L estradiol and T4 = 6 mg/L estradiol.
T .
Treatment Total length (cm) Weight (g)
Control 695+0.79 5.29+1.90
2mg E2/Kg 7.02+0.84 529+2.10
4mg E2/Kg 6.86 +0.85 4.96 + 1.81
6 mg E2/Kg 7.08 +£0.84 5.50+1.90
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Supplementary Figure 1. A. Primer specificity. The primer specificity was evaluated
according to the melt curve temperature (dissociation temperature). The dissociation
temperature in all gPCR reactions are shown for each primer. All primers showed high
specificity. Although some variations were found for 174-hsd (2 samples) and esr (5
samples), most of the samples showed the same melt curve temperature. Each dot
represents the melt curve temperature for one sample. B,C. R values for each evaluated
gene from control and 6 mg E2/Kg group. B. Male. C. Female. Each dot represents R
value for one sample per condition. For females, note that one sample showed a lower
R value for dmrtl and sox9, while the rest exhibited higher R values for the same genes.
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CHAPTER 3

4.FINAL REMARK

The regulatory network involved in gonadal sex differentiation is a complex and
multifactorial process even in closely related species. For example, different regulatory network
are seeing in the Oryzias species especially in those with the same sex determining gene
(dmrtlbY) (Figure 6, apedix 8). Interestingly, although, the final morphological product is the
same (testis and ovary) (Figure 1). Lynch (2007) proposed a theoretical analysis to show the
qualitative features of the transcriptional networks. The final gene product of a genetic network
or cascade produces a phenotype, changes in the upstream system can occur without necessarily
altering the finally expressed phenotype (Lynch, 2007). As a result, the regulatory network has
changed, but the phenotype will be constant (Lynch, 2007). Similar observation were seen in this
thesis where changing the regulatory pathways did not alter the morphological phenotype (female
with “male-like” expression and estradiol “resistant male”). In this thesis, a battle of sexes as
shown by the E2 resistant male, where the male pathway is stronger compared with the females
with “male-like” gene expression (Figure 2). In females, cypl9al expression produces
aromatase, which converts testosterone to estradiol (E2) and maintains the auto-regulatory feed-
forward loop sustaining the high oestrogen levels that support ovarian function (Guiguen et al.,
2010). Within this loop, transcription factors like FoxI2 interact to up-regulate cypl9al
expression (Wang et al., 2007). An oestrogenic environment reinforces female-specific gene
expression while suppressing male-promoting genes. In males, cypl9al expression and aromatase
production is suppressed and hsd11b2 and cypllcl promote production of 11KT; such that
androgenesis prevails supporting testicular function and male-specific gene expression. Inhibitory
and activating effects of androgens on Amh are reported (Pfennig et al., 2015). Dmrt1 suppresses
cypl9al promoter activity directly (Wang et al., 2010) and indirectly via its antagonistic
relationship with foxI2. Thus, regulation of the androgen/oestrogen balance that determines sexual
fate in fish seems to be governed predominantly by dmrtl, amh, foxl2 and cyp19al (Todd et al.,
2016) as we showed in this thesis (Figure 2).

Our results contribute to the understanding how regulatory pathways are in related
species, as well as, the complex paradigms that authors like M. Lynch (Nat. Rev. Genet. 2007)
and Herpin and Schartl (2015) proposed. Also, this thesis contribute with information to obtain
sex reversed fish (higher population of female) for the production of monosex in aquaculture in

order to increase the production of this fish for commercial purposes.
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Figure 1. Regulatory network among Oryzias species. Regulatory network is not conserved between O. latipes, O
curvinotus, O .luzonensis and O. javanicus. Figures in orange correspond to the sex determining gene, while figures in
blue correspond to the same actors in the regulatory pathway with a different regulation in each specie. Even O. latipes
and O. curvinotus shared the same sex determining gene (dmrtlbY), and the others different, the final outcome is the

conserved gonadal morphology among species (Adapted from Heule et al., 2014).
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Figure 2. Antagonistic sex-specific gene networks maintain sexual fate in fishes by promoting either an oestrogenic

(left) or androgenic (right) environment (own scheme).
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5.APENDIX

5.1 Projects in collaboration with the University of Wurzburg

1. Evolution of the sex determination pathway in the genus Oryzias: a comparative
transcriptome analysis

INTRODUCTION

In vertebrates, fish are the group with the highest diversity of sex determining genes. This
variability is observed not only in species from distant branches of the phylogeny, but also within
the same genus. The genus Oryzias is a well studied paradigm for this phenomenon. To
understand how the sex determination genetic network evolved in closely related species, we
analysed the genome and the transcriptome of adult gonads of four species of Oryzias: (1) O.
latipes (XX/XY system where the sex determining gene (SD) on the Y is dmrtlbY, (2) O.
curvinotus (XX/XY system with the same SD gene dmrtlbY on a homologous Y), O. luzonensis
(XXIXY system but with a different SD gene, gsdfY, on a different linkage group) and O.
javanicus (SD gene still unknown, ZZ/ZW sex determination system).

METHODS

Three gonad samples of each sex were analyzed by RNA-seq in all four species. All sequences
were mapped to the O. latipes reference genome using the RNA-seq aligner STAR and
differentially expressed genes between testis and ovary were detected using DESeq2
(Bioconductor/R) for each species. Functionally enriched pathways and GO categories were
found using the functional annotation tool DAVID (https://david.ncifcrf.gov/).

RESULTS AND DISCUSSION

Histology of the adult gonads in four species showed similar structures. A global transcript
analysis revealed enriched categories for genes involved in metabolic pathways also across all
four species. Histogram analysis for an overview of the transcriptome data (considering Log Fold
Change (LFC)>(3), Base Mean>100) showed that O. javanicus ovaries and testis are more similar
to each other and were separated from the other species. Genes involved in gonadal development
showed unexpected divergence in expression pattern between species. Several genes that are
preferentially expressed in males of one species are expressed in females in the other species. O.
javanicus has more genes exclusive differentially expressed in females (e.g. activinRII) and males
(e.g. cypdbal, ptger3) than the other species. The fsta (follistatin a) gene, a well-characterized
“female” gene is highly expressed in ovary of O. javanicus, while in O. latipes this gene is higher
expressed in males. Even though O. latipes and O. curvinotus share the same SD gene, the
expression pattern of several genes critically involved in gonadal development are different.
Analysis between the genome of O. latipes, O. curvinotus and O. luzonensis showed a conserved
synteny for dmrtl. dmrtl in O. luzonensis is higher expressed in females, while in O. latipes and
O. curvinotus the expression pattern is similar but it is higher expressed in males. Interestingly,
the transcriptome showed a LFC significantly higher for dmrtl in O. javanicus males compared
with the other species.

CONCLUSION

The final outcome showed a similar morphology of the gonad, despite of having different sex
determining genes and regulatory pathways. The WZ species O. javanicus exhibited considerable
differences in gonad gene expression compared to the XY species O. latipes, O. curvinotus and
O. luzonensis.
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2. Gonadal transcriptome of hybrids derived from closely related species with the
same sex determining gene: O. latipes and O. curvinotus.

In vertebrates, fish is the group with the highest diversity of sex determining genes. This
variability is observed not only in species from distant branches of the phylogeny, but also within
the same genus. The genus Oryzias is a well-studied paradigm for this phenomenon to understand
how the sex determination genetic network evolved in closely related species. O. latipes and O.
curvinotus share not only the same sex chromosome system, XX/XY, but also the same sex
determining gene, dmrtlbY. However, crossings between both species causes XY female sex
reversal (SR) and gonadal abnormalities. We analyzed the genome of the parental species and the
transcriptome of the adult gonads of offspring from O. latipes and O. curvinotus crosses (H:Ylat
when the Y comes from O. latipes and H:Ycur when the Y comes from O. curvinotus).
Histological analysis of the gonads showed similar morphology between H:Ylat and H:Ycur XX
females and XY females SR. All exhibited a significant decrease of pre-vitellogenic and
vitellogenic oocytes compared to parental fish. Males of both hybrids were sterile showing empty
seminiferous tubules. Transcriptome analysis of genes involved in gonadal sex differentiation and
gametogenesis showed that XY female hybrids SR from both interspecific breedings (H:Ylat and
H:Ycur) have a strikingly similar expression pattern as XX females. On the other hand, the
expression pattern between H:Ylat and H:Ycur sterile males was different. Genes involved in
germ cell specification (vasa), germ cell differentiation (dazl) and meiosis (sycp3) were highly
expressed in both hybrids when compared to expression in testis of the parentals.. Interestingly,
normalized read counts for dmrtlbY showed higher values in H:Ylat males and even in XY
females SR. One explanation for this higher expression of dmrtlbY in XY females SR might be
attributed to the different regulatory composition of dmrtlbY promoter in both parental genomes.
In conclusion, gonadal structure and transcriptomes of hybrids are different from the parentals.
The expression of dmrt1bY of one species in the different background of another species interferes
with the correct development of the gonad.
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