Detection of QTL, genes and microRNA involved in sex

determination and differentiation of Nile tilapia

(Oreochromis niloticus)

Thesis submitted for the degree of
"Doctor of Philosophy"
By

Orly Eshel

Submitted to the Senate of the Hebrew University of Jerusalem

December, 2013



This work was carried out under the supervision of

Prof. Micha Ron and Prof. Gideon Hulata



Abstract

Fish of the genera Oreochromis, Sarotherodona and Tilapia of the family Cichlidae, known as
tilapia, are among the most important cultured fish in tropical and subtropical countries. Tilapia
production relies on monosex cultures of males, which so far proved difficult to maintain in large
scale production facilities. Detection of sex determination (SD) genes in tilapia has both scientific and
commercial importance.

The hypothesized sex chromosome system for O. niloticus is XX-XY based on breeding of
hormonally sex-reversed individuals. For instance, crosses of sex reversed (AXX) males with normal
(XX) females produced only females. Previous studies indicated that SD in tilapia is controlled by
major genetic factors that may interact with minor genetic as well as environmental factors.
Therefore SD should be analyzed as a quantitative trait. Quantitative trait loci (QTL) in tilapia
affecting SD were previously mapped to linkage groups (LG) 1 and 3. Genetic markers associated
with distorted sex ratios were detected on LG 2, 6 and 23. The QTLs had large confidence intervals,
hence, containing dozens of genes. A previous study detected differentially expressed genes in XX
and XY bi-potential gonads during the period of 9—10 days post fertilization (dpf). Additionally,
microRNAs are highly conserved among ecukaryotes and are considered important regulatory
elements in many biological processes during development, such as cell growth, differentiation and
apoptosis. Sexually dimorphic expression patterns of microRNA were found in several species.

The goal of this study was to fine map a previously detected SD QTL and to identify genes and
microRNAs affecting SD in the early developing embryo of Nile tilapia. Thus, SD mechanism was
explored in the developing embryo from 2 to 9 dpf to detect primary differential expression and
regulation of tilapia SD.

A full-sib progeny of Nile tilapia (Swansea strain), was divided into three groups: (i) untreated,
(i1) feminized by diethylstilbestrol and (ii1) masculinized by 17a-methyltestosterone. The first group
was analyzed for association of microsatellite markers representing these five LGs (1, 2, 3, 6 and 23).
The strongest association with gender was found on LG23 for marker UNHS898 X% p=8.6x10").
Allele 276 was found almost exclusively in males, and we hypothesized that this allele is a male-
associated allele (MAA). Sex-reversed individuals were used for mating experiments with and
without the segregating MAA. Mating of individuals lacking the MAA resulted in all-female
progeny. Mating of two individuals, heterozygous for MAA resulted in 81 males and 30 females
(ratio of 3:1 as expected from XX/XY SD system). Analysis of association between gender and

genotypes identified the MAA in 98.6% of males as opposed to 8.0% of females (x*; p=2.5x10"").



Eight markers flanking UNH898 were genotyped for fine mapping of the QTL on LG23. A 95%
confidence interval spanning positions 16-21 ¢cM was determined.

In a physical mapping study, a segregating family of 90 individuals was genotyped for
additional microsatellite genetic markers. The sex associated region on LG23 was localized to
scaffold 101 between markers GM597 and ARO124 from 990,577 to 2,468,000 bp. Twelve adjacent
markers found in this region were homozygous in females and either homozygous for the alternative
allele or heterozygous in males. Markers flanking the critical sex region were heterozygous in two
females thus localizing the QTL on LG23 into a 1.47 Kbp region. This genomic region harbored 51
positional candidate genes including a single functional candidate gene anti-Miillerian hormone
(amh). Narrowing down this interval, to a single ¢cM unit, will require sampling of thousands of fish.

Tilapia genome sequencing data enabled us to search for SD genes and microRNA in a genome
wide scale. The objective was to detect genes and regulatory elements involved in early SD
development by differential expression between genders at 2, 5 and 9 dpf. Artificial fertilization of O.
niloticus females with either sex-reversed males (AXX) or genetically-modified males ('YY") resulted
in all-female and all-male embryos for the analysis of genes and microRNA expression. A total of 56
biological samples were subjected to a microarray experiment, and six pools of the same samples
were used as template for small RNA sequencing. A custom Agilent eArray was designed on the
basis of the tilapia genome-sequence gene predictions and EST libraries. The array consisted of
43,803 probes each of 60 bases length, and controls for genome-wide expression profiling. A total of
59 differentially expressed genes were significant at false discovery rate (FDR) of 5%. A total of 831
microRNA precursors were discovered, of which nine had sexually dimorphic expression patterns
with deviations between genders > 4 standard deviations (FDR of 1.7%).

The genes with the most significant overexpression in females were carbonyl reductase-like 200-
hydroxysteroid dehydrogenase (cr/208-hsd; p=1x10""), reticulon-4-interacting protein 1 homolog
(p=1x10") and inositol monophosphatase 1 (p=1x10"%). Zinc-finger BED domain- containing 3
(p=1x 102, Tt etraspanin-8 (p=1 x107'%) and Amh (p=1x 10”%) were the most significant overexpressed
genes in males. The expression of amh and cr/20p-hsd was tested by qPCR in brain, liver and gonads
of tilapia males and females at 75 dpf. Cr/205-hsd and amh genes' overexpression were validated in
the respective gonads, i.e. ovary and testis, while amh was also highly expressed in male brain.

Eight genes were sampled for validation by qPCR, and a correlation of 0.8 for expression ratio of
genders was obtained between the microarray and qPCR. Nevertheless, melting curve analysis
showed multiple amplified fragments that were specific to one of the genders for a few of the genes,
indicating potential copy number variation. Further analysis by qPCR of genomic DNA of males and

females for four of the eight genes: amh, cr/20f-hsd, tetraspanin-8 and glycoprotein-A33,



demonstrated significant copy number differences between genders, supporting the qPCR results. All
four genes showed positive correlation between number of copies and expression level.

amh was a positional and functional candidate gene from our previous findings, and highly
expressed in males both in cDNA and DNA levels. Sequencing analysis of amh identified a male
specific duplication of this gene, denoted amhy, differing from the sequence of amh by a 233 bp
deletion on exon 7, hence lacking the capability to encode the protein motif that binds to the
transforming growth factor beta receptor. This shorter fragment was also found in cDNA of testis but
not of ovary.

Six of the nine differentially expressed microRNAs were male-specific previous to 9 dpf. The 3'
UTR of the 59 genes differentially expressed between genders in the microarray experiment were
tested as potential targets for nine microRNAs that were differentially expressed between genders.
Only pma-mir-4585 that was up-regulated in males showed significant perfect inverse correlation of
expression pattern with all six targeted genes that were down-regulated in males.

Two of the nine differentially expressed microRNAs were up-regulated in males and highly
conserved among vertebrates. Therefore, their gene hosts could be determined by across-species
genomic analysis. Mir-21 and mir-218 were identified in Tubulin Delta 1 and GTP binding protein 1,
respectively. Both genes are known to be expressed in testis and spermatogenesis which is consistent
with the finding that microRNAs are usually coordinately co-expressed with their host genes
mRNAs.

In summary, this study reports the fine-mapping of QTL on LG23, the discovery of sexually-
dimorphic expression patterns of genes and microRNAs, and genes enriched for copy number
variation and apoptosis. This is the first report of male-specific amh duplication and detection of SD
pathways that are functional at 2 to 9 dpf tilapia embryos. Thus, the sequence of events leading to SD
in tilapia is apparently initiated soon after fertilization. Genes involved in apoptosis were shown to be
a substantial group among the differentially expressed genes and constitute targets for sexually-
dimorphic microRNA. Amh and cr/20p-hsd genes and the apoptosis process have a major role in SD

similar to the SD model proposed for zebrafish.
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General introduction

Sex Determination Mechanisms

A sex-determination (SD) system controls the sexual characteristics of an organism. The most
common SD phenotypes are the two differentiated sexes. There are also some hermaphrodite species
or one sex due to parthenogenesis (female reproducing without fertilization). SD mechanism can be
controlled by genetic factors, environmental factors or a combination of the two types. In animals
sex 1s often determined by chromosomal differences. In many species, the presence of a dominant
sex determiner controls the sex of the individual; a Y chromosome in an XX/XY system (mammals
and fly) or a W chromosome in a ZZ/WZ system (birds and reptiles) (Ezaz et al., 2006; Martinez et
al., 2009). Studies have shown interesting similarities between the two systems (XX/XY and
Z7/WZ) of sex-determination (Ellegren, 2011). The ratio of X chromosomes to autosomes (the X:A
ratio) is another genetic factor that determines the sex of the individual (Deng ef al., 2011) as in
Drosophila melanogaster where sex is determined by the activation of the most upstream gene, Sex
lethal (Sx/) in the SD pathway (Schutt and Nothiger, 2000; Pomiankowski ef al., 2004).

