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Abstract

The fish reproductive system is a complex biological system. However, reproductive organ
development igonserved, starting with sex determination and sex differentiation. These two
processearespeciesspecific.Severaprominentgenesandenvironmentafactorsareinvolved
during sex determination and differentiation. Understanding the role and funétitbese
genescanhelp with aquaculturecultivation. This studyusedTor tambroides an endangered
species found in Asia, aBor tambroide They are a species thaave yet to be studied
extensively Tor tambroidegake 3.5 to 4 years tmature anddentifying the sexdetermining
genes will helpn futurestudiedo cultivatethemin equalratiosto helpwith thepopulation.This

study was designed to identify the sex determining genes present in the mimaledfish

while comparing their expression at adult stalyethis experimengight genes related to sex
determination and sex differentiation were chosen to workr@matase, amhy, amhr2, dmrtl,
figla, foxl2, wnt4dand sox9b Out of these eight, onlhreegenesweresuccessfullyisolated.

The expressiorof thesegenesvasmeasuredcrosglifferentages. The samples obtained were
six months, 12 months and 3.5 years old. The expressithe @fenes was compared among
the age group. For the matdighes, the expression wasmpared between males and females.
Only thedmrtlandfoxI2 hada significant differenexpressionsThedmrtlgene expressed 76
folds more in the mature male compared to the femdide fox|2 expressed.4folds more in

the ault femalecompared to the mald-or the comparison between the immature fishes and
mature fishes, most of thexpression was higher in the immature fishes. Based on this
experiment, a preliminary reswouldbedrawnthatdmrtlis amongthegenesesponsibldor

male sex determinationand foxI2for females.Given the expression of thémrtl gene is
expressed at a higher level in the males compared to the female, this result could be used as a
baseline to conduct more-depthexperiments to concledthe sex determining genesTair

tambroideausing a bigger sample size.
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1.0Introduction

Gonadaldevelopmentompriseshe entiredevelopmentastageswith only oneaim,to convert
anundifferentiategrimordiumto amaturegonadwhichultimatelyendsup astestesor ovaries.
This whole process of development results from processes, sex determination and sex

differentiationwhich arecontrolledby amulti-level geneticsetup (Martineet al.2014).

Most organisms have one sex determination system: XY, the general rule in mammals
or WZ, and the sex chromosomesawians (Volff 2002). The sex of a fish is determined by
the genome alongside other internal and external factors throughout its development. Fishes
exhibit both the systems or either one, across the same genus and sometimes the same species
(Volff 2002). After sex determination, teleost then undergoes sex differentiation to complete

thegonadaldevelopmenfrom abipotentialgonadalprimordiumto becomeanovaryor testes.

Theprocesof sexdifferentiationvariesacrossspeciesasit involvesvariousbiological
processes with different biologicaignalingand pathways of the mature sex organ. Sex
differentiation in a teleost is labile and influenced by extrinsic factors, including temperature,
chemical compounds,hormones,and pH of the surronding environment (Devlin and
Nagahama 2002). The sex genes and their regulators are not conserved even across the same
species. Many factors can weigh into the sex differentiation process of teleost, which can be
divided into two major categories: Firsex determination genes, where the entire process of
sex differentiation of gonads into mature sexual organs depends solely on the genes and their
availability; And second: the major signals produced from the environment including the
extrinsicfactorssuchastemperaturepH of the waterandsocialinteraction(Guiguen Fostier,
andHerpin2019).Theentireprocesf sexdeterminatiorandsexdifferentiationis still being
studied in many species.This study could help cultivate fish to benefit the population,

especiallyendangered species.
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Amongst many endangered species, tambroidesre also decreasing in numbéor
tambroidesare a member of the cyprinidae family (Jaafar et al. 2021). They lheee
classifiedasdatadeficientwith adecreasingopulationtrendaccordingo the [IUCN RedList.

Tor tambroidegake 3.5 to 4 years to mature and given that their population is decreasing,
cultivation of equal proportion is vital in ensuring the survival of their spetlesgenetic
sequence offor tambroideshave yet to be done, and there have only lsedéew studies
conductedn Tor tambroidesThe effort of cultivating them according to their sex is important
but there needs to be a way of identifying the gender pithhie maturation of this fisfhis
study aims to identify the sedeterminingyenesin Tor tambroideswhile measuringthe
expressiorof the genesat different developmental age&Jsing the findings from this study,
further experiments can be conducted to identify thedeéegrmining gene ofor tambroides
and that could lead to a way to classifyihgr tambroidesnto the respective sex faster than
maturation time.There are venjimited knowledge and literaturin regard tothe genetic
architectureof sexdeterminatiorfor Tor tambroideqJaafaretal. 2021).This projectservesas

a preliminary study tocarvea backbonefor future researctdirection regardinghis subject.
Researchers could look deeper into the genes thatdetddnine the sex of this fish at juvenile

stages and with that, help boost the populatiohooftambroides
1.1. ResearchHypothesis
1.1.1. Alternative Hypothesis

The sexdetermining genes for the male and femide tambroideshave significant different

in expressioras adults.

1.1.2. Null Hypothesis
The expression of sedetermining genes in adulor tambroideshas no significant difference

between malkeand femals.
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1.2.Research Objectives
1.2.1. General Objective

To elucidate the role of sex determining genes in gonadal developmEntt taimbroides

1.2.2. Specific Objectives
1. To isolate,identify and characterizethe sexdetermininggenesin both malesand
femalesTor tambroides
2. To determindghe expressiorof sexdetermininggenesat the gonadalevel at different

developmentattages off or tambroides
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Simple Summary: The fate of the gonad in teleost is influenced by various factors, including
genetics and external factors. Several speciaspecific genes and environmental factors involved in
sex determination and differentiation have been identified in teleost. In addition, these factors are
speciesspecific. At the brain level, suppression of key molecule of the hypothalanggonadal axis
affects sex determination. At the same time, pituitary hormones are required for regulating sex
differentiation. However, the role of the brain during sexdetermination and differentiation remains
elusive. In this review, we have gatheredand discussedthe findings on the role of prominent genes,
environmental factors,and the brain in regulating sexdetermination and differentiation of teleost.

Abstract: The fish reproductive system is a complex biological system. Nonetheleseproductive
organ development is conserved, which starts with sex determination and then sex differentiation.
The sex of a teleost is determined and differentiated from bipotential primordium by genetics,
environmental factors, or both. These two processeare speciesspecific. There are several prominent
genes and environmental factors involved during sex determination and differentiationAt the
cellular level, most of the sexdetermining genes suppress the female pathway. For environmental
factors, there are temperature, density hypoxia, pH, and social interaction.Once the sexual fateis
determined, sex differentiation takes over the gonadal developmental process. Environmental
factors involve activation and suppression of various male and female pathwsa depending on the
sexualfate.Alongsidethesefactors,the role of the brain during sexdetermination and differentiation
remains elusive. Nonetheless, GnRH Il knockout has promotadnale sexbiased population, which
shows brain involvementduring sex determination. During sex differentiation, LH and FSH might
not affect the gonadal differentiation, but are required for regulatingsex differentiation. This review
discusseghe role of prominent genesgnvironmental factors,andthe brain in sexdetermination and
differentiation acrossa few teleost species.

Keywords: sexdetermination; sex differentiation; bipotential gonad; brain

1. Introduction

Teleost have the most diverse reproductive system and reproductive strategies among
vertebrate species. Therefore, teleost is an exciting group of organisms to investigate the
evolution of sex determination and sex differentiation due to their vast range of
reproductive systems, from hermaphrodites to gonochoristic anglasticity of adult sex
change [L]. These characteristics allow an opportunity to analyse the differences in the
structure and expression ofgenesresponsiblefor sex determination and sex differentiation.

Biology2021, 10, 973. https://doi.org/10.3390/biology10100973

https:// www.mdpi.com/journal/biology
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Gonadal development in teleost is complex and elusive due to phenotypic plasticity.
Nonetheless, the basic mechanism of gonadal development remains similar across teleost
(Figure 1) [2]. The testis and the ovary originate from a bipotential gonadal primordiumd],
which consists of a few primordial germ cells and somatic cells (SCs). THevelopment of
gonads starts with sex determination. Sex determination acts as a master switch to bipo
tential gonadal primordium and activates the differentiation pathway. Sex determinationan
be genetic sex determination (GSD), environment sex detemation (ESD), or both,
dependingon the species[3]. Inteleost, a more convoluted system can include varicaex
chromosomes,numerous geneloci, and diverse sex determination systems. Durirsgx
determination, several prominent genetic and environmental factors are involved. For
example,there are genessuchasamhr2[4], amhy[5], dmrtl [6], dmy [7], gdf6Y [8], gsdf[9],
gsdf [10], and sdY[11]. At the cellular level, most sexdetermining genesare involved in
the suppression ofthe female pathway.

‘ Testis
Bipotential gonadal Sex Sex - 7(;, g
primordium i determination differentiation
- Ovary

Figure 1. Basic pathway of gonadal development from bipotential gonadal primordium to becomea testis or an ovary.

Oncethe fate of a bipotential gonadal primordium is determined into a testis or
an ovary, sexdifferentiation takes over the gonadal development processn teleost, sex
differentiation is labile and influenced by genes, hormones, and extrinsic factors
throughout gonadal development [L2]. Several players are needed to achieve the end gaa,,
the maturation of a male or a female fish. Genes that are prominently involved in sex
differentiation include amh[13], amhr2[14], amhy[15], dmrtl [16,17], cyp19a[18,19], figla [20],
gsdf[21], and sox9[22]. Sexdifferentiation is the product of a combative relationship
between genesinvolved in the development and maturation of testis and ovary [23,24].
The environmental factors here are temperature 5], pH [26], population density [27],
oxygen concentration [28], and social status [29]. However, at this stage,the involvement
of environmental factors is more on maintaining the activation and suppression of various
male and female pathways depending on the sexualfate.

The brain is known to play an essentialrole in regulating many bodily systemsin an
organism, including the reproductive system. In teleost, the brain is sexually differentiated
into a male and female brain, but has the ability to change and adapt [30]. Nonetheless,
the role of the brain during sexdetermination and differentiation is poorly understooduntil
today. A previous study has shown that gonadotropimeleasing hormone Il (GnRHII)
knockout promotes a male sesbiased population [B1]. This finding shows there is an
involvement of the brain during sex determination. During sex differentiation, luteinizing
hormone (LH) and follicle-stimulating hormone (FSH) hormones have no effect on the testis
or ovary differentiation [32]. However, both hormones are required for gonadal hormone
synthesis, which reguates sex differentiation. Therefore, this shows the involvement of the
brain during sex determination and differentiation. In this review, we collectively discuss the
role of prominent genes involved in sex determination and differentiation across a fewsh
species. Furthermore, the discussion continues as to how the internal and external
environmental factors andthe brain control sexdetermination and differentiation in teleost.
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1. Regulation of SexDetermination

1.1. Genetics

Geneticregulation of sex determination in teleost has been studied extensively. Genetic
sex determination (GSD) can be classified into a single gene (Japanese medakgzias
latipeg or polygenic (zebrafish,Danio rerig sex determination. GSD in teleost is natell
conserved and is speciespecific. Several sexletermining genes have been identified in
teleost; their description is presentedin the subsequentparagraphand Table1.

Table 1. List of sex-determining genesin teleost species.

Gene Name Full Gene Name Chromosome Location Species References
Anti-Millerian hormone . .
amhr2 receptor type 2 Autosomal Grasspuffer (Takifugu rubripe$ [4]
Y-linked anti-Mullerian Nile tilapia
amhy hormone Y chromosome (Oreochromis niloticus (5]
Cobaltcapsilverside [33]
(Hypoatherinatsurugag
Northern pike
(Esoxlucius) [34]
Rockfish
(Sebasteschlegeli [35]
dmrtl Doublesexand mab-3 Autosomal/Sex Spotted scat (6]
mr related transcription factor chromosome (Scatophagus argys
Chinesetongue sole 36
(Cynoglossussemilaeviy [36]
DM-domain on the Japanese medaka
Y chromosome . :
dmy Y-chromosome (Oryziaslatipeg (7]
gdfeY Growth differentiation Turquoise killifish
factor 6 on the Ychromosome (Nothobranchiudurzeri) (8]
Y-chromosome
df Gonadalsomaderived Autosomal Rainbow trout 9]
9s factor (Oncorhynchusnykisg
v Gonadalsomaderived Philippine medaka
gsdf factor on the Y chromosome (Oryziasluzonensi [10]
Y-chromosome
Sexuallydimorphic onthe Rainbow trout
sdY Y-chromosome Y chromosome (Oncorhynchus mykigs (37
Atlantic salmon [11]
(Salmonsalaj)
Brown trout
(Salmatrutta) (11]
Arctic charr (38]

(Salvelinusalpinus)
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1.1.1. The Anti-Mullerian Hormone Receptor Type 2 (amhr2

In mammals, the binding of the antiMillerian hormone (Amh) to its receptor (anti-
Mdullerian hormone receptor type 2; Amhr2) activatessubsequentpathways that prevent
the development of the Mullerian ducts into the uterus and fallopian tubes3p]. The amhr2
gene was classified as a sex determination gene, first in the grass pufféd]l Thecypl9a
promoter with SMADA4binding sitesis activatedwhen the Amh binds to the Amhr2 [41].

1.1.2. The Y-Linked Anti-Millerian Hormone (amhy)

The Y-linked anti-Mullerian hormone (amhy) is a nontranscription factor protein and
a member of the transforming growth factor, (TGF, ) superfamily. Theamhygene,located
downstream of amh on the Y chromosome,is a duplication of the autosomal

amhgene §2]. As mentioned above, Amh is secreted to inhibit the female reproductive
Mullerian duct formation [39,43]. As theMdillerian duct is absent in teleost 4], Amhy
protein regulatesthe expressionof fox|2 and cyp19alanRNASs[45] and playsa critical role as

a sex determination gene in male fisheamhywas discovered as a sex determinatiogene
in the Patagonian pejerrey Odontestes hatch@r46] and, more recently, in the Nilélapia
[5], cobaltcapsilverside [33], Northern pike [34], and rockfish [35].

1.1.1. The Doublesexand Mab-3 Related Transcription Factor (dmrtl)

The doublesex and maiB related transcription factor (dmrt) gene family is a well
conserved gene classified by a DNA-binding region known as the DM domain. In most
mammals, thedmrt gene is present in more than one variant{7]. There are eight functional
dmrt genes in mammalsdmrtl-8. Meanwhile, there are sixdmrt gene variants commonly
found in teleost,dmrt1-6. However, not all the variants of this gene are involved in gonadal
development [47]. Thedmrtl gene has been identified as a candidate for sex determinatiam
the spotted scat[6] and Chinesetongue sole[36], andis the only geneassociatedwith male sex
determination in teleost.

1.1.2. The DM-domain on the Y-Chromosome (dmy/dmrt1by)

The DMdomain gene on the Ythromosome @dmy) is the first sexdetermining gene
found in teleost. Furthermore, dmy is a speciesspecificand primary generesponsible for
the sexdetermination of Japanesenedaka[7,48]. Japanesanedakais agonochoristicfish
that develops into a distinct female with ovaries and a distinct male with testes.In
addition, male Japanesemedaka possessesheteromorphic sex chromosomes, XY. In
contrast, female Japanesanedakapossessesiomomorphic chromosomes(XX).dmy, also
known asdmrtlbygene, is a male sedetermining gene in Japanese medaka. Ttaene is
identified as a duplicate of the autosomalmrtl gene foundin the sexdetermining region
of the Y-chromosome.Similarly, the SRY/Srygene, a sex determination gene in mammats,
derived from duplication of autosomal Sox gene. With this similaity, the researcher
strongly suggests that thedmy gene has an equivalent function to th&RY/Sry gene of
mammals asa sexdetermining genein Japanesanedaka[7].

1.1.3. Growth Differentiation Factor 6 on the Y-Chromosome(gdf6Y)

Growth differentiation factor 6 on the Y-chromosome @df6Y) gene is encoded forgdf6Y
protein, one of the TGF family. gdféY is a secreted ligand involved in the growth and
differentiation of developing embryos B]. The gdf6Y gene is located in themale-specific
region of the Y¥chromosome. To date, thegydf6Y gene is classified as sesdetermining gene
only for the turquoise killifish from genome sequencing[8]. Nonetheless,the function of
the gdféY genein sexdetermination requires further analysis.

1.1.4. The GonadalSoma Derived Factor (gsdf) and the Gonadal Soma Derived Factor dine
Y-Chromosome(gsdf)

The gonadal soma derived factorgsdf) gene encodes for Gsdf protein, a member of the
TGF, superfamily. Thegsdfgene is postulated to be amancestral gene responsible for male
sex determination [49]. Additionally, gsdfalso plays a critical role in regulating testiculagerm
cell proliferation and differentiation [50z52]. In teleost, the location of thegsdfgene orthe
chromosome is speciespecific. A previous study showed that, within the medaka family
(Oryzias), gsdfis presenton either the autosomalchromosome,asin the Japanese medakar
on the Y-chromosome, as in the Philippine medakal(,53]. Interestingly, thedmy geneis
absent in the Philippine medaka. Identification of sex determination ihilippine hasrevealed
that the function of the dmy geneis replacedby the gsdf geneonthe Y- chromosome @sdf).
Besides the Philippine medaka, the autosomajsdf gene (chromosome®6) has also been
classifiedasasexdetermination genein the rainbow trout [9].
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1.1.1. SexuallyDimorphic on the Y-Chromosome(sdY)

Similar to other sexdetermining genesin a teleost, sexually dimorphic on the Y-
chromosome(sdY) is a speciesspecificsexdetermination gene.sdY hasbeenclassifiedasthe
sex-determining genein most salmonid species(Salmonidaefamily), including rainbow trout
[37], brown trout [11], Atlantic salmon [11], and Arctic charr [38]. The sdY geneis a
duplication of interferon related factor 9 (rf9) gene which encodes Irf9 protein that is
involved in the regulation of the immune system[54].

1.1.2. SR¥RelatedHMGBox 3 on the Y-Chromosome(sox3)

SRY gene on the Y chromosome is the master initiator of testicular development in
mammals [b5,56], which has evolved from the X chromosomaox3gene duplication B7].
Hence,sox3 identical to the Y-linked SRY gene,cansubstitute for its function, which was
demonstrated upon induction ofsox3 in the gonads of transgenic XX mice whereisox3
was able to drive testes development in the absence 8fy [58]. In teleost, to generate a
novel Y chromosome, thesox3 gene can be independently recruited whersox3can activate
downstream gsdfgene (a critical factor in fish male differentiation pathwa) function [59].
Thus,sox3 evolvedasone of the sexdetermining genesin amedakarelated species.

sox3, aloneor with other transcription factors, candrive the male pathway directly or
through steroidogenic enzyme regulation. In this contextsox3 is vital in catfish during the
late stagesof gonadal development and seasonal maturation. Additionally, Sox3 emerged
a transcriptional activator of 11b-hsd (a steroidogenic enzyme gene) by binding to specific
promoter motifs [60]. Other essential functions ofsox3 (majorly expressed in developing
gonads and in the brain) correspond to the formation of the hypothalamghypophyseal
axis and neuronal differentiaton [61]. Additionally, sox3 acts as an apoptosisuppressor
in ovary development, requiring follicle development and fecundity in zebrafishdZ2].
Although few reports in the teleost indicatesox3 as a master sexdetermining gene, further
studiesare neededacrossthe speciesto concludesox3 asasignificant player.

1.2. Environment

Environmental sex determination is well described in reptiles, particularly in crocodiles
and turtles, while it remains elusive in teleost $3]. Severalenvironmental factors are in
volved in sex determination, including temperature, density, hypoxia, pH, and social
interactions [64]. Theoretically, the involvement of environmental factors in sex determi
nation occursbefore the critical period of sex differentiation. The exact mechanism ohow
environmental factors regulate sex determination remains unexploredNonethelessprevious
studies have shown the three possibilites on how environmental factors regulatsex
determination [64]; (i) environmental factors synergistically interact with genetic sex de-
termination or (ii) override genetic sex determination, or (iii) primarily and independently
regulate the sexdetermination.

1.2.1. Temperature

Amongstthe factors mentioned above,temperature is the prominent environmental
factor in the sex determination of teleost §5]. The exact mechanism of temperature sex
determination remains elusive. However, it is postulated that there are two ways iwhich
temperature influences sex determination [65]. Firstly, coexisting with genetic sex
determination. Previous studies have shown that high temperature upregulates the sex
determining gene,dmrtl, and causes a male sebiased population [6,67]. Secondly,
temperature acts independently, wherein it causegpigenetic changes to the gene required
for sex differentiation. High temperature causes hypermethylation ofyp19lapromoter
and suppressests expression[68,69], thus resulting in amale sexbiasedpopulation.

1.2.2.pH

Apart from temperature, the pH of the water is alsoinvolved in the sexdetermination
of teleost, mainly in the Cichlidaefamily. Previous studies have shown that pH determines

23| Page



the sexual development ofApistogramma caet§P6], Pelvicachromipulcher[70], Pelvicachromis
subocellatusandPelvicachromis taeniatys’1]. It has been shown that acidic water (pH < 7)
results in amale monosexpopulation or male sex-biasedpopulation [70,72], while neutral or
basicwater (pH 7) rédultsin afemale sex-biasedpopulation. Nonetheless,the exact molecular
mechanismof how pH regulates sexdetermination remains unknown.

1.1.1. Density and Hypoxia

Another interesting fact about teleost is that different population densities can in
fluence sexdetermination. The catch from the wild is often a female fish7[3,74], while
fish in captivity, that grow in limited space and under highdensity, results in a male sex
biased population. Hypoxia, a condition where the level of dissolved oxygen is low, is
associatedwith the density of fish in captivity [75]. A high density of fish in captivity often
results in a low level of dissolved oxygen. Undifferentiated gonads of zebrafish under a
low level of dissolved oxygen result in a male selsiased population compared to an
average level of dissolved oxyger?B]. At the molecular level, both density and hypoxia
activate the stressaxis,or the hypothalamuszpituitary zadrenal axis,and upregulatesthe
expression of cortisone. The conversion of cortisone is mediated by the 11, -HSDenzyme,
which participates in androgen pathways specifically in the final step of Xbxygenated
androgenssynthesis [/6]. Thus, an increased level of cortisol results in an increased level
of 11-ketotestosterone (11-KT), which induces male sexdevelopment.

1.1.2. SocialInteractions

Many teleost exhibit juvenile hermaphrodite or bipotential gonads. During the devel
opmental stage, larger fry is often associated with masculinity, while smaller fry dédren-
tiates to females [77]. Acontradicting study has shown that fish captured from the wittb
not correlate between size and sex determination78]. In contrast, fry in captivity with
aggressive growth result in masculinisation and become mal&9]. The precise mechanisnof
this phenomenonremains elusive.

1.2.Brain

The brain plays a vital role in regulating many systems, including the reproductive
system.In mammals,particularly humans,the brain is sexually differentiated betweermales
and females BO0], while in a teleost the brain is also sexually differentiated, but has tlability
to change and adapt. It is well understood that the brain regulates the reproductivey/stem
through the classical axis, the hypothalamygpituitary zgonadal (HPG) axis. How ever,
previous studies have been centred around identifying novel sedetermining genesin both
gonads, testes and ovaries3]. Several questions arise from this issue (Figurg), (i) is the
brain involved in sexdetermination? If yes,what is/are the mechanism(s)involved?

(i) Does sex determination of males or females occur in the gonads first, followed by brain
sexualdifferentiation, or vice versa?

In general, the regulation of the HPG axis starts with the secretion of ttkey hypotha
lamic hormone, the Gonadotropirreleasing hormone (GnRH), a decapeptide secreted from
the preoptic area of the hypothalamus into the hypophyseal portal system [80]. Oncein
the pituitary, GnRH stimulates the gonadotrophs of thenterior pituitary to secrete the
gonadotrophin hormone, including FSH and LH. Both hormones are responsible for regu
lating testicular (spermiation) and ovary (ovulation) function by stimulating the synthesisof
androgen and oestrogen, respectivelygl]. Apart from regulating gonadal differentiationand
function, both LH and FSH act as positive and negative regulators of the HPG d&kisviously,
studies have shown that GnRHneuronesdo not expressthe oestrogenreceptor

(Er, ) or the androgenreceptor (AR) [82]. Thus,the sexsteroid feedbackis relayedto the
GnRHcells by regulating the upstream regulator of GnRHneurones [83]. Nonetheless,
a recent study shows that GnRH neurons in Nile tilapia express ERI]. In most teleost,
there are three variants of GnRHGnRHI-III), and some have onlytwo, which are GhRH

Il and GnRH Il B5]. In a recent finding,GnRH IIl knockout (GnRH Il '/") in zebrafish
hasresulted in a male sexbiased population [31].
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Figure 2. The schematic diagram of the uncertain pathway in the gonadal sex determination and sexual differentiation of

the brain. (A) The role of the brain during sex determination remains elusive. There is only one study in zebrafish that

shows thatGnRH 11l knockout has resulted in a male sesviased population. To date, there is no evidence showing Land

FSH directly regulate the expression of sedetermining genes @mhr2 amhy, dmrtl, dmy, gdf6Y, gsdf andsdY). (B) The roleof

testosterone (T) and oestrogen involve in masculinisation and feminisation in a fish, respectively. Nonetheleswhether

the gonadsinitially differentiated into testes or ovaries followed by sexual differentiation of the brain, or vice versa, is

unknown.

Furthermore, the absence of GnRHI in zebrafish upregulates the expression of genes

involved in male gonad development such asox9aamh andcypl1l In addition, inhibition of
GnRHIII suppressesthe proliferation of primordial germ cells,which is one of the factors
for male gonaddevelopment[86]. Zebrafishis classifiedasgonochoristic teleost,in which
adult zebrafish appear as male or female but exhibit juvenile hermaphroditism. Thereforthe
authors postulated that, by default, a zebrafish gonad is bound to become anaox
Nonethelessthis theory would require further investigation asto how the brain regulates
sexdetermination in teleost. Furthermore, gonadotropin-inhibitory hormone (GnlH) and
kisspeptin exhibit inhibitory and stimulatory effecton GnRHyrespectively [87,88]. Therefore,
it can be speculated that these two molecules might be involved in sex determination
through GnRH regulation, which remains unknown. Therefore, this could be another
potential areaof study to discoverthe role of GnlHand kisspeptin in sexdetermination.

1. Regulation of SexDifferentiation

Sex differentiation is the continuation process from sex determination. Similar to sex
determination, sexdifferentiation involves a complexmechanismregulatedby a singlefactor
or interaction between multiple factors, including genetics,environment, and brain.
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In this section, we collectively describe the prominent genes and environmental factors
involved in sex differentiation (Figure 3). Furthermore, the role ofthe brain during sex
differentiation is also discussedin the subsequent paragraphs.

1.1. Genetics
1.1.1. The Anti-Mullerian Hormone (amh and Amh Receptor2 (amhr2

The Anti-Mullerian hormone (amh) is involved in a couple of processes in both sexes,
namely male sexdifferentiation and femalefollicular development[89,90]. However,in some
teleost, a negative relationship betweeramhand aromatase expression has been ndiced
during sex differentiation [13]. In zebrafish, high levels oamhaccompany low levels otyp19a
which suggestsamhas a potential down regulator otyp19a The downregulation ofthe cyp19a
might result in premature ovary-to-testis transformation [91].

In zebrafish, the Mullerian duct and amhreceptor2 (amhr2 geneis absent,but it still
retains amh The absence omhalleles in zebrafish results in femalebias ratios [92]. The
mutant adult zebrafish have large testes where 50% of them have immature oocytessliows
that amh controls male germ cell production and prevents the developmentor survival of
oocytes[92]. Mutant males,comparedto wild -type males,are less operational to stimulate
wild -type females to lay eggs. Thusmhis also crucial for male mating efficacyMutant
females form sperm ducts, and some produce offspring. The young female mutaatso lay a
few fertile eggs, which infers functional sex ducts. However, as they age, thimcome sterile,
which means for continuous fertility, amhis needed. The oldepnes yet havehuge but sterile
ovaries with collected nonvitellogenic follicles. Hence,amhis not vital for the growth of
the reproductive ducts or the gamete formation initiation in zebrafishNonetheless,amh is
essential for follicle proliferation and maturation and sustain fertility in males and females
[92]. A studywas conducted on Nile tilapia in 2015 to examine thmle of amhyand amhr2
in sexdetermination [5]. Theyfound that overexpressionof amhyand the knockout of amhr2
in the XXNile tilapia causedsexreversal. Therefore, they have hypothesized that bothamhy
and amhr2regulate aromatase expression to modulate sedetermination [5].

1.1.2. The Doublesexand Mab-3 Related Transcription Factor (dmrtl)

In Japanese medakdish, despite having thedmy/dmrtl genea copy ofdmrtlin the sex
chromosome, there is also an autosomalmrt gene. There are foudmrt genes found inthe
Japanese medaka fish, which a@mrt1z4 [96]. Amongst these fourdmrt genes,dmrtl is the
only gene of this family responsible for the differentiation of germ cells into testes9[].
However,dmrt 2, 3, and4 are expressed significantly during early embryogenesisoB]. Tran-
scriptome analysisin Nile tilapia during differentiation revealedthat dmrtl involves testicular
differentiation and development [99]. At the molecular level, dmrtl works antagonistically
with foxI2 in testicular development. Expression ofdmrtl in Sertoli cells upregulatessox9h
which promotes the transcription of testcular genes [L00]. Furthermore, the expression of
dmrtlin Sertoli cells suppresses théox|2 and subsequently thecypl19agene.

1.1.3. Aromatase (cypl9

The aromatase €ypl9 gene encodes the aromatase protein, an enzyme that converts
androgens to various oestrogen forms, a female sex hormone [101]. Aromatase in the
endoplasmic reticulum supports the production, processing, and transportation of proteins.
4EEO GCAT A APPOAOGOEI 1T AAPATAO 11 1T AOOOI CAT 80 1 AAA
[102z104]. In teleost, aromatase exists in two isoformsgypl9aand cypl9bencodes for two
proteins, P450aromA and P450aromB, respectively. These two proteins are structurally
distinct but with almost identical catalytic activities [105]. Cyp19a is also known a€yp19a1,
Cypl9ala, and ovarian aromataselD6]. Similarly, cyp19b is known as Cypl9a2, Cypl9alb,
and brain aromatase [L06]. In this review, we standardize the nomenclature to using Cyp19a
and Cyp19b. Thecypl9agene, expressed predominantly in the ovarysilocated in linkage
group 18. In contrast, the cyp19bgene,expressedstrictly in the brain, is locatedin

linkage group 25, as evident in the zebrafish1D7]. The cypl9aexpressed in the ovary is

primarily involved in oestrogen synthesis inthe/&l 1 1 EAT AO& COAT 011 OA AAlT 1 O8
reports show cypl9ain thece-interstitial cells of previtellogenic ovaries and interstitial cells

of the testesin ateleost[108,109]. The cyp19aand cyp19bmRNAexpressionis found mainly

in the gonads and the brain, respectively. Theypl9agene in the brain is debatableas other

reports in the teleost showedthat the cerebellum had either tracesor no aromataseactivity

[110,111].
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Figure 3. Schematicrepresentation of sex determination/differentiation in teleost. Undifferentiated germ cells need the
surrounding somatic cells to provide an instructive signal(s) to initiate sexual differentiationTherefore, the first step of
oogenesis and spermatogenesiis managed by somatic cells9B]. From fish to mammals, Amh signalling plays an
important role in gonadal development [L3]. In Japanese medakasdfnull mutants and amhr2 mutants show excessive
growth of germ cells and oocyte arrest during the previtell ogenic stage [94]. In zebrafish, gsdfand amhare essentialto
inhibit the accumulation of premature oocytes[95]. This suggeststhe expression of gsdf and amh amhr2 have to be stable
during the sex differentiation phase of gonadal development. Reducegsdf or amh through the amhr2 can directly or
indirectly result in protandry [ 53,97,98]. Ovotestis development is the result of differentially expressedsdfgene and in
amhr2mutants. Therefore, gsdfand amhsignalling is vital for gametogenesisthe production of sexsteroids and the secretion
of gonadotropins [94].

External factors, such as temperature, alsoegulate aromatase. It has been observied
several fish species thatexposure to higher water temperature during pregonadal sex
differentiation (early developmental stages) caused masculinization of the fishLp5]. This
temperature rise caused a couple of genotypic females to fail to differentiate into a complete
phenotypic female while showing that elevated temperature downregulates aromatase.
Treatment of juvenile zebrafishwith a nonsteroidal aromataseinhibitor, fadrozole,or expo-

sure to higher temperatures, resulted in a downregulation o€ypl19agene expresion [112].
As teleost are poikilothermic, elevatedtemperatures of the surroundings can causea spike
in their growth curve. From this perspective, the high temperature makes several or more
genotypic female fishes skip checkpoints during meiosis. For meiosis, it is more common
to occur in females than males. Temperature can impact the rate of DNA methylation,which
turn could alter geneexpression[105].
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In the zebrafish,cypl9aexpression is seen before and after gonaddifferentiation.
Low expression ofcypl9acauses the juvenile ovary to disappear; germ and somatic cells
form into testicular tissues. Exposure of the zebrafish to a higher concentration of oestgens
or oestrogenic compounds during development shows thathe sex ratio changes
drastically towards female dominance,with someof the fish having ovotestes[12]. In the
zebrafish, knocking out thecyp19agene but not the brain aromataseypl9bgene results

in all-male offspring [113Y 8 4 EA Ci1 1 AA8O AEAOAR Akyp1®gd 11 AA

controlled antagonistically by dmrtl and foxI2 [16,114]. An experiment conducted on tilapia
supports this hypothesis[16]. In that study, knocking out cyp19aand fox|2 genesresulted
inthe EAT AT AO8& OA OA OGACondurEntlg, follicAld éells n&gh@uringthe
degenerating oocytes expresdmrtl and 11 -hydroxylase [16]. Similarly, during a
protogynous change in the honeycomb grouper, the expression dmrtl increased as the
expression offoxl2decreased[115].

As mentioned previously, fadrozole is a drug that inhibits aromatase. Goppert and

Al xT OEAOO8 OOOAU ET AOAAA OAAT 1 Adatlapi® BumoniOAOA OOAI

which showed a malelike phenotype following acue fadrozole treatment [L16]. However,
acute treatment with fadrozole toward maleA. burtoni caused elevation of androgen levels
anddecreased oestrogen 1[17]. In addition, fadrozole treatment reduces aggressiveness
male A. burtoni. Prolonged treatment of fadrozole to female Nile tilapia with fully
differentiated ovaries induces secondary sex reversal, in which the ovary completely
transforms into fertile testes. Furthermore, serum levels of 17-oestradiol (E2) are initially
high andsimilar to untreated female tilapia, theythen decrease significantly and reackimilar
levels as in maletilapia. After prolonged treatment of fadrozole, the low seruml11-KT in
female tilapia increased and reached almost similar levels to matdapia [118]. Fadrozole
induces secondary sex reversal in the Nile tilapia andl. burtoni, but not in the common carp
and goldfish. Treatment of fadrozole to thesetwo fish species does nateduce serum E2
levels [116]. However, as the serum level of androgen was not measuredin this study, the
decisive mechanism of aromatase regulation on androgen and oestrogenthese fishes
remains elusive.

1.1.1. The Forkhead Box L2 (foxI2)

The forkhead box L2 { oxl2) gene is one of theox gene family members that plays a
considerable part in the female reproductive system, particularly in ovarian differentiation
and oogenesis [19]. Thefox gene is one of the essential ovargpecific genes which inhibit
the growth of the ovary when suppressed. Mutation of this gene results in abnormal
developmentof the ovaries [20]. Similar to the male reproductive system (the testeshe
ovary consists of three major cell lineages: germ cells, granulosa, and theca célisl]. During
ovarian development, the proliferating germ cell exits the mitosis phase and startee meiosis
process, but is arrested at meiosis prophase |, transforming germ cells intoocytes.
Furthermore, the granulosa cells act as supportive cells during ovarian developmert,
enhancinggerm A A igiov@td Lastly, thecaand granulosacells respond to the LH tproduce
steroid hormones suchasoestrogen[119].

The foxI2 gene belongs to a highly conserved gene family of transcription factor$42].
Furthermore, the foxI2 gene has a conservedwinged-helix domain, which binds DNAto

aseverAAOA PAEO OAAIT GCI EOEIT 1T OE&A 1T1T OEA v

foxI2 gene in the pufferfish and zebrafish have similar sequences to the mammalitoxI|2
open reading frame, which is thought to be conserved orthologuesi P3]. Heterozygous
mutations of the foxI2 generesult in two syndromes, premature ovarian failure and a

complete loss of ovarian expressiorThe FoxI2 protein plays an important role as a vital
transcription factor during the initial ovarian differentiation and maintenance [119].In
addition, FoxI2 is also responsible for many developmental processes and cellular
differentiation [122].

28| Page

PDOT |

>
(o=



The study offoxl2 gene function in therainbow trout is of some interest. The rainbow
001 60 EO A AEOOEI AOEOA 11 AAT &£ O OEEO OOOAU A O (
goes through a tetraploid and then a diploid phase; and (ii) despite sexual differetiation
being controlled by genetic factors, which is the XX/XY mechanism, hormones caiter,
resulting in the development of neo-XX males or neo-XY females that are fertile [124].
Interestingly, rainbow trout have two genetically independentfoxl2 gene paralogues, which
are foxl2a and foxI2h The expression offoxl2ain the trout is similar to the expression in
mammals [L23]. Meanwhile, thefoxI2b gene is expressed sequentially after théoxl2agene
AT A EO OAODPITOEAT A £ O DOAOAT OEIT Qromdifildrenti-AET OAET ET
ating into atestis. In the oestrogentreated neo-XYfemales,the somatic compartment of their
ovaries expresses théoxl2 gene. On the contrary, neXX males treated with androgen show
suppression offoxl2 gene expression. However, XX feates treated with aromatase inhibitor
show the expressionof foxl2 genedecreaseexponentially, asin the tilapia [123].

Mutation of foxI2 hasbeenperformed in the Nile tilapia to further understand theole
of FoxI2 in sex determination [L25]. Mutation of the foxI2 gene in XX tilapia results irsilencing
of foxI2 gene expressionand the gonadsdevelopinto testes. It is hypothesizethat female
to male sex reversal in the XX tilapia is due to the lack &xI2 expression. Thisreversal
phenomenonis upregulated by male-dominant genessuchassfl(known asad4bp/sf1 in the
Nile tilapia), gsdf and dmrtl.In contrast, genes observed in females, such as thecatl figla,
and b-cat2 are downregulated [125]. A similar phenomenonhasalsobeenobservedin other
organismswhere knockdown of fox|2 genein XXtilapia [16], goat
(XX)[126], anda double mutant zebrafish fpxI2d/"/foxI2l3/")[120] cause differentiation
of female gonads intotestes. Inparticular, spermsproduced by sexreversed malescan
fertilize eggs,and no difference is observedin fertilization rate than wild -type males[125].

foxI2influences the expression of thesflgene, a gene mainly involved in gonadal
developmentin males. Therefore, hypothetically, the presenceof foxI2 will downregulate
the sfl gene expression and vice versa.A previous study has shown that the sfl geneis
upregulated infoxI2' /" XXgonadsof the Nile tilapia [127]. However,more studies are
required in other fishesto confirm this hypothesis,which will extend our understanding of
sexdetermining genesthat specifically regulate gonadaldevelopmentinto one type of sex.

1.1.1. Factoin the Germline Alpha (figla)

Factor in the germline alpha figla) is atranscription factor with a basic helixxloopz
helix structure [128]. In fishes,figla is a marker gene for ovary development and initial
oocyte differentiation [129]. In the zebrafish, based on the expression levels fifla after
post-fertilization day 26, individuals expressing low and higHigla levels become males and
females respectively.figlais not a sexdetermining factor, but Z£A | AHigRe®akpression
suggests thafiglais vital for oocyte cyst breakdown, early folliculogenesis, and direcing
ovarian differentiation [130]. Similarly, in the Nile tilapia, figla is a genespecific to
females,expressedin the initial stageof primary oocytes;it is essentialfor both folliculo -
genesis and oogenesis. In the Chinese tongue sole, two genes endigite (figla_tvl and
figla_tv2) [129]. figla tv1EO AGDOAOOAA ABOET ¢ OEA 1 OAOUBO AAI T O
persistsinto adulthood, and is responsiblefor ovary differentiation [131] andfigla_tv2in
spermatogenesig129].

In figla-transgene male tilapia, the overexpression dfigla relates to spermatogenesis
impairment with elevated hsd3bland 11-KT but no changes iypl7aland StAR in the Leydig
cells [132]. Owerproduction of 11-KT causes defects in spermatogenesis as elevategels of
androgen can cause early puberty, shrunken testes, and in some cases sterilitynales [L33].
StAR and P450sscl[34z136] are two crucial regulatory proteins for steroido- genesisin the
gonads [137z139]. The upregulation of these two proteins suggeststhat
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figla_tv2 might play a role in spermatogenesisasit regulatesthe synthesisand metabolism
of steroid hormonesin the gonadsof pseudomales[129].

1.1.1. The GonadalSomaDerived Factor (gsdf)

In the Japanese medak#he gsdf gene located on chromosome 12 is downstreaaotf
dmy. The gsdfgene,commonly expressedin the Japanesanedaka,is found in the same
types of cells as in the rainbowrout and Philippine medaka. The presence gkdfin the
absence ofdmy leads to masculinization p3]. Furthermore, suppression ofgsdf gene
ADPOAOGOEI 1T AT EAT AAO OEA EEOESO mhyrémaBdJAOET T N E
unchanged. Following feminization, the beginning of the ovarian differentiationprocess
takes place regardless oflmy expression. It has been hypothesized thatmy cannot replace
the primary function of gsdf which is to initiate testicular differentiation [53]. ThisO OO A U S O
finding is supported by the fact that the mRNA ofsdfdecreases by 28 folds immy /" XY
gonads F3]. As the expression of thegsdf gene relates to the initiation of testicular
differentiation, it is understandable that oestrogen suppresses it. However, theexpressioh
gsdf gene is upregulated by androgen and higher temperature, factors that favour
masculinization. The disruption of gsdf expression causes a cascade of changes
downstream pathways ofgsdf including the downregulation ofdmrtl in adult gonads.
Therefore,gsdf expandsits function not only as an initiator, but also in maintaining the sewf
the fish [53].

A recent study in the Nile tilapia has shown that deletion (gsdf /" XY)or deficiency
of gsdfgene sequence results in complete sex reversdl40]. Furthermore, in this study, the
authors found that the expression of thelmrtl gene in the gonads remained unchanged
during early developmental stages.In contrast, the sexreversal phenomenonof female
phenotypic appearancedoes not occur in gsdf/’ XY male adult Japanesamedaka[140].
However, another study has shown that suppressinggsdfgeneexpressionin wild -type
male Japanesemedaka causescomplete feminization in this fish [53]. Hence,the sex
reversal process infishesis multi -factorial and doesnot solely depend ora single gene[53].

gsdfgeneregulation in the zebrafishworks slightly differently than most other
teleosts [95]. Studies have shown that the sex of either gsdf/’ XXfemale or XY male
zebrafish remains unchangedcompared to the wild -type [95]. The gsdf/" XX female
zebrafish arefertile for a short period. As thegsdf'/" XXfemale zebrafishage, theybecome
sterile due to accumulated non-vitellogenic follicles. The gsdf/’ gene knockout in female
zebrafish decrease the expression of the Vitellogeniwtg) gene, which is involved in the
synthesisof E2[95,120]. Thus, lowering the level of E2in gsdf /" XXfemale zebrafish sub-
sequently impairs vitellogenesis,further increasingthe number of non-vitellogenic follicles.
On the other hand, gsdf/" gene knockout in male zebrafish show no impairment of fish
fertility but develop large testes. Additionally, large testes cause upregulation of several
genes includingvasasmh pcna tp53, fshr, andcasp3495]. The gsdfgene is not located near
any of the sexlinked loci in the zebrafish. Therefore, thegsdfgene is postulated as not a
robust sexdetermining genein the zebrafish,and instead classifiedasa speciesspecific
sex-determining gene[95].

1.1.2. SR¥RelatedHMGB0x9 (sox9)

The SR¥Yrelated HMG box 9 $0x9 gene is encoded for Sox9 protein, a transcription
factor that belongsto the HMGbox family. Two variants canbe found in teleost, sox9aand
sox9b.Furthermore, the availability and function of both sox9aand sox9bare species
specific. In zebrafish, bothbsox9aand sox9bare differently expressed in Sertoli cells and
oocytes, respectively B]. During testicular development of zebrafishsox9ais expressed
highly in the bipotential gonad[141], and the expressionof sox9adoesnot changeduring
testicular differentiation. While in female zebrafishthe expression ofsox9bis detected at
a low level during the juvenile ovary. Throughout the ovarian stage, the expression of
sox9bis dynamic, highly expressed at stages IB and Il of oocytes and downregulated at
stagelll [141]. In Japanesenedaka,only sox9hs expressedin both XXand XYsupporting
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cells of theadult gonad,particularly in the oocytes and Sertoli cells, respectivelylfi2]. sox9b
is expressed at stage 36 of the Japanese medaka development stage priodmay, sex
determination gene expression 143]. Interestingly, at the time ofdmy gene expression, the
levels ofsox9hbin both sexes is at the same level. Furthermorspx9bis not involved intestis

differentiation, but testis maintenance [L44]. Suppression ofsox9bin XY Japanesenedaka
does nd show significant changes in the differentiation of PGCs to testicular tissughereas,

in female Japanese medaka, the expression siix9bin the granulosa is maintainedbefore

differentiation until diplotene oocytes exit from the germinal cradle [L42]. Then, the

expressionof sox9his replaced by foxI2.

1.1. Environment
1.1.1. SexHormones

The endocrine system plays a vital role in sex differentiation145]. Steroid hormones
caninduce phenotypic sex reversal ina teleostlfi6z152]. The production of oestrogenis
related to ovarian differentiation. Meanwhile, 1toxygenated androgens are involvedin
testicular differentiation. However, previous findings have shown that the balance of these
two steroid hormones concludes gonadal sex differentiationather than their absenceor
presence[153]. In the Chinooksalmon,oestrogensynthesisinhibition usingspecificenzymes
such as aromatase inhibitor causes a genetically female fish to undergo phenotypic
masculinization [153]. Therefore, the absence of oesigen is adequate to steer the gonad
differentiation towards a testis. Oestrogen is needed for female sex differentiation, while the
lack thereof results in male sexdifferentiation in an oestrogen-centric model [153].

Although testicular developmentmight or might not require androgens,they must
maintain the male phenotype,asthe absenceof them replacedwith E2 minimizes the
expressionof a generesponsible for testicular differentiation, dmrtl. Therefore, due to the
repression of the cypl19agene,the male sexof the teleost is maintained. In the absenceof
oestrogen,it leadsto impartial or complete functioning masculinization, which leadsto the
assumptionthat maintenanceof the ovary requires constant production of oestrogen[153].
Therefore, oestrogenis an essential hormone for gonadal differentiation into ovaries to
maintain this sexualform. Besidessexhormones, other studies have shown that cortisol is
responsiblefor masculinizationin ateleost[153]. This eventoccursfor two reasons;(i) akey
enzymein cortisol synthesisis alsoresponsible for 11-oxygenatedandrogensynthesis,and
this 11-oxygenated androgen favours testicular differentiation, and (ii) cortisol increases
expression of the cypl9agene. Again, this particular cypl9agene experiencesepigenetic
inhibition when there is an increasein temperature resulting in masculinization of female
teleost [153].

The use of hormones imquaculture favours monosex culture to increase the growttate
in a short time [154,155]. The two common methods usedto produce monosexfish are a
direct approach, where fishes are treated with hormones that produce the wanted sex, and
the indirect method, where the parent fish are treated with hormonesthat result in offspring
being neomale,neofemale,or supermale,which produce same-sexlarvae [150]. Awide range
of natural E2,synthetic oestrogen,and synthetic androgen(17, -methyltestosterone)
havebeenusedto produce monosexfish. Both types of steroids are readily metabolized
post-treatment [152,158,159].

Techniques of hormone treatment for sex reversal include injections, silastic implants,
immersion, or hormonesadded to the feed [56]. Commercially in aquaculture, immersion
and hormones in diet are the best practices due to their cogtffectiveness [L57]. Compared
to the immersion method, which requires knowing the type of hormone, the water temper
ature, andlength of exposure the feedmethod is viable and givesthe fish the optimum dosage
to induce and complete sexreversal [150,156].

Arecentstudy in the Europeanseabassshowedthat genesrelated to ovarian differentia -
tion such aswispl, cypl19a and17b-hsdand testicular differentiation such asamh dmrtl, and
tescare downregulated after exposure to high temperature and E2 treatment. Suppression
of all thesegenesresults in the feminisation of the fish [158]. However,a contrasting report
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showedanincreasein cypl9ageneexpressionfollowing E2treatment and suppressionof
cypl9afollowing exposureto high-temperature results in masculinisation[159]. The com-
plexity of regulation of sex determination and sexdifferentiation in different environmental
conditions remains unclear. Therefore, more studies are needed to fill the gap to understand
the underlying mechanismof sexdetermination at the molecularlevel.

1.1.1. Temperature

Some environmental factors could impact sex differentiation of teleost, including
temperature, pH, and social interactions (refer to Figure3). When the habitat temperature
fluctuates, thebiochemicalpathways are affected, which results in biased sex differentiion
[160]. Generally, in tke thermosensitive teleost, temperature elevation induces testis
development, which leads to a higher male population. On the other hand, low water
temperature setting causes the development of ovarieg{]. This phenomenon occurs in
a few species from the genuApistogrammaand Dicentrarchus labrax L..a type of sea bas3he
temperature shifts, however, is only crucial during the very initial process of sex
differentiation. When a teleost is thermosensitive, it could be a hereditaryrait. Poeciliopsis
lucida, originating from Mexico, is a viviparous teleost with genetic polymorphism for sex
determination and is influenced by the environment, in this case, temperature. In an
experiment conducted using two strains oP. lucidg which are M6131 and S684, the M61-
31 strain produced a majority male offspring (169/187) at SOCC; at 24%, the ratio wasslightly
skewed towards female offspring (250/395). However, the other strain, S684, produced
equal proportions of malesto femalesregardlessof the temperature [161].

In some teleost species, an increase or decrease in temperature does not affect the
sex of the offspring, such a€yprinodon variegatusand Salmonid,Coregonus hoyjil162].
Thus, it shows that some teleost possess strong genetic sex determination, but can be
mildly or not sensitive to the environment, such as the rainbow trout, Japanese medaka,
and the common carp. On the other hand, spesisuch as the sea bass are susceptible to
a particular environmental factor, for example, a change in temperature or pH/I].
Finally, species such as the zebrafish are sensitive to multiple environmental factors; an
increase in temperature, population desity, and hypoxia can induce the masculinization
of zebrafish [71]. It is known that in teleost with environmental sex determination, mostly
temperature sex determination (TSD), their stress is facilitated by cortisol, which plays a
significant role in activating the male pathway [163,164].

The effect of temperature on sex differentiation at the molecular level remains elu
sive. Nevertheless, a previous study has shown that the sdgtermining gene,cyp19a is
involved in the TSD mechanism165]. Thecypl%gene regulates ovarian differentiation
of the Odontesthes bonarensis a specific temperature L65]. The incubation of larvae of
Odontesthes bonariensas a masculinizing temperature suppressed the expression of the
cypl9agene [L667168]. Furthermore, the upstream regulator of the aromatase gen&xl2, is
also regulated by temperature during sexual differentiation in theParalichthys olivaceudn
this species, the expression of thioxl2and the FSH receptorfghr) genes were suppressd at
high temperatures during sexual differentiation [L69]. Foxl2 and FSH signalling are
essential in regulating the transcription of thecypl9agene during sex differentiation of
TSDspecies[169]. A study conductedby Zhangand coworkers in 2018 showedthat high
temperature (29 '€)inducesexpressionof amhy,a masculinisation signal,but suppresses
ovarian differentiation pathway supported bycypl9aMale pejerrey is seldom bred idow
temperatures, and their ratio among XY individuals increasewith elevated temper-
atures. This shows thatamhy, a masculinising gene, is temperaturdependent for its
expression[15].

1.1.2.pH

In someenvironmental sexdetermination species, the pH of the water can influenaex
differentiation. Acidic water induces masculinization in thePoecilia melanogastfz6], Poecilia
sphenop$170], and Pelvicachromigpulcher[70]. The tambaqui (Colossomanacrope
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mum), native species to Brazil, has a vast range @ifl (4z7.2) as natural habitat L71], and in
farming conditions, it sustains pH 4.88.0. Undifferentiated tambaqui were treated in either
acidic (6.7) or alkaline (8.2) water for 45 days, presex differentiation labile period; the
control (pH 7.5) and the dkaline group produced a 1:1 sex ratio, whereas the pH 6.7 group
resulted in a bias towards males(1.4:1); the bias could be a product of ionic stress[172].

Pelvicachromigpulcheris a small-sized cichlid found in west Africa [173,174]. The
P. pulcher is sensitive to water pH during the developmental period. Acidic conditions
produce a malebiased population when compared to neutral conditions12]. Therefore, pH
plays arole in the sexdifferentiation in P. pulcher and it also alters phenotypic expression
in malesand females,modifying their propensity for aggression[70].

In a study conducted on rainbow trout, it was observed that low pH (5#.0) leads toan
increased level of plasma cortisol, a stress response to low pH/E]. Additionally, a highlevel
of secreted T in the water could indicate a shift in the reproductive endocrinology of
rainbow trout [175]. As mentioned previously, elevated temperatures induce stress in
teleosts, causing a rise in cortisol163,164]. Therefore, it could be postulated that low pH
induces stress in teleosts resulting in high cortisol levels, causinga male bias population.

1.1.1. SocialFactors

Social factors also play a role in sex differentiation in hermaphroditic teleost. The
socialfactor mainly regulates sex reversal imesponse to population density and the male®
female ratio at a given period 176,177]. The precise mechanism of this effect isomplex
and not fully understood. Two different pathways produceThalassoma bifasciatumales; (i)
they can either mature as males naturally (primary males), or (ii) they mature a®@malesand
then undergo a sex reversal (secondary males). The high population density usually
generates primary males. As foiCichlasoma citrinellumthe socialfactor affectingsex
differentiation is the size of a juvenile where the relatively bigger fishes mature anales
[178].

1.1.2. Density

Population density can be a factor determining sex. Previous studies have shown tha
high-density population (100 fishes/1.5L) of TU [L79] and the AB [L80] zebrafish strain
produced a malebias population, probably due to hypoxic conditions. During hypoxic condi
tions, thedownregulation of genesresponsible forsynthesizing sex hormones and a surgse
11-KT and E2I in female zebrafish results in a malkiased population [L81]. Furthermore,
zebrafish embryos grown under hypoxic conditions show disruption in primordial germ cell
migration, altered sexhormones concentration, increasein hypoxia-inducible factor-1 (HIF-1)
signalling, which resulted in a malebiased population 28,186,187]. Given that hypoxia is a
stressinducing factor, it can instigate cortisol production, whichprevents the development of
ovaries while promoting masculinization [182]. Cortisol could also inhibit the expression of
aromatase,subsequently raising the rate of apoptosis in the gonadal primordia or increase the
synthesisof 11-KT and masculinizethe fish [163,183z186].

1.1.3. Hypoxia

Hypoxia and population density are interconnected as social factors. Theoretically,
AO OEA DPiI Ol AGET 180 AAT OEOU ET AOAAOAOR OEA
increase,resulting in lesseroxygenin the water. Therefore, ahypoxic state,which conse
quently causesstressamongthe fishes,could causeanincreasein cortisol level, resulting
in alteration of steroid levels in the fish. A study in the Amur sturgeonXcipenser schrenchii
showed significantly high levels of cortisol poshypoxia stress [L87]. It is possible that
negative feedback of cortisol masculinises the fish during sex differentiation; cortisol in
hibits the expression of aromatase, which then activates the pathway to develop male
gonads[188].
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1.1.Brain

The role of the brain during sex differentiation remains poorly understood. In the
zebrafish, knockdown or suppression of pituitary hormones, LH and FSH, expression and
secretion, does not significantly affect gonadal development $9]. However, knockdown and
suppression of gonadotropins hormones only delayed the development of gonadisstis,
and ovary [190,191]. Nonetheless, it is well known that LH and FSH regulate the
expression of steroid hormones, including T and E2. In addition, botformones, T and E2are
required for testicular and ovarian differentiation, respectively [L92,193]. In addition, Tand
E2 have positive and negative feedback on the brain, thus regulating sexual functwmrwl
behaviours[194,195].

In a study conducted onémale orangespotted grouper, Epinephelus coioide&nIH
mRNA levels in the hypothalamus fluctuate across different gonadal stages9f]. The
expressionof GnlH mRNAIs low during primordial germ cellsbut increasesduring early
differentiated ovary with primary oocytes, and decreasesduring vitellogenic stage.
Similarly, the GnIHR mRNA expression levels in the pituitary vary throughout ovarian
development. A previous study has shown GnlH peptide plays a role in the synthesis and
secretion of T and E2197]. Furthermore, GnlH regulates the mRNA levels &nRH,hb,
and fshb [198] and in the orange-spotted grouper, GnlH treatment decreasesthe
expression of GnRH and Ihb mRNA. Besides GnlH, kisspeptin is also involved in sex
differentiation of several fish species, including chub mackereBcomber japonicyi§199]
and cinnamon clownfish Amphiprion melanopus[200]. Similar to GnlH,kisspeptinmRNA
expressionfluctuates acrossgonadaldevelopmentand treatment of kisspeptin increases
the expression ofGnRH, Ihb, andfshb [199]. Therefore, these studies indicate that GnlH
and kisspeptin could play arole in sexdifferentiation.

Despite the fact there are no studies that show LH and FSH are responsible for the
regulation of sexdifferentiating genes, both FSH and LH are postulated to have a significant
role in regulating sex differentiation. However, some questions related to this research
remain unanswered; (i) Do LH and FSH interact with sedifferentiating gene to decide the
fate of the gonadsduring sexdifferentiation? (ii) Isthere arole for GnlHand kisspeptinin sex
differentiation through the HPG axis, if so what is themechanism involved? Answerstthese
questionswould uncover new directions to enhancethe understanding of sexdifferentiation,
at the level of the brain.

2. Conclusions

The sex of a teleost, either male or female, is determined by the genome and other in
ternal and external factors. Sex determination decides the fate of a bipotentitimordium.
Sexdetermination in teleostis controlled by genesenvironment, or both. Genesnvolved
in male sex determination includeamhr2 amhy, dmrtl, dmy, gdf6Y, gsdf andsdY. At the
cellular level, most of the sexdetermining genes are involved insuppressing the female
pathway. Sex differentiation occurs after sex determination and involves the developmeat
the gonad from the undifferentiated gonads. Sex differentiation is also dependent on
genetic and environmental factors. Several genes thate prominently involved in sex dif
ferentiation include amhr2 amhy, dmrtl, cyp19afigla, gsdf andsox9.Environmental factors
suchaselevatedtemperature, achangein pH, oxygenconcentration, population stocking
density, and social status camletermine the gender of fish. There are several intrinsic
factors such as gonadal hormones (oestrogen and -KIT) and stress hormone (cortisol) that,
together with the synthesisof Cyp19achangethe fate of the gonad,i.e.,sexreversal. Some
genes areknown to play a specific role in sex determination and differentiation. Despite
the specificfunction of the gene,under certain extrinsic factors,the courseof direction to
form a specific gonad might be swayed and result in a different gonad. Furthernerthe
role of the brain during sex determination and differentiation is still poorly understood
today. GnRH IIl knockout promotes a male sesbiased population. While during sex
differentiation, LH and FSH might not affect the testis or ovary differentiatin, both are
required for steroidal hormonessynthesis,which also regulates sexifferentiation. The
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mechanism ofsexdetermination and sexdifferentiation remains elusive, particularly onthe
involvement of the brain. Therefore, more studies of brain and gonadal transcriptomic,
together with top-down proteomics approachesand massspectrometry, are neededto reveal
new genes in the pathwayf sex determination and differentiation. This will help todevelop
a sustainable ecosystem, particularly of endangered species, and for sustainatxenmercial
culture.
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3.0. Methods
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3.1. Animal

All the 14 fishwere obtained from Aarm Agrotech. Fish werdividedbased ortheir ageof

6 (~370.67¢, 12monthg~1194.3¢ and 3.5 yeaf25009. Six samplesvereobtainedfor the6

andl12months, while one male and ofegnale were obtained for the 3.5 years dlde sex of

the6- and 12monthsfish were determined through dissection and histology stadyhe fish

were brought into the fish facility to acclimatise forhours. The gonads were retrieved

ethicallyupon dissection. Half of the gonad was kept in RNAlater, and the other half was fresh

frozenThecarcass of thésh was disposed of in aspaqueplasticbag and labellediohazard.
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3.2. PrimerDesigning

The FASTA sequence®f the gene ofinterestwere retrievedfrom National Center for
Biotechnology Information (NCBI) Gene, USA. Two speci€ygrinus carpioand Danio

rerio) from thecyprinidaefamily wereselectedsareferencesequenceNCBI PrimerBLAST,

USA, was used tgenerate several primers sets according to the genes of interest. A total of

nine genes were selected to be isolated indfidy: amhy, amhr2, aromatase, dmrtl, figla,

foxl2, sdy, sox9andwnt4. Only five of the genedhesenmper i mer s
genes. The unsuccessful primers have been attached in the appendix. Each primer computed
was uploaded to Primer Express Software (v3.0.1), USA, to ensure the maximum efficacy of

primers.Table 1 shows thproperties of th@rimer used to isolatihe genes.
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Table 1: Primer sequence.

Product Referencespecies
Primer  Sequence Tm
size(bp) (AccessiorNumber)
Forward:
53TGTTTGTCTGCTGGTGGTR 6 Cyprinuscarpio
aromatase 91 60°C
Reverse: XM_042774960.1
5 GACAAGAGTGGACCCAGACC3 6
Forward:
5 GCCAGTGTCAGAAATGCAGAS 6 Daniorerio
dmrtl 151 56°C
Reverse: NM_205761.2
5 GCCTCGTTCTTCACCAGAGT3 6
Forward:
5'CAGCCTGGCAAATCTCTCTTS3' Daniorerio
foxI2 99 56°C
Reverse: XM_021481464.1
5 €GCAGGAGACCACGAGTTAT3 6
Forward:
5 €ACGTCAAAAGACCCATGAA3 6 Daniorerio
sox9b 103 62°C
Reverse: NM_042767086.1
5 3TTTGCTGAGTTCTGCGTTGE3 6
Forward:
5'CTTCCCCTCACCACTTTCCE Cyprinuscarpio
wnt4 106 64°C

Reverse:

5 ACTCTCAATTGGGACCACGG3 0

XM_042766795.1
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3.3. RNA Isolation

The RNA of the Tor tambroidesgonadswere extractedwhere50-100g of samplewere cut
from the ovaries and testes and added into 1ml of TRIzol (Thermo RisB&), The samples
were homogenised using a homogeniser accordingly. RNA was extracted based on the TRIzol
ma n u f a enstruatian wherechloroformwasfirst addedn al:5ratio (Chloroform:Trizol)
andvortexeduntil the solutionturnedpink. The mixture wasthencentrifugedat 12,000Gat
4°C for 15 minutes.The aqueougphasefrom the tubewasthen carefully pipettedout into a
newmicrocentrifugeube.lsopropylalcoholwasthenaddedo the aqueoudayerat aratio of
1:2 ratio (Isopropyl: Trizol). The mixture wasthenleft to incubatein ice for 10 minutesthen
centrifugedat 12,000G 4°C for 15 minutes.The supernatantvas discarded|eavingjust the
pellet in the tube. 1ml of 75% ethanol was added to the tube and centrifutf€ &, 4°C for
5 minutes.The supernatamvasdiscardedandthe pelletwasleft to air dry for 5-10 minutes.
30uL of MiliQ waterwasthenaddedto dissolvethe pellet. The purity of the extractedRNA
was determinedusing an ND-1000 spectrophotometgfThermo Fisher Scientific, Waltham,
MA, USA).

3.4. cDNA synthesis

500ng/ul of RNA was then convertedto cDNA through High-Capacity cDONA Reverse
TranscriptiorKit (Applied BiosystemskForsterCA, USA) basedn Table2a.cDNA synthesis
wascarriedoutfor all thesamplesfterRNA extraction.Table2b showsthecycling conditions

for cDNA conversion.
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Table 2a: Contents of High-Capacity cDNA ReverseTranscription Kit.

Reagents The volumerequired for onereaction (pL)
10x ReverseTranscriptase Buffer 2.0
25X dNTP Mix 0.8
Multiscribe ReverseTranscriptase 2.0
Random Primer 1.0
RNAseInhibitor 0.9
RNA + MiliQ 13.3
Total volume 20.0

Table 2b: Conditions of cDNA conversions.

Stages 1 2 3 Hold
Temperature (°C) 25 37 85 4
Duration (minutes) 10 120 5 -

3.5. PolymeraseChainReaction(PCR)

PCR was performed to confirm the presence of the gene of interest; aromatase, dmrtl, foxI2,
sox9b,andwnt4. ThePCRreactionsverepreparedccordingo thestandargrotocolprovided

by iDNA Biotechnology (Malaysia), as shown in Table 3a The cycling condition was
denaturatiorof DNA at 95°Cfor 2 minutes followed by DNA separation stagat 95°Cfor 30
seconds and respective annealing temperature fee@inds, then an extension stage for 30
secondaitatemperaturef 75°C. TheDNA separationannealingandextensiorwererepeated

for 37 cycles.After the 37 cycles,the contentsundergostabilisationfor 5 minutesat 75°C.
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Table3b showsthe cycling conditionsusedfor PCRwherestepsii to iv wasrepeatedor 37

cycles.

Table 3a: Contents ofPCR master mix.

Reagents Thevolumerequired for onereaction (uL)

IDNA-Red 5X Master Mix 2.0

Forward Primer (10 uM) 0.5

ReversePrimer (10 uM) 0.5

Ultrapure miliQ 6.0

Template cDNA 1.0

Total volume 10.0

Table 3b: PCR cycling conditions.

Stages Temperature (°C) Duration
I. Initial Denaturation of DNA 95 2 minutes
il. DNA Separation 95 30seconds
iii. Annealing Referto Tablel 30seconds
iv. Extension 75 30seconds
V. Stabilization 75 5 minutes
Vi. Hold 4 -
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3.6. GelElectrophoresis

The PCR products were stained using RUnSAFE (Cleaver Scientific, UK) and 2.0% agarose
gel(w/v) wasusedfor gel electrophoresistheDNA electrophoresisanat 100V for 30 minutes

in aTBE buffer. Thegelwasthenvisualisedusinga chemiluminescentmagingsystemAzure

300(AzureBiosystems, USA).

3.7. Sequencing’CRProduct
After running PCR for all the genes ioterest, the bands were excised from the agarose gel

electrophoresito perform Sangesequencing (Apical Scientifidlalaysia).

3.8. Multiple Sequenceslignmentand Phylogeneti€reeAnalysis

Sequences of the gene of interest were retrieved from NCBA. Sequences selected was

from the cyprinidaefamily, thefamily of Tor tambroidesandfor comparisoramongfamilies,
cichlidae, adrianichthyidae and salmonidae were chosen. These families were selected as a
component of the phylogenetic tree as femes of interest have been studibtliltiple
sequence alignment was carried out using ClustalW, with default parameters set in Molecular
Evolutionary Genetics Analysis (MEGA, USA). The evolutionary history was created based
on the Neighboudoining method The evolutionary distances were calculated using Jukes
Cantor (JC) othe Kimura2 (K2) methods. Table 4 shows the method used for each gene to
calculate evolutionary distances. The phylogenetic tree was created using MEGA software

uponaligning all thesequenceased taconstructthe phylogenetidree.
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Table 4: Substitution Model usedfor evolutionary distances.

Gene Substitution Model
dmrtl Kimura-2

foxI2 JukesCantor
sox9b Kimura-2

3.9. Reattime quanttative Polymeras€hain ReactioriRT-qPCR)

Theexpressiomf thegenesimrtl,fox|2,andsox9bweremeasuredh theovariesandthetestes

by performingRT- PCR usi ng t he SeROXKiF(BidNke Reagems BK) H i
and7500 Fast Reattime PCR System(Applied Biosystems,CA, USA). Three biological
replicatesnd technicalduplicateswere performedfor eachgene.The datageneratedvere
analysedusinghe 7500 Software (Applied Biosystem, CA, USA). Relative quantifications

were used for thexpressiorstudy ofthe interested gene.

The cycling condition was holding stage at 95°C for 2 min, followed by cycling stage at 95°C
for 5s and respective annealing temperature for 30sec for 37 cycles. The contents of qPCR are

recordedas shown in Table 5.
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Table 5: Contents ofRealTime qPCR master mix.

Reagents The volumerequired for onereaction (uL)
Sybr Green 5.0
Forward Primer (10 uM) 0.2
ReversePrimer (10 uM) 0.2
Ultrapure miliQ 2.6
Template cDNA 2.0
Total volume 10.0

Thehousekeepingeneusedor normalisatiorwase f Rélativequantificatiorwascalculated

usingthe ratio of thegeneof interesagai nst ef 1U.

The relative quantificationand relative expressionvalue were calculatedaccordingto these

formulas:

1) Relativequantification(RQ)

o Ct Ct(geneof interest)- Ct (housekeepingene)i (1)
ppCt (gene of interest) = @Ct (DPene of inter
Fold gene expression Z®®Ct (3)

2) RelativeExpressiorValue (REV)

PCt (Een&dfinterest) Ct (housekeeping gene)4)

REV = 2 ®Gt {5)
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Expressionsverecomparedn threedifferentgroupsfor the geneexpressiorsectionof this study.

The sex of the fish was confirmed based on the histology of the gonads, and ¢héreyowere
segregated accordingly based on their sex and age. Following that grouping, expression wa:
compared between; a) mature ovaries and mature testes (using mature ovaries as a reférence), b)
monthold immaturetestesandmaturetestequsingmaturetestesasreferencepandc) 12-monthold
immatureovariesandmatureovariegusingmatureovariesasreference)Thecomparisorwascarried

out to see the variation of expression as they grow and their expression as adult niatealesd
OneWay ANOVA was used to determine the significant difference in gene expréstweerthe
ovariesand the tested he pvalues obtained are reflected in the graph using asterisks to display

their significance (p < 0.05 *, p < 0.01 **, p < 0.001*}*
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3.10.Histologyof gonads
Thegonadswveresectionedandstainedo validate thesexof the samplesAfter validationof
sex in all samples, they were categorised according to their sex groups for subsequent data

analysis.

A) Sectioning

Gonads from samples (6 & 12 months) were extracted and kept in RNAlater upon dissection.
Before sectioning, gonads were cut into $submerged in the Tissue Tek OCT compound
(Sakura Finetechnical, Tokyo, Japan). Samples were kept frozen overnight. Saerplest

(15 um thickness) using a cryostat and were thawunted onto &aminopropylsilaneoated

glassslides. Slides were kegtying overnight.

B) Hematoxylin& Eosin Staining

Slides containing sectionswere placedon a metalslide holder.The processstarts with
submerging the slides into Leica Hematoxylin 560 for 3 minutes, followed by a rinse with
deionizedwater. They were then placed in tap water for 5 minutes to develop the stain. The
slides were then dipped into Acid ethanol (1ml conegatt HCI + 400 ml 70% ethanol)12

times quickly to destain. To rinse, slides were placed in tap water for 2 minutes (2 containers
for a minute each) and 2 minutesin deionizedwater. Excesswater was blotted before
proceedingo eosinstaining.Slideswerethendippedinto LeicaEosinsolutionfor 30 seconds.

Then, slides were placed into 95% ethanol for 15 minutes (3 containers for 5 minutes each).
Then, slides were transferred into 100% ethanol for 15 minutes (3 containers for 5 minutes
each) Finally, slides were submerged into xylene for 45 minutes (3 containers for 15 minutes
each). To prepare the slides for viewing, a coverslip was used. A drop of mounting medium

wasused to fix thecoverslip on the slide.
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C) Observatiorof slides

Images of the positively stained sections were taken using an Olympus BX40 microscope and
a CG12 Softimaging System with Olympus MicroSuite (TNBBSV software (Olympus,
Tokyo, Japan).

3.11.StatisticalAnalysis

All the data were calculated with tiheean £ SEM in the graphs. All statistical analyses were
performedusing t-test for multiple group comparisongn=2). Statistical significancewas

definedas* p O 0. 05 ,* ****pp <<4n AD.cAOPEDdEONS.
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4.0.Results

4.1. Morphometric featuresf the sample
The weightof each fish was recorded before the dissection of gonads. The weight of the fish
was recorded in the table below. The weight

standardiseds thestudyfocused orthe expression ofienes at differerdges.

Table 6: Weight of the samples (6month-old).

Tor tambroides Weight (g)
Samplel 325.61
Sample2 328.54
Sample3 374.32
Sample4 141.31
Sample5 536.65
Sample6 517.60
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Table 7: Weight of the samples (12month-old).

Tor tambroides Weight (g)
Samplel 1114.3
Sample2 1129.2
Sample3 1093.0
Sample4 1268.5
Sampleb5 1400.8
Sample6 1160.2

Table 8: Weight of the sampleq3.5 years old).

Tor tambroides Weight (g)
Male 2000
Female 3000

The samples wereategorizedccording to their sex and age before grouping them for the
subsequergtudies, as shown ifable9.

Table 9: Sex of the samples

Age of sample Sex of sample
6 months Male (n=6)
12 months Female (n=6)
3.5 years old Male (n=J; Female (n=1)
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4.2. Isolationof Geneof Interest

Initially, the genes selected for this study wanehr2 amhy aromatasedmrtl, foxI2, figla,
sox9bandwnt4. These genes were chodegcause they play a role in sex determination or
differentiationin anovaryor testesn thereproductivesystemof manyfishesincludingbut not

limited to Takifugu rubripes, Oreochromis niloticus, Cynoglossus semilaevis, oryzias latipes
and Salmon salarHowever, despite multiple attempts to isolate the gene using a reference
gene, only five out of the eight selected ones were successfully isolated using PCR from the
ovariesandtestesof Tor tambroidesMultiple nonspecific®CRbandswereobtainedirom the
numerous primers that were designdthe PCR reactions were optimised using varying
parameters, including a range of temperatures froi®48€, altering the primer's volume and

the cDNA concentration. After a few attempmsomatase, dmit, foxI2, sox9andwnt4were

i sol at ed, conf i r mi ngor tantbmwigdes Thgse maglificationp diccrote n ¢ e
isolate the other three genes of interest effectivaghly, amh2 andfigla). Isolation of all
genedfintereswassuccessfullyloneby runningaPCR(Figure 1). Thebandsveremeasured

usinga 100bpladderaccordingo their productsize.Following this, the PCRproductwassent

for sequencing.
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Figure 1. Gel electrophoresisof PCR sample.

The figure above shows the PCR gel electrophoresis of the gene of interest. The bands form
is theproduct of PCR using the designated primers. The bands obtained are within the range

of the expected product size.

Legend:
Lane Gene S_I"f‘;;)g'e Prsoi(;lgct
1 aromatase Testes 91
2 aromatase Ovaries 91
3 fox|2 Testes 99
4 foxI2 Ovaries 99
5 dmrtl Testes 151
6 dmrtl Ovaries 151
7 wnt4 Testes 106
8 wnt4 Ovaries 106
9 sox9b Testes 103
10 sox9b Ovaries 103
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4.3. Multiple Sequenceslignmentand Phylogeneti¢reeAnalysis

All the gene sequences were retrieved from Apical Scientific Sdn. Bhd. and analysed using
Molecular Evolutionary Genetics Analysis (MEGA). For every gene, the sequences retrieved

were firstBLAST in NCBI. Three of the five sequences sent for sequencing were identical to
thegenesf otherspeciesvhicharedmrtl,foxl2 andsox9b As for aromataseandwnt4, it was

similar to Nesprins (Nuclear Envelope SPectrin Repeat proteINS) andbb8smal RNA
respectively. Due to the time constrain, these two genes were discarded from th©stedy.

the match was found, the sequences were alic¢

from NCBI andaphylogenetidreewascreatedor eachgere of interest.Thephylogenetidree

was used to study thevolution of thesexdetermining gene Tor tambroides

A maximum likelihood test was carried out using MEGA after aligning all the
sequences from one gene to confirm the Beststitution model according to the lowest
Bayesian Information Criterion (BIC) scores. The substitution models used in thisnssidy
either JukegCantor (JC) or Kimura Two (K2). Some models used has added discrete gamma

(+G) distribution.
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4.3.1.Phylogenetidree Analysidor dmrtlgene

The PCR product was sent for sequencing and the saiined from Sangesequencingvas uploadedo BLAST to find a similar sequence

match ontoFor the dmrtl sequencef Tor tambroidesthey werea 96% matchwith dmrtl from Carassiusauratus This analysis shows that the
dmrtlgene is found iMor tambroidesand it has a match of 110 nucleotide bases @#hassiusauratusTor tambroides and Carassius auratus

are from the same familgyprinidae Given both the fishes afeom the same family, the sequences have a high percentage of similarity with the

Tor tambroides

PREDICTED: Carassius auratus doublesex- and mab-3-related transcription factor 1 (LOC113079027), transcript variant X1, mRNA
Sequence ID: XM_026251209.1 Length: 2219 Number of Matches: 1

Range 1: 317 to 431 GenBank Graphics

Score Expect Identities Gaps Strand

183 bits(99) 3e-42 110/115(96%) 1/115(0%) Plus/Plus
Query 4 AGCGGGT(-TGGCC(}CC(AG@TGGCGTTACGGAGGCAGCA}GGC(CAGGAGGA;}GAGCTQ-G 62
Shict 317 AGAGGTCATCGCAGCLCAGGTCACETTALCCAGGLAGCAGECCAGAGRMARAGETGS 376
Query 63  GCATTTGCAGTCCGGTTAACCTGTCCGGTTCAGACACTCTGGTGAAGAACGAGGC 117

L LLEEEEEERERLEL LR UL L EEEREEet PEEL i
Sbjct 377 GTATTTGCAGTCCGGTTAACCTGTCCGGTTCAGACACTCTGGTGAAAAACGAGGL 431

Figure 2. The data shows thealignment of basepairs of dmrtl from Tor tambroidesand Carassiusauratus
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Using the maximum likelihood substitution model provided from MEGA after obtaininBapesian Information Criterioscores, a phylogenetic
tree was constructeding the K2+I modelThe BayesianinformationCriterion score that is calculated describes best substitution model to be
used in designing tipdylogenetictree. The constructed phylogenetis as shown in Figur@. Phylogenetic tree constructed using sequences
retrieved from NCBI andlor tambroidessequences from PCR product. Teleost usesdfrom theyprinidae Sinocyclochelius rhinocerous,
Cyprinus carpio, Carrassius auratus, Danio rerio, Puntigrus tetrazoadrianichthyidae@ryziaslapiteg, salmonidae@nchorhynchus mykigs

and cichlidae Qreochromis niloticusfamily. The phylogeetic tree shows the evolutionamslationshipof dmrtlgenebetweerall thesespecies.
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100%:

Dmrt1 Sinocyclocheilus rhinocerous XM 0165726191

100% Dmrt1 Cyprinus carpio XM 0427245931

100%

100% Dmrt1 Carassius auratus XM 026251209_1
0.
9%
Dmrt1 Puntigrus tetrazona XM 0432450961
0.03 0.02
Dmrt1 Tor Tambroides
0.02
oos Dmrt1 Danio rerio NIM 205628 .2

Dmrt1 Oreochromis niloticus XM 013270911.3

100%:

Dmrt1 Oncorhynchus mykiss NM 0011242691

0.0s0

Figure 3. Phylogeneticanalysisof dmrtl.

Dmrt1 Oryzias latipes XM 0239581331
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4.3.2.Phylogenetidree Analysidor foxI2gene

The PCR product was sent for sequencing andethidt obtained from Sangsequencingvas uploadedo BLAST to find the similar sequenct
match ontoFor the fox|2 sequencef Tor tambroidesthey werea 97% matchwith foxI2 from Cyprinus carpio This analysis shows that thexI2
gene is found iffor tambroidesand it has a match of 59 nucleotide bases @yrinus carpio Tor tambroides and Cyprinus carpawe from the

same familyCyprinidae Since both the fishes are frahre same family, #nsequences have a high percentage of similarity withdhambroides

Cyprinus carpio forkhead-box protein L2a (foxl2) mRNA, complete cds
Sequence ID: KP764768.3 Length: 1108 Number of Matches: 1

~

Range 1: 566 to 626 GenBank Graphics

Score Expect Identities Gaps Strand
100 bits(54) le-17 59/61(97%) 1/61(1%) Plus/Plus

Query 17 TTA?GTC{-?TC?TCC?AATAC?TGTAGTTA?TGTTTATCA?TA?CT?GTT?T?TC?TGC 75

[ 1] LELLEELEELEE LR R R R e e e e e e il
Sbjct 566 TTACCTCTCCCCGCCCAAATACCTGCAGTCAGGGTTTATCAATAACTCGTGGTCTCCTGC 625
Query 76 G 76

|
Sbjct 626 G 626

Figure 4. The data showsthe alignmentof basepairs of foxI2 from Tor tambroidesand Cyprinus carpio
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Usingthemaximumlikelihood substitutiormodelprovidedfrom MEGA afterobtainingthe Bayesian Information Criterioscoresaphylogenetic
treewasconstructedisinghe JCmodel The Bayesian Information Criterioscorethatis calculateddescribeghe bestsubstitutionmodelto be
usedin designingthe phylogenetitree. The phylogenetids as shown in Figuré. Phylogenetic tree constructed using sequences retrieved from
NCBI andTor tambroidesequences from PCR product. Teleost used are frooyginmidae(Cyprinuscarpio, Carrassiusauratus,Daniorerio),
adrianichthyidae(Oryzias lapiteg, and cichlidae (Oreochromisniloticus,Oreochromisaureug family. The phylogenetictree shows the

evolutionary relationshipf thefoxI2 genebetweerall thesespecies.
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Foxl2 Cyprinus carpio XM 042739105.1

FoxI2 Danio rerio XM 021481464 1

o Foxl2 Carassius auratus XM 026282873.1

Foxl2 Tor Tambroides

Foxl2 Oryzias latipes NM 001104888.1

FlfoxIZ Oreochromis aureus XM 031741555.2

"frcl?wxm Oreochromis niloticus NM 001279778.1

0.02
100%
.01
0.04
100%
0.07
8% |
0.01
0.04
0.08
100%
0.04
0.
100%
0.07
Pr——
0.02

Figure 5. Phylogeneticanalysisof foxI2.
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4.3.3.Phylogenetidree Analysidor sox9bgene

The PCR product was sent for sequencing and the result obtained from Samgarcingvasuploaded tBBLAST to find a similar sequencéo
matchonto.Forthe sox9bsequencef Tor tambroidesthey werea 96% matchwith sox9bfrom Tor douronensisThis analysis shows that teex9b

gene is found iffor tambroidesand it has a match of 55 nucleotide bases Wathdouronenss. Tor tambroides and Tor douronensige from the
same family and genu€yprinidaeand Tor respectively. Athey arefrom the same family, the sequences have a high percentage of similarity with

the Tor tambroides

Tor douronensis clone TD953 HMG box protein Sox9bii gene, partial cds
Sequence ID: FJ211114.1 Length: 827 Number of Matches: 1

Range 1: 12 to 67 GenBank Graphics

Score Expect Identities Gaps Strand
93.5 bHS(SO) 9e-15 55/57(96@6) 1/57(1%) Plus/Plus

Query 1  GCGCAGGAAACTGGGCCGATCAGTATCCGCACCTCCACAACGCAGAACTCAGCAAAA 57

LLLLLEELEELE LEREER R L LR LR e EELEE LI L
Sbjct 12 GCGCAGGAAACT-GGCCGATCAGTATCCGCACCTCCACAACGCTGAACTCAGCAAAA 67

Figure 6. The data showsthe alignment of basepairs of sox9bfrom Tor tambroidesand Tor douronensis
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Usingthemaximumlikelihood substitutiormodelprovidedfrom MEGA afterobtainingthe Bayesian Information Criterioscoresaphylogenetic
treewasconstructedisinghe K2+G modeTheBayesian Information Criterioscore that is calculated describes the best substituaie! to be
used in designing thehylogenetidree. This is usingK2 with agammadistributionof 0.24. Theconstructed phylogenetic is as shown in Figure
7. Phylogenetid¢reeconstructedisingsequencéom NCBI andTor tambroidesequenceSom PCRproduct.Teleostusedarefrom thecyprinidae
(Tor douronesisCyprinuscarpio), adrianichthyida€Oryziaslapites, andcichlidae(Oreochromisiiloticus) family. The phylogenetidreeshows

theevolutionary relationshipf the sox9bgenebetween all thesgpecies.

78| Page



Sox9b Tor douronensis EU399811.1

0.0
EL
0,11
99% ol Sox8b Tor tambroides
0.03
100%; ) .

o Sox9b Cyprinus carpio XM 019117253.2

0.02 '

. Sox8b Oreochromis niloticus XM 0054479852

II_ISoxgb Danio rerio MM 131644 .1

100%

Qoo

Sox8b Oryzias latipes NM 0011050861

0.0&0

Figure 7. Phylogeneticanalysisof sox9hb
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4.3.4.Multiple Sequencé\nalysisfor aromatasegene

The sequences obtaindtbm Sangersequencingvasuploaded tdBLAST to find the similar sequencéo matchonto. For the expectedaromatase
sequencef Tor tambroidesthey werean81%match withsyne2b/nespriprotein fromPuntigrustetrazonaAlthoughthebandexcised had theame

productsizeas thedesignedrimers, thesequenceetrievedis not thegeneof interest.

Figure 8. The data showsthe alignment of basepairs of samples fromTor tambroidesand the BLAST match.
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