In organisms such as crocodiles, turtles and some fish, sex is determined by environmental
variables (such as temperature, pH and hormones) or social variables (the size of an organism
relative to other members of its population) - reviewed in Volff and Schartl (2001) and Devlin and
Nagahama (2002). Extreme culture conditions with high densities produce male-biased sex ratios
(Gousset, 1990). For some species, such as alligators, with temperature dependent SD, exposure to
temperatures lower than or equal to 30°C resulted in all-females and temperatures higher than or
equal to 34°C yielded all-males (Ferguson et al., 1982). In European eels (Anguilla anguilla) growth
rate coupled with density influence SD. Females grow slower as a result of allocating resources for
the development of ovaries (Huertas and Cerda, 2006). Davey and Jellyman (2005) have speculated
that sexual differentiation is strongly influenced by growth rate and proposed that individuals that are
experiencing the same growth rates are of the same sex.

In mammals, the presence of the Y chromosome determines the sex of the individual. Genes on
the Y chromosome contain information that is “sex specific” for males (Charlesworth et al., 2005).
The Y chromosome contains the sex-determining region Y (SRY) gene encoding testis-determining
factor. SRY is responsible for the male phenotype and spermatogenesis (Sinclair et al., 1990;
Koopman et al., 1991). SRY is unique to mammals and seems to have arisen in that lineage about 150
MY ago. The sex chromosomes of birds, a WZ SD system, yield ZZ genotypes as males while WZ
genotypes produce females. The chicken Z chromosome contains doublesex and mab-3 related

transcription factor 1 (DMRTI), a male SD gene, and this gene is absent on the W chromosome



(Graves and Shetty, 2001; Schartl, 2004). In other model organisms, genes closely related to
DMRTI, such as doublesex in Drosophila and mab-3 in Caenorhabditis elegans, are involved in
male sexual development (Raymond ef al., 1998). At a critical phase of development where sexual
differentiation begins, expression of DMRT] is higher in males than in females (Raymond et al.,
1999; Smith et al., 2003). Similar results have been observed in sex-reversed males, supporting the
idea that DMRT is necessary for gonadogenesis and is a possible candidate SD gene (Smith et al.,
2003). These different sex chromosome systems (XX/XY and ZZ/WZ) have apparently evolved
independently as different genes are responsible for SD in each system (Ayling and Griffin, 2003;
Charlesworth et al., 2005; Charlesworth and Charlesworth, 2005). It was speculated that they may
have arose from different autosomal chromosomes (Ayling and Griffin, 2003; Charlesworth et al.,
2005). Interestingly, duck-billed platypus (Orniithirhynchus anatinus) carries multiple sex
chromosomes that are observed in male karyotypes as X1X2X3X4X5Y1Y2Y3Y4Y5 (Rens et al.,
2004). The X1 chromosome contains genes homologous to the mammalian (human) X chromosome,
while the X5 contains genes homologous to the bird WZ pair (Ezaz et al., 2006). However, the
DMRTI gene has been identified on X chromosome while the SRY gene has not been identified
(Ezaz et al., 2006).

Sex Determination Mechanisms in Fish

There are more than 24,000 species of fish (Nelson, 1994). Research on fish SD has provided
important insight into the plasticity of the sex-determination process in vertebrates since the biology
and ecology of fish is particularly diverse and provides unique examples of sex-determination
mechanisms, yet they possess many of the same processes and pathways that are used in other
vertebrate systems. Fish also provide unique opportunities to investigate and test theoretical concepts
of SD, ranging from evolutionary mechanisms to biochemical processes.

SD mechanisms described in fishes range from monogenic to polygenic, including systems with
dominant sex-determining factors mixed with influences from autosomal chromosomes (Devlin and
Nagahama, 2002; Schartl, 2004; Ezaz et al., 2006). Teleost species are an interesting model for SD
research, with a variety of SD systems and capability of producing viable hybrids between closely
related species having different SD systems (Mank et al., 2006). Additionally, Bellott (2010)
compared zebrafish, tetraodon, pufferfish, and medaka genomes to mammalian X and avian Z
chromosomes and reported that most orthologs to Z and X genes occupy separate portions of each
fish genome. Identifying these regions and their harbored-genes function may shed light on SD
mechanisms interaction and evolution. The following is a summary of knowledge for each species or

group separately:



Zebrafish (Danio rerio)

Despite the broad use of zebrafish as a model for vertebrate development, its SD mechanism
remains poorly understood. There has been controversy about whether the zebrafish has a male (XY)
or female (WZ) heterogametic SD system (Uchida et al., 2002; Tong et al., 2010). However, the
observations that sex ratio variation decreases substantially under selective pressure, and that it is
mainly influenced by parental genotypes strongly indicate that sex is a genetic trait in zebrafish
(Liew et al., 2012). Several molecular tools used for comparing the male and female genomes e.g.,
cytogenetic analyses on zebrafish karyotypes and comparative FluoMEP assays rejected the
existence of differentiated sex chromosomes (Wallace and Wallace, 2003; Liew et al., 2012).
Genome-wide linkage analysis, using more than 5,000 sequence-based polymorphic restriction site
associated (RAD-tag) markers and population genomic analysis of more than 30,000 single
nucleotide polymorphisms (SNPs) identified multiple sex-associated regions (Anderson ef al., 2012).
Integration of these results indicates that zebrafish SD is polygenic. Genes with strong influence on
SD and/or gonad differentiation are distributed throughout the genome and the combination of their
alleles determines the sex of the individual with multiple parallel sex determining pathways
(Anderson et al., 2012; Liew et al., 2012).

One example of SD-associated pathway is apoptosis. Rodriguez-Mari et al. (2010) found that
homozygous fancl mutants develop exclusively into males but the introduction of p53 mutations
rescue the sex-reversal phenotype, allowing fanc/ mutants to become fertile females. The Fancl gene
mediates cellular responses to a variety of stresses, including signals of DNA damage and apoptosis.
It is also involved in the survival of developing oocytes through meiosis. Sex reversal of fancl
mutants is not due to the absence of germ cells, but to an abnormal increase of germ cell apoptosis

that compromises the survival of developing oocytes, and masculinizes the gonads.

Medaka (Oryzias spp.)

Over 20 different species are recognized in the genus Oryzias that is widely used as a model
organism in developmental biology. Medaka species consist of XX/XY or ZZ/WZ SD system that
can be modified by high temperatures, which cause XX females to develop into sex-reversed males
(Matsuda, 2005; Sato et al., 2005). Various SD systems have been identified in seven species with
linkage group (LG) corresponding to the sex chromosomes: O. latipes (LG1), O. curvinotus (LG1),
O. luzonensis (LG12), O. minutillus (LGS), O. dancena (LG10), O. hubbsi (LGS), and O. javanicus
(LG16) (Matsuda, 2005; Takehana et al., 2007, 2008; Nagai et al., 2008). Most medaka species have
XX/XY SD systems whereas O. hubbsi has ZZ/ZW system. Like in many other fish species, no



cytogenetically distinct sex chromosomes have been observed in medaka (Schartl, 2004; Matsuda,
2005).

A DM-domain gene (dmy) was the first SD gene identified in a non-mammalian vertebrate, in O.
latipes (Matsuda et al., 2002, 2007). During a critical developmental phase, the DMY gene is
required for sex differentiation (Schartl, 2004). Dmy was found additionally in O. curvinotu but has
not been detected in any other type of fish, including other Oryzias fishes (Kondo et al., 2003;
Matsuda, 2005). Analysis of the Y-specific region of the O. latipes sex chromosome has
demonstrated that DMY arose from duplication of the autosomal dmrtl gene (Nanda et al., 2002;
Kondo et al., 2006). Myosho et al. (2012) found a Y-chromosome specific copy of gonadal soma-
derived factor gene (gsdf), denoted gsdfy, in O. luzonensis. The gsdf gene is a member of the
transforming growth factor B family (TGF-fB). Overexpression experiments using a gsdfy genomic
clone injected into one-cell-stage embryos of O. luzonensis resulted in all-male progeny, whereas all

fish without the transgene developed as females.

Salmonids

The salmonid group consists of more than 66 species with 92% similarity at the DNA level
(Nelson, 2006; Koop et al., 2008). Crosses between hormonally treated individuals and their progeny
testing demonstrated that several salmonid species have XX/XY SD system (Devlin and Nagahama,
2002). However, sex ratio can be altered by additional sex modifying loci (autosomal regions) and
environmental factors such as temperature (Azuma ef al., 2004). The sharing of sex-linked markers
on the X and Y chromosomes and the difficulty in identifying Y-specific markers indicate that X and
Y chromosomes in salmonids have a large pseudoautosomal region and a small sex determining
region. Linkage analyses suggest that either the SD region differs in different lineages or has
remained intact and moved by transposition to different chromosomes (Davidson et al., 2009). Yano
et al. (2012) have recently identified a sexually dimorphic transcript, named sdY on the Y
chromosome-specific genomic sequence, OmyY1 in rainbow trout (Oncorhynchus mykiss) that
displays sequence homology with the carboxy-terminal domain of interferon regulatory factor 9
(Irf9). Irtf9 differs from sdY mainly by DNA-binding domain deletion and it was shown that the sdY

gene is both necessary and sufficient to trigger testicular differentiation.

Fugu (Takifugu spp.)

Fugu is a large marine teleost with XX/XY sex determining system (Kikuchi et al., 2007).
Genome-wide linkage mapping has shown that the SD region is restricted to a small segment of

chromosome 19 flanked by large autosome-like regions. Kamiya ef al. (2012) fine mapped this

4



region and found that a SNP causing change of an amino acid (His/Asp384) in the kinase domain of
anti-Miillerian hormone receptor type II (amhr2) was fully associated with phenotypic sex in

Takifugu rubripes, T. pardalis and T. poecilonotus.

Stickleback (Gasterosteus spp.)

Stickleback, one of five genera of the family Gasterosteidae, is a small, elongated fish found in
fresh, brackish, and marine waters. It is a model organism with highly ritualized reproductive
behavior. One of stickleback (Gasterosteidae) research aspect is the evolution of SD and sex
chromosomes (Ross et al., 2009).

The first cytogenetic survey in this family reported heteromorphic XY pair in the black-spotted
stickleback (G. wheatlandi) and a heteromorphic ZW pair in the four-spine stickleback (A4peltes
quadracus ) (Chen and Reisman, 1970). Ross et al. (2009) used genetic mapping and molecular
cytogenetics to characterize the sex-chromosome systems of multiple stickleback species
(Gasterosteidae) that confirmed earlier findings. They reported that male three-spine stickleback (G.
aculeatus) have a heteromorphic XY pair corresponding to LG19. The nine-spine stickleback
(Pungitius pungitius) has a heteromorphic XY pair corresponding to LGI12. In black-spotted
stickleback (G. wheatlandi) males, one copy of LG12 has fused to the LG19-derived Y chromosome,
giving rise to an X1-X2-Y sex-determination system. The sex-chromosome diversity that was
uncovered in sticklebacks provides a rich comparative resource for understanding the mechanisms
that underlie the rapid turnover of sex-chromosome systems. Kitano et al. (2009) showed that a
newly-evolved sex chromosome contains genes that contribute to speciation in three-spine
stickleback (G. aculeatus). A neo-X chromosome contains loci for male courtship displaying traits
that contribute to behavioural isolation (originated from LG19), whereas the ancestral X
chromosome contains loci for both behavioral isolation and hybrid male sterility (originated from
LG9). These results strongly suggest the contribution of sex-associated regions to reproductive

isolation between closely related stickleback species.

Patagonian pejerrey (Odontesthes hatcheri)

Odontesthes hatcheri is a South American gonochoristic fish with both temperature-dependent
and XX/XY SD system (Koshimizu et al., 2010). Hattori et al. (2012) reported that males carry a
duplicated copy of the anti-Miillerian hormone homolog (amh) gene with 577 bp insertion in intron
3. The injection of an amh antisense morpholino (MO) in XY embryos resulted in development of

ovaries in 11 of 50 larvae. Analyses performed during early stages of embryonic and larval



development revealed a comparatively early mRNA expression in relation to other teleosts

(Fernandino et al., 2008).

Platyfish (Xiphophorus maculatus)

An unusual sex chromosome combination arises in the platyfish (Xiphophorus maculatus),
which carries both X, Y, and W chromosomes (Schartl, 2004). In this species WY, WX, and XX
genotypes yield females, while XY and YY genotypes develop into males (Schartl, 2004). The
presence of the female-determining W chromosome, when paired with either the Z or Y

chromosome, always determines the sex of the individual into female (Devlin and Nagahama, 2002).

Evolution and CNV Aspects of Sex Chromosome Systems

Chromosomal sex determination is common among animals. In most vertebrate species with
genetically determined sex, no differentiated sex chromosomes can be distinguished, although
genetic differences may sometimes be identified (Graves, 2006). Muller (1914) first suggested that
sex chromosome pairs evolved from a pair of autosomes. This evolution can be attributed to
suppression of recombination at the sex-determining locus in order to keep the identity of the
gonosomes as either an X or a Y and as a result become heteromorphic (Graves, 1998). Additional
theory proposed sexual antagonism as one of the driving forces of speciation, where an allele is
beneficial in one sex and selected against in another (Rice, 1987). Sexually antagonistic selection can
also be accountable for driving the divergence of sex-chromosome systems between closely related
species (Van Doorn and Kirkpatrick, 2007). Sex-chromosome turnover has been observed across
many fish species, including cichlid fish (Ezaz ef al., 2006; Mank et al., 2006; Kitano et al., 2009).

Sex chromosomes demonstrate unique characterizations comparing to gonosomes. Y-specific
region is enriched with highly repetitive satellite sequences that were not found in the X sequence
(Kondo et al., 2006). Furthermore, sex chromosomes were found to be enriched with repetitive
genetic elements such as genes, pseudogenes, microRNA, snRNA and tRNA (Kondo et al., 2006;
Anderson et al., 2012). The common characteristic of all known SD genes is their duplication and
speciation from autosomal genes. For example, SRY, dmrtlY and amhy were suggested to have
evolved from SOX3, dmrtl and amh duplication in mammals (Foster and Graves, 1994), Medaka
(Nanda et al., 2002) and Patagonian pejerrey (Hattori et al., 2012), respectively. Hence, duplications

and copy number variation (CNV) are universal features of SD regions and genes.



Sex Determination in Tilapia

Fish of the genera Oreochromis, Sarotherodon and Tilapia of the family Cichlidae, known as
tilapia are among the most important cultured fish in tropical and subtropical countries. Cichlids are
a diverse fauna and represent the most species-rich family of vertebrates with more than 3,000
species wildly distributed. Cichlids have shown a capacity for rapid radiation and speciation
(Schliewen et al., 1994; McKaye et al., 2002). Tilapia is the common name for nearly a hundred
species and subspecies, and the main cultured species are Oreochromis niloticus, O. mossambicus
and O. aureus, O. urolepis hornorum and hybrids between them. Since females tend to reproduce at
a small size, and to overcome unwanted reproduction, commercial production of tilapia relies on
monosex culture of males.

There are several methods available for production of all-male populations in tilapia (Beardmore
et al., 2001) such as sorting by external sex characteristics, hormonal sex-reversal, inter-specific
crosses and mating genetically-modified-tilapia ("YY male'). All proved, so far, difficult to maintain
all-male populations sustainably in production environments (reviewed by Cnaani and Levavi-Sivan,
2009). The most commonly used method is sex-reversal using hormonal treatment of sexually
undifferentiated fry by administration of hormones or hormone analogues. However, this method is
problematic due to environmental and health issues. Additionally, researchers found crosses between
different Oreochromis species resulting in monosex hybrids, for example, all-male progeny can be
produced by O. niloticus x O. u. hornorum crosses (Wohlfarth et al., 1990) and O. niloticus x O.
aureus crosses (Pruginin et al., 1975; reviewed by Wohlfarth and Hulata, 1981). A better
understanding of the genetic basis of SD in tilapia is needed for overcoming the difficulties in
production of all-male populations.

The karyotypes of various tilapia species are highly similar, consisting of 22 chromosomes pairs
and morphological differences have not been observed in any chromosome pair as indication of sex
chromosomes (Majumdar and McAndrew, 1986; Crosetti et al., 1988). Despite the limited
differentiation in the putative sex chromosomes, a variety of evidence suggests that SD in tilapias is
principally monofactorial (Carrasco et al., 1999; Campos-Ramos et al., 2001; Griftin et al., 2002).
The hypothesized sex chromosome systems of the major tilapia species are XX/XY system for O.
mossambicus and O. niloticus; and ZZ/WZ system for O. aureus and O. u. hornorum. These different
sex chromosome systems (XX/XY and ZZ/WZ) have apparently evolved independently (Ayling and
Griffin, 2003; Charlesworth et al., 2005), due to the fact that different genes are responsible for

determining sex in the two sex chromosome systems.



The primary support for these hypotheses comes from breeding hormonally sex-reversed
animals. For instance, crosses of sex reversed (AXX) males with normal (XX) females produced
only females (Mair ef al., 1991). However, variation in progeny sex-ratios (i.e. other than 1:1) among
O. niloticus females, suggests that other factors may alter the major genetic sex determiner (Mair et
al., 1991; Tuan et al., 1999). Even though genetic influence on sex is highly heritable, it does not
seem to be able to completely override the external environmental influences determining the
phenotype (Lester ef al., 1989). Therefore, sex ratios among O. niloticus are easily distorted from the
1:1 primary sex ratio.

Additionally, hormonally sex-reversed O. aureus females (AZZ) crossed with genetically normal
males (ZZ) produced all-male progeny, although some females were occasionally observed (Lahav,
1993; Rosenstein and Hulata, 1994). Gynogenesis resulted in a female-biased sex ratio among the
progeny, consistent with the idea that WW and WZ genotypes yield females, while ZZ genotypes
develop as males (Avtalion and Don, 1990). Mair et al. (1991) concluded that this species has a
female (WZ) SD system coupled with additional autosomal influences. They suggested that female-
biased sex ratios were produced by unusual male (WZ) genotypes leading to 3F:1M sex ratio (Mair
et al., 1991). Analysis of sex-ratio in O. niloticus x O. aureus F, and back-crosses indicated their
high variability and involvement of additional factors, defined as autosomal factors. Based on this
analysis and the various SD regions detected, an autosomal theory was proposed (Hammerman and
Avtalion, 1979). According to this theory, O. niloticus males and females were defined as aaXY and
aaXX, respectively, with emphasis on aa autosomes that do not segregate and have no influence on
SD in O. niloticus. However, O. aureus males and females were defined as AAZZ and AAZY,
respectively, showing potential appearance of new quantitative trait loci (QTL) for SD through
hybridization (Hammerman and Avtalion, 1979).

External factors such as temperature can override genetic factors that determine sex in tilapia,
thereby skewing sex ratios (Baroiller and D’Cotta, 2009). At high temperatures (above 32°C), the
level of aromatase mRNA and estradiol decreases, resulting in male-biased sex ratios in O. niloticus
(D’Cotta et al., 2001).

Although genetic and environmental SD mechanisms have long been thought as distinct factors,
recent data show that the integration of both factors ultimately guides the bipotential gonad towards
the male or the female fate (Barske and Capel, 2008; reviewed in Baroiller et al., 2009). This is
clearly exemplified in tilapia, which has a ZZ/WZ system as well as XX/XY system in other strains,
in which the sex ratio can be modified by temperature, and moreover, in which autosomal

chromosomes can influence the definitive sex of the fish (reviewed in Devlin and Nagahama, 2002).



Genetic Infrastructures Available in Tilapia

The first genetic map of O. niloticus spanned 704 ¢cM in 30 linkage groups covering the 22
chromosomes of this species (Kocher et al., 1998) with 162 DNA markers (microsatellite and
AFLP). Lee at al. (2005) published the second generation linkage map that spanned 1,311 cM in 24
linkage groups containing 525 microsatellite and 21 gene-based markers. This map enabled
researchers to identify genomic regions associated with genes affecting various traits, e.g. growth,
salinity and cold tolerance with segregating families of tilapia (Cnaani et al., 2004; Korol et al.,
2007).

The physical map of O. niloticus was released by the Broad Institute in 2011 (NCBI
Assembly GCA 000188235.2). This infrastructure has set the base for application of genomic tools
such as next generation sequencing and microarrays. For example, sequencing of total RNA
extracted from different tissues/treatments, followed by mapping the sequences to the genome,
enable the analysis of genes' abundance representing gene expression. The combination of linkage
and physical maps allows fine mapping of detected QTLs and the genes harbored in their regions.
Lee et al. (2010) published 116,899 expressed sequence tags (ESTs) from 17 normalized and two
non-normalized cDNA libraries representing 16 tissues from tilapia. This data was an important
resource for analysis of gene expression and annotation of genome sequences.

Additional infrastructure of Nile tilapia is the ability to produce monosex families after
genetic and hormonal manipulations. GMT (genetically modified tilapia) are fish that result in
progeny average sex ratio of >95% male, also known as the "YY male technology" (Fishgen Ltd).
All-female progeny are produced by mating with sex-reversed males (females fed with testosterone
during early period of life). For SD research, the ability to control and predetermine the sex of
progeny allows analysis of gene expression in males vs. females at an early age or even at the

embryo level when visual sex calling by gonad squash technique is not possible (Mair et al., 1997).

Detection of Sex Determining QTL in Tilapia

The differences in the SD mechanisms among closely related tilapia species and the probable
influence of both sex-determining genes and the environment, suggest that SD should be treated as a
quantitative trait, and analyzed using a marker-based QTL approach (Baroiller et al., 2009). Mapping
SD QTL in tilapias is based on the second-generation genetic linkage map of tilapia published by
Lee et al. (2005). Cnaani et al. (2008) summarized microsatellite DNA markers associated with
gender in eight tilapia strains and species on LG1 and LG3. Additional weak association of a QTL
region to SD was reported on LG23 (Cnaani ef al., 2004). Lee et al. (2005) classified the O. niloticus

as having a male heterogametic (XY) SD system linked to LG1. However, variation in progeny sex-
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ratios (i.e. other than 1:1) in O. niloticus suggests that other factors may influence the major genetic
sex determiner (Mair ef al., 1991; Tuan et al., 1999). Genetic markers on O. aureus associated with
gender were detected on LG3 and LGI1 (Lee ef al., 2004) suggesting that a female heterogametic
(WZ) SD locus is localized on LG3, while a male heterogametic (XY) SD locus is localized on LG1.
It was also proposed that SD is based on epistatic interaction, where the dominant female determiner,
W on LG3 suppresses the male determiner, Y on LG1. Thus, males are observed only in the absence
of the dominant female determiner (Lee et al., 2004). Additionally, sex-specific mortality could
mimic QTL for SD through elimination of males or females at embryonic or adult developmental
period (Shirak et al., 2002). Deleterious effects of three marker haplotypes were found on LG2 and
LG6 (Palti et al., 2002) that are associated with sex-ratio distortions (Shirak et al., 2002).
Furthermore, amh and dmrt2a2 genes were mapped to LG23 (Shirak et al., 2006) adjacent to two
previously-reported QTL associated with SD (Cnaani et al., 2003, 2004).

Candidate Genes Approach for Sex Determination

Sexual differentiation is generally assumed to be initiated by a major gene, a sex locus, and
then a multitude of other genes that follow in a domino effect. Recent studies revealed that the major
genes involved in the SD pathway are common to mammals and fish (Schartl, 2004). Moreover, the
upstream genes on the SD cascade may vary among organisms whereas the downstream components
tend to be conserved (Chelsworth and Mank, 2010). The major genes of the mammalian SD
pathway, including SOX9, WTI, DAXI, SFI1, OTCYP19, WNT4, DMRTI, and AMH, have been
detected in many vertebrate species and were further analyzed as putative candidate genes (Schartl,
2004; Rodriguez-Mari et al., 2005; Birk et al., 2000; Ljiri et al., 2008). Shirak et al. (2006) mapped
11 genes: amh, cypl9, daxl, dmrt2, dmrta2, fhi3, foxi2, ixl, [hx9, sfl, and sox8 to the tilapia linkage
map, and located amh and dmrta2 within two distinct QTL regions of LG23, for SD and sex-specific
mortality, respectively. Amh is considered as the main candidate gene for SD in O. niloticus but not
in other tilapia species e.g., O. aureus. Moreover, genes participating in pathways that are not
associated with SD are not considered as candidate genes. Hence, it is important to conduct a

systematic genome-wide search for genes involved in SD.

Time Window for Sex Determination in Tilapia

The critical period of sensitivity for SD for Nile tilapia was determined from fertilization to 21
days post hatching (dph) after administration of different androgens, estrogens, or precursor steroids
through immersion or diet experiments (Devlin and Nagahama, 2002). In a more recent study, Ijiri et

al. (2008) showed that differential expression of genes occurring in XX and XY gonads during the
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period of 5—6 dph is critical for differentiation of gonads into either ovary or testis in Nile tilapia.
This embryonic stage is equivalent to 9-10 days post fertilization (dpf). Rougeot et al. (2008) applied
temperature treatment on a population of all-female embryos until hatching and showed ~20%
phenotypic change in sex of females to males.

In addition, the findings of sex-specific mortality closely after hatching (Palti et al., 2002)
indicates that the initiation of SD pathways begins in the first few days of embryonic development
and ends a month later. These publications demonstrate occurrence of SD pathways near fertilization
but no previous work studied differential expression between genders at whole embryo before bi-
potential gonad can be detected. Thus, in the current study we focus on gene expression and

regulation in the early developing embryo from 2 to 9 dpf.

The Role of MicroRNA in Sex Determination

MicroRNAs (miRNAs) are small noncoding RNAs, about 21 nucleotides in length that may
regulate up to 30% of gene expression by partial or complete pairing with complementary sequences
of its target messenger RNAs (mRNA), thus controlling the protein production (Berezikov, 2011).
miRNAs are highly conserved (Lewis et al., 2003; Li et al., 2010) among eukaryotes and considered
important elements in many biological processes during development, such as cell growth,
differentiation and apoptosis (Berezikov, 2011). Due to miRNAs abundance and diversity, they
become key elements, both in the speciation process and as phylogenetic markers.

The vast majority of miRNAs found in vertebrate genomes needs to be functionally
characterized. Identifying tissue-specific miRNAs is the first step toward understanding the
biological functions of miRNAs, which include the regulation of tissue differentiation and the
maintenance of tissue identity. Giraldez et al. (2005) reported on the essential role of miRNAs for
development and adult function of all tissues and for cell fate determination, axis formation, and cell
differentiation morphogenesis in zebrafish embryos. These findings suggest that miRNAs can play a
significant role in development and more specifically in SD. Profile expression of chicken miRNAs
around gonadal sex differentiation identified sexually dimorphic miRNAs and expression patterns.
Expression of gga-miR-202-5p was observed to be sexually dimorphic, with up-regulation in the
developing testis from the onset of sexual differentiation (Bannister et al., 2009). Studies on mouse
characterized 55 miRNAs differentially expressed in testis and ovary (Mishima et al., 2008) and
illustrated their importance for the proliferation of PGCs and spermatogonia (Hayashi et al., 2008).
Other than in zebrafish, miRNAs composition and expression in fish was hardly investigated.
Considering their evolutionary conservation and regulatory functions, they probably play a role in

tilapia SD regulation.
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The goal of this thesis was to fine map previously detected QTL with our segregating families
and the genes harbored in their regions, and to identify genes and miRNAs involved in SD pathways

in Nile tilapia.

Research objectives
1. Linkage mapping - Testing of known QTLs in tilapia for their effects on sex determination.
2. Physical mapping - Fine-mapping of the major QTL for SD on LG23.
3. Functional mapping - Detection of genes and microRNAs with differential expression

between genders at early embryonic development.
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Part A — Linkage mapping
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Summary Genetic markers in tilapia species associated with loci affecting sex determination (SD), sex-
specific mortality or both were mapped to linkage groups (LG) 1. 2. 3. 6 and 23. The
objective of this study was to use these markers to fine-map the locus with the greatest effect
on SD in Oreochromis niloticus. Our parental stock. full-sibs of Nile tilapia (Swansea origin),
were divided into three groups: (i) untreated, (i) feminized by diethylstilbestrol and (iii)
masculinized by 17z-methyltestosterone. We analysed the first group for association of
microsatellite markers representing these five LGs. The strongest association with gender
was found on LG23 for marker UNHS98 (5°: P = 8.6 x 107°). Allele 276 was found almost
exclusively in males, and we hypothesized that this allele is a male-associated allele (MAA).
Sex-reversed individuals were used for mating experiments with and without the segre-
gating MAA. Mating of individuals lacking the MAA resulted in all-female progeny. Mating
of two heterozygotes for MAA gave rise to 81 males and 30 females. Analysis of association
between gender and genotypes identified the MAA in 98.6% of males as opposed to 8.0% of
females (7% P = 2.5 3 107'"). Eight markers that flank UNH898 were genotyped to map
the locus on LG23 within a confidence interval of 16-21 eM. Mating of homozygous
individuals for MAA is underway for production of alkmale populations.

Keywords locus, monosex progeny. Oreochromis niloticus, sex determination, sex ratio,
tilapia.

222

Commercial production of tilapia is based on monosex cul-
tures of males (Beardmore et al. 2001). To overcome the
difficulties for production of all-male cultures, a better
understanding of the genetic basis of sex determination (SD)
in tilapia is needed. The hypothesized sex chromosome
mechanism in Nile tilapia (Oreodiromis niloticus) is an XX/
XY syste
port from breeding hormonally sex-reversed gynogenetic
animals (Mair ¢t al. 1991). Differences in the SD mechanism
among closely related tilapia species and sensitivity to dif-

m, and evidence for this is based on primary sup-

ferent environmental factors suggest that gender could be
analysed as a multifactorial trait (Baroiller et al. 2009).
Previous reports have
microsatellite DNA markers and gender on linkage groups
(LG) 1. 3 and 23 because of elimination of specific genotypes
in one of the two genders (Cnaani et al. 2004; Lee et al.

shown association between
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2004). In addition, sex-specific mortality was reported for
markers on LG 2, 6 and 23 (Shirak et al. 2002). The aim of
this study was to utilize previously reported sex-associated
markers on LG 1, 2. 3. 6 and 23 to fine-map the locus with
the greatest effect on SD in Nile tilapia.

Full-sib fry of Nile tilapia (Swansea stock) was divided into
three groups: (i) untreated. (i) feminized by diethylstilbes-
trol and (iii) masculinized by 17z-methyltestosterone. Hor-
mone treatments were given orally by feeding the fry during
the four-first weeks. At an age of 3—4 months. the untreated
fish were phenotyped for sex, and fin samples were taken for
DNA extraction. Initially, 25 females and 20 males of the
untreated group were genotyped for microsatellites BYLOO2
(HQ199073), UNHI59, GM139, GM390 and UNHS9S,
located on LG 1, 2, 3, 6 and 23, respectively. A goodness-
of-fit test (Pearson’s y°) was conducted to evaluate the
association between gender and genotypes of the micro-
satellite markers. Significant association with gender was
found for the markers on LG 1 (P=0.01) and 23
(P = 8.6 % 107°). We focused on the most significant locus
on LG2 3. Analysis of the untreated individuals for UNH898
indicated that allele 276 was found almost exclusively in
males (152 52.7). Thus, we hypothesized that this allele is a

i) 2010 The Authors, Animal Genetics ©@ 2010 Stichting International Foundation for Animal Genetics, 42, 222-224
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(a) Family A
P AQ 274/2T6 X  C274/276
Fy 309810
Partial genotypes  Sex ratio
2741274 231
2741276 2:47
276/276 0:23
(b) Family B Family C

P @ 253274 X AC253/253 X @253/274
I_l_l
Fi 679 : 30 649 : 0T

Figure 1 Sex ratio and partial genotypes for UNHE9E in progeny of
parents segregating (a) and non-segregating (b) for the male-associ-
ated allele (MAA). 253, 274 and 276 are fragment lengths of alleles in
bp. The MAA is in bold face; A denotes sex-reversed individual.

male-associated allele (MAA). DES-treated females with and
without MAA were classified as sex-reversed females and
genetically females, respectively. Likewise, the MT-treated
males with and without MAA were classified as genetically
males and sex-reversed males, respectively. We designed
two mating experiments with and without the segregating
MAA (Fig. 1).

In family A. the cross between two segregating parents
for MAA yielded a male to female ratio that is not signifi-
cantly different from the expected 3:1 ratio. Analysis of
association between gender and genotypes identified the
MAA in 98.6% of males as opposed to 8.0% of females (3
P = 2.5 % 107'%). In families B and C. the crosses between
non-segregating parents for MAA yielded progeny that
consisted of 96 and 100% females. respectively. Thus, the
hypothesis that the MAA has a major role in SD was sup-
ported by the outcome of these experiments.

To fine-map the locus on LG23. we genotyped eight
markers that flank UNHS98 using individuals of the
untreated group and f{amily A. The linkage map was
computed with the “fixed’” option of crmmar (hitp://linkage.
rockefeller.edu/soft/crimap/).  The markers GM338.
GM597, GM212, GMO47, GM283, UNHSE9S, UNH216,
GM631 and UNH8E79 were mapped to 16, 16, 16, 17, 17,
18, 26, 33 and 33 cM on LG23, respectively. No other
informative markers are known in this region. The interval
mapping was based on non-inear regression using the
method of Knott et al. (1996), with the programme devel-
oped by Spelman et al. (1996). The test statistic and locus
eflects were evaluated at one-cM intervals. The 95% confi-
dence interval (CI) for the sex determination locus was
determined by the generation of 200 bootstrap samples. The

Fine-mapping of a sex-determining locus
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Figure 2 Mapping of the locus for sex determination on LG23.
Microsatellites are indicated with & and located from left to right:
GM338, GM597, GM212, GMO47, GM283, UNHE98, UNH216,
GME31 and LUNHETS.

maximum F-value of the locus on LG23 for SD was 42 at
18 c¢M, with a CT of 16-21 (Fig. 2).

The CI region harbours two genes. S0OX14 (encoding sex-
determining region Y-box 14) and AMH (encoding anti-
Mullerian hormone). which were previously mapped to this
region on LG23 (Shirak et al. 2006; Cnaani et al. 2007).
AMH is expressed in Sertoli cells at the onset of sex-differ-
entiation and causes Miillerian duct regression in mam-
malian males (Barciller e al. 2009). Although the
Millerian duct is absent in tilapia, AMH may still play a role
in SD and thus can be considered to be a major candidate
gene. In the Fy generation. six of 230 individuals were not
in accordance with our hypothesis of a segregating MAA.
Thus. the locus on LG23 explains 97.4% of SD (224/230).
The incomplete association of MAA with gender may be
because of a minor genetic effect found on LG1 and may
also be due to double recombination between UNHE98 and
the sex-determining gene. Nevertheless, mating of homo-
zygous individuals for MAA is underway for production of
alkmale populations.
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Part B - Physical mapping

Linkage and Physical Mapping of Sex Region on
LG23 of Nile Tilapia (Oreochromis niloticus)
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ABSTRALT Evidence supports that sex determination (S0} in tilapia is controlled by major genetic factors  KEYWORDS
that may interact with minor genetic as well as environmental factors, thus implying that 5D should be  sex region
analyzed as a guantitative trait. Quantitative trait loci (QTL) for 5D in Oreochromis niloticus were pre-  linkage mapping

physical mapping
Oreochromis

viously detected on linkage groups (LG) 1 and 23. Twenty-one short single repeats (55R) of =12 TGs and
one single nucleotide polymorphism were identified using the unpublished tilapia genome sequence on

LG23. All markers showed two segregating alleles in a mapping family that was obtained by a cross niloticus
between O. niloticus male (XY) and sex-reversed female (AXY) yielding 29 females (XX) and 61 males (XY  microsatellite
and ¥¥). Interval mapping analysis mapped the QTL peak between 55R markers AROI72 and ARONTY markers

with a maximum F value of 78.7 (P = 7.6 x 10-14). Twelve adjacent markers found in this region were
homozygous in females and either homozygous for the alternative allele or heterozygous in males.
This segment was defined as the sex region (SR). The SR encom passes 1.5 Mbp on a single tilapia scaffold
{no. 101} harboring 51 annotated genes. Among 10 candidate genes for S0 that were tested for gene
expression, anti-Millerian hormone (Amh), which is located in the center of the SR, showed the highest

overexpression in male vs. female embryos at 3 to 7 days postfertilization.

Sex determination (SD) can be controlled by one or more genelic
factors, environment or their interactions, involved 5D factors located
on sex chromosomes andfor on either autosomes (Bull 19581), The sex
chromosomes are characterized by both morphologically undiffersn-
tiated and differentiated homologs, in simple and muoltiple systems
with male or feamale helerogamety. Studies on organisms with differ-
entiated sex chromosomes, male helerogametic (mammals and [ly)
and female heterogamelic (birds and reptiles), have shown interesting
similarities between the two systems (XX and ZW/ZZ) of sex
determination (Ellegren 2011).

Telenst species are an interasting model for SD research, with
a variety of SD systems and capability of producing viable hybrids
betweemn closely relatal species having different SD systems (Mank

Copynight © 2012 Eshel et al.
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et al 2006). Telast fish have divergad from land verlebrales more
than 450 million years ago, aller they diverged from birds and mam-
mils, bul before they divergal from each other (Bellott & al 2010).
Morewver, these fish species experienced whole-genome duplication
(ancestral letraploidy), ollowed by variable-rate reduction of ploidy
that significantly complicates the identification of orthologs (Kasahara
et al 2007). Bellott et al (2010) compared zebrafish, Tetraodon, pul-
ferfish, and malaka genomes Lo mammalian X or avian Z chromo-
some and reported that most orthologs o Z and X genes occupy
separale portions of each fish genome.

Different aspects of tilapia 5D have been explored because tilapias
are an important aquacullure commuodity (Devlin and Nagahama
2002). Their commercial production relies on all-male monosex cul-
ture, which so far has proved difficull 1o maintain in large-sale
production facilities (Cnaani and Levavi-Sivan 2009), A betler under-
standing of the genelic basis of 5D in tlapia is needed Lo overcome
these difficulties.

The differences in 5D mechanisms among closely relaed tlapia
species and the influence of the environment (Baroiller et al. 2009)
suggest that 5D should be analyzad as a quantilative trail using
a markers-based QTL approach. Various sex-linked markers have
been identified in O wilotices and O aurens (Lee ef all 2003, 2004,
Shirak et al. 2002, 2006 Eshe et al 2010) and mapped W different LG,
In purebred O, niloticees and O niloticus % 0. awrens hybrids, the QTL
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were deteded on LGL, LG23 (Lee et al. 2003; Eshel & al 2010) and on
LG3 (Lee et al. 2005), respectively. The SD QTL on LG23 was mapped
within a confidence interval (CI) of 16-21 M (Eshel & al. 2010; Figure
1B}, which harbors the genes Amh and Drerta2 that are involved in the
verlebrate SD cascade (Shirak ef al 2006, Figure 1A). The fiest assem-
by version of the unpublished tlapia genome, consisling of 5900
scaffolds, was recntly released (Accession no. PRINAS9571). Using
this information enabled us o refine the confidence interval of SD
QTL on LG23 and find positional candidate genes for the sex master-
key regulators in the Swansea stock of 0L niloticus

The critical period for SD in tilapias is 0-18 days postlertilization
(dpt). During this period, embryos are sensitive 1o androgens, estro-
gens, and precursors of steroids through immersion and dietary ex-
posure [Devlin and Nagahama 2002). In a more recenl study, Ljird
et al. (2008) demonstrated that differential expression of genes in 33X
and XY gonads of O nilotics during the period of 9-10 dpfis critical
for differentiation of primordial germ cells (PGC) into either ovary or
testis. Rougeol ef al (2008) applied temperature reatment on all-
female population embryos until hatching (34 dpf) and showed

~20% phenotypic sex change of females to males. Furthermore, Palti
et al (2002) demonstrated by using genetic markers that sex-specific
mur lality occurs shortly after hatching. On the basis of these findings,
we hypothesized that master regulation genes initiating the SD cascade
should be expressed before the detectable differences in the PGCs,
Recent studies revealad that the major genes involved in the SD
pathway are common o mammals and fish (Schartl 2004). Morever,
the upstream genes on the SD cascade may vary among organisms,
but downstream components tend to be conserved (Charlesworth and
Mank 2000). To study the onsel of the 8D cascade at early stages in
embryonic development, we selected sight genes (Lix9, Ambh, Foxi2,
Cypl%a, Dimnrtl, DAXI, Sox%a, and Sox%®) with a known role in the
SD pathway of other organisms (Birk o al 2000; Shirak et al. 2008;
Ljiri ¢t al. 2008) and examined their expression from gastrula o late
larval stage (2-9 dpf) in O, miloticus monosex progeny of XY males
and XX females. Addibonally, we analyzed two genes previously
mapped to the SD region: Soxl4 (Cnaani et al 2007) and ELAVLI
[A. Shirak, unpublished data) with ambiguous similarity o known
gene on the SD pathway, Gene expression profiles represent the
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Figure 1 Linkage and physical map of 5K on LG23 and interval mapping of the S0 QTL. {A) LG23 genetic map by genotyping of O. miloticus o x
O\ aureus ¥ family (Shirak et al. 2004). {B] Sexdetermination QTL on LG23 for O, niloticus families based on nine 55K markers (Eshel et al. 2010).
{C) Fine mapping of the OTL region with additional mapping family {sex reversed) with 33 markers. {0 Interval mapping of the OTL based on
panel C. {E) LG23-related scaffolds. QTL, quantitative trait loci; 50, sex detemmination; SR, sex region; 55K, short single repeat.
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" Table 1 Primers for 55Rs and ELAV-like 1 gene used in this study and their locations on the unpublished tilapia genome scaffolds

Scaffold Marker/Gene Forward Primer Reverse Primer
7 AROTES CCTGAAMCTCAGGOGCTGTA GCTCTCACCAMNGGTCAGC AN
AROTTZ2 GCCTTGTGCCACTGTAGGAG AMCCTGCCTCTCCTGGAATC
ARCOTED TGTGGGGTTTTTGAAGCCTA GAMMCCCCCTCTTCCTTGTG
AROTS0 TGAAG CAMAC AGAGGCCATT GCTGGGTGAGGGGTTTIGTA
ELAVHike 1 GCTTTGATAAGAGGGCTGAGG AGTTCCTGGCCTGGTTGG
Extension primer:
[AAALAMNC AAMCACCT GAMNCG GACACACY

29 ARO298 CAGACTGTCCCCATCCTCAA AGGGAGCTGGATCTGCCTAA
ARD2G2 TTGACTACCGGCTTGCATTC GCCCGAACATAMGATGTCCA
ARO294 TGCTCTCACTGC TGAGCAML CGCAAATGTTAGGCCAGAAA

101 ARD104 AAGACCCGTTCTTCGTCGTC TTCATTCCACCTGCTCCALA
ARO133 GTGAGGCAAGTCCGGTTICT TGATCCACGGCGTATTGAGT
ARO158 GTGGGCAAMAACAAGCCATT TGTTTCAGTGTGAACGTGTGTG
ARO194 GATTGTGGCCTGGTCAAGTG TCCGTTTGTCTGCTGTGTGA
ARO145 CAATGTGGCAATGTGTCCAA CGGTGTCTCTGTGTCGTGTG
ARD1TZ AGGCCTTTCATCGCTGTTIT ACCCTGTAGATGAGCGCAMN
ARO1T? CCCTGCCCTGAACTACCTTC GCTGCAAGCAAATGAAAAGC
ARDT1GS CATGCTGATGGAGACCGATT TCAAGACGC AATGGAGTGTG
ARO120 AAGGGAAAGTGGCTCAGCTC GTTGCTTCCCCACAGTTTCA
ARO121 GGTGGGACTGTGGTGTATGG GGTGGATTGCAAGCAACATT
ARD114 AGGAGAAGTCGCAGGTGALCA GGCACAGTTGCCTGGTACAT
ARO118 TGAATCTTCCCAC AGCAALS GTTGGTGCCAACAAAGT AAT
ARD123 TTAATCCTGCCCACCTCTCC AAGCAMAMMGCATTTTCATGTTCA
ARO124 CGAGCTGCTTTGTTGTCTGA CGAACCGAAAATGAGAATGC

SERs, shart single repeats.
? [AAAAAN] & a stabilzing tail.

primary level of integration between environmental fadors and the
genome, providing the basis for phenotypes, such as morphology and
behavior. Therefore, we examined differences in candidale genes ex-
pression between genders during early embryonic development for
initiation of the SD cascade in tlapia.

The objectives of this study were o refine the sex region on LG23
using both linkage and physical mapping and o identify candidate
genes for 5D in the region with differential expression al early

embryonic development.

MATERIALS AND METHODS
Breading of O, milotices (Swansea stock) families used for this study
was performed al the Agricultural Research Organization, Israel.

Mapping family

The inheritance of gender in a cross between O, milotices male (XY)
and a sex-reversed neofemale (AXY) that yielded 29 females (XX) and

W Table 2 Primers for genes analyzed by qPCR

61 males (XY and YY) was validated by segregation of the sex-linked
marker UNHAS (Eshel e al. 2010).

Monosex groups

To oblain all-female (XX) and all-male (XY) progenies, eggs of
a single O, nilotices female (XX) were divided inlo two groups, and
each group was artificially fertilized with either milt of a sex-reversed
male [AXX) or milt of a genetically modified male (YY), Sex was
determined at age of three months by gonadal squash of at least
100 individuals per each full-sib group (Mair et al. 1997).

Development of S5R markers: We ran BLASTN search for the Amh,
Dmrta2, and Soxl4 genes and for nine SSR markers thal were pre-
viously mapped to LG23 (Lee et al. 2004; Shirak et al. 2006 Cnaani
et al 2008) against the unpublished tilapia genome [(Accession no.
PRINAS957L  httpy/dehlid umdedublastblast html),  Hits  were
found in three scaffolds: no. 7, 101, and 29, We searched for tandem

Gene Foreard Primer Reverse Primer
Amb GCACCCAGCTGCAGTACAC GTGGEAGGTCAAAGGTCAAC
Cypi¥aia GCATAGGCACAGCCAGCAMC GTGCACTGCTGAAGATCTGCTTAGTA
Caxt CAGATCTGGAGGGTTTGC GATGGATCAGCCTGACGTG
Dmrt1a COGCCCAGGTTGLTCTGAG CCAACTTCATTCTTGACCATCA
ELAV-like 1 CAGGCTTCAGGTCTGTCACG GTGTCOGTTCAGGTGTTTGA
Foxi2 CACGACCAAGGAGAAAGAGC TGOCAATGAGAGCGACATAG
Lhx9 GATTACT ACAGGTTCTCCGTGLAG TCAGGTGATACACGGAGTCG
Soxtd TGCTCAAGAAGGACCGTTACG AAGAGCCCAAAAGAGAGTCCG
Sox¥a GCAMACTTTGGAGATTGCTCA TCGGGGTGATCCTTCTTATG
Sox%b GAGAGCATTCAGGTCAGTCACA TCAGATCAGCTTTGCTGGAG
GAPDH GOCATCGTGGAAGGTCTCAT CATTTTACCAGAGGGCCCGT
* fjiri et al, (2008,
;G | | Wolume 2 January 20012 | Sex Region on LG23 of Mile Tilapia | 37
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Figure 2 Determination of boundaries of
the 5K on scaffold 101 based on genatyp-

01 W0 40 600 B0 00 BOBD MO 1350 1SN0 145D 1B00 1930 D0 EM0 2e00 2580 Kby ing data of 55Rs for selected individuals.

- — — — — = - Heterozygous genotypes of females con-

| e tributed to the reduction of the SR interval
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repeats of =12 TG in scaffold 7 (6,500,000-9 485422 bp), in scaffold
29 (3,291,196-5,141,938 bp), and in the entire saffold 101, We en-
tered the sequence of 200 bp upstream and downstream of the TG
repeals core o Primer3 software and developed 21 novel SSR markers.
Polymorphism of these markers was lested in parents of the mapping
family. To develop genetic markers in the vicinity of UNH216, we
mappal inour family the marker UNH2190, which was derived from
the Malawi dehlids hybeid Metriacina zebra x Labeotrophens fuele-
bornit and was mapped adjacent to UNH216 (Albertson et al 2003).

Development af the SNP marker: On the basis of partial cds sequence
(GL 93115149) of 0. mossamibricus ELAVLI [embryonic lethal, abnor-
mal vision, Drosophila-like 1), we identified the SNP polymorphism
ASG (Table 1) at nucleotide 391 in our mapping Lamily.

DNA extraction and genotyping of S5R and SNP markers: DNA
was isolated from fin samples by the “salling out” high-throughput
procadure (Zilberman et al. 2006). The concentration of the DNA was
quantified with NanoDrop spedromeaer (ManoDrop Technologies,
DE), and each DNA sample was diluted Lo a final concentration of
~10 ngful. PCR amplification was perlormed in a lotal volume of
10 pl with Super-Therm Taq DNA polymerase (MR Holding,
London), mixture of 2 mM dNTPs of cach nucleotide, and primer
concentration of 10 pmolipl (Metabion GmbH, Germany). PCR con-
ditions were 3 min al 947 40 sec al 947, 40 sec al 61.5%, 1 min al 72° for
30 eydes and 10 min al 727, The mapping family was amplified lor SSR
markers, and genes with primers taken from NCBI database or designed
based on scaffold sequence (detailed list in Table 1), where one primer in
each pair was 5 end-labeled by HEX, TET, o FAM fluorescent dyes
(Operon Technologies, Alameda, CA). Size alling of PCR products was
determined using ABI GeneMapper sollware version 4.0 (Applied Bio-
systemns, Foster City, CA) after electrophoresis in a apillary gel on ABI-
3130 apparatus. Sequencing and SNaPshot reaction for genolyping of
SMP markers were also carried out on ABI-3130 according o the man-
ulacture instrudions using the primers specified in Table 1. (For addi-
tional data, see supporting information, File 51.)

Linkage and interval mapping: The linkage map for LG23 using
segregaling markers in our mapping Gmily was reconstructed by
CRIMAP software (hitp:/linkage rockefeller edufsofl feri map/).

The interval mapping was based on a nonlinear regression using
the method of Knott of al (1996), with the program developed by
Spelman et al. (1996). The test statistic and loos effects were evalu-
ated at 1 ¢M intervals. The 95% confidence intervals (CI) for the QTL
location and effect were determined by generation of 200 boolstrap

samples,
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sex region; 55Rs, short single repeats.

Identification of genes and anmnotation: Annolation of genes
positioned in the SR was performed by combining three bioinfor-
matics resources: (1) EST conligs assembled via MIRA program with
BLASTN (Lee et al. 2010); (2) comparative mapping to other fish
genomes by BLASTX; and (3) BouilaBase annolation using Maker
Gene pipeline (http:/fcichlid umd.edu/cgi-infgh2 (ghrowse Tilapia
broad_scaffolds_v1/?source=Tilapia_broad_scaffolds_v1).

Comparative mapping: Alter delermining the boundaries of the SR
in LG23, we detected 39 annotated genes in the unpublished tlapia
genome database (httpe/fcichlid.umd edufegi-bindgh2 fgbrowse Tilapia
broad_scaffolds_vi Zsource=Tilapia_broad_scaffolds v1) uwsing Maker
pipeline. Further analysis between tilapia and stickleback group
VI (154-16.7 Mbp) (http:fwww.ensemblorg/index. html) iden-
tified all 39 genes in the same order in both genomes. On the basis
of this high level of orthology, we used stickleback orthologous
region on UCSC genome browser (hitpd/genome. ucscedu/) as an-
chor for similarity with Tetraodon (chrl:13.4-14.7 Mbp), medaka
(chrd:74-88 Mbp), fugu (scaffold 250.4-1 Mbp), zebrafish
(chr22:19.1-20.6 Mbp), and human (chrl9pl3.3 1.5-5 Mbp),
and we detected 12 additional genes in tlapia.

RNA extraction and gPCR: A pool of 20-30 embryos [rom each
gender were placed in RMNAlater reagent (Clagen) o stabilize the
RMA and then stored at —20° until BMA extracion. Total RNA was

¥ Table 3 Level of normalized relative expression = 5D and

statistical significance of sex-specific differences for gene
candidates for 50 in embryos at 2 to 9 dpf
Gene dpf All Female All Male Probability

ELAVLY 2 145 = 2.2 3221 a4

5 421 +114 05+11.4 B

7 228 58 1.2+54 B

@ 27 £ 04 0.2 +046 .
Amb 3 0.02 = 0.006 0.04 = 0.005 ¥

- 02 +02 3502 wEE

5 05 £0%9 5209 x

& 04 +02 F8+02 .

7 03 x=07 3707 ¥
Lhx? 2 31 £0.18 08x02 wEE
Sox%a 7 1.4 £017 0902 *
Sox%b 7 &3 £ 046 4 046 ¥
Foxi2 8 09 = 0.04 0.4 =006 ¥
Sox14 9 0.3 =007 0.55 = 0.06 .

Aatersks represent levels of significanae Tar ses-specific expression differences:
Po= 005, P = 001, and * P = 0.001. dof, days post Tertilzation.
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Figure 3 Momalized relative expression of Amb (&) and ELAVLT {B]
for allmale (gray) and all-female {white] pools at 2-9 dpf. Deviation
bars represent standard errors and asterisks represent levels of signif-
icance for sex-specific expression differences: P = 0.05, *F = 0.01,
and “*°F = 0.001. dpf, days postfertilization.

extracted (miRNeasy Mini ki, QIAGEN] and analyzed with Agilent
2100 Bicanalyzer (Agilent Technologies, Palo Alto, CA). Synthesis of
DMNA was done with SuperScript 1T (Invitrogen) according o the
manulfacturer’s instructions. Three biological and three lechnical
repeats of gPCR were performed using Absolute Blue SYBR Green
Rox mix (Thermo Sdentific, WI). The primers were designed so at
least one strand was specific to an intron-exon boundary (Table 2). The
dficiency of the PCR reaction (linear equation: y = slope + intercept)
was measured in triplicate on serial dilutions of the same cDNA sample
(pool of RT-RNA samples). Efficiencies (E) of gPCR for sach reaction
were caleulated using the following equation: E = [107#9<9]1 Mdting-
curve analysis was performed for each gene for specificity of gPCR
producs, The reative amount of the target BNA, alled the input
amount (IA) according to User Bulletin #2 ABI (PRISM7 700 Sequence
Detection System, Applied Biosystemns), was determined by comparison
with the corresponding standard curve for each sample The TA values
were calculated as follows: LA = [LO0C - imerceptvsbaped | where Ct is the
eyde threshold for unknown sample. Each transeript level was noemal-
tzed by division with the expression values of the GAPDH gene, which
was used as an internal standard. Final results were analyzed by Student
t-test. (For additional data, see File 52)

Gene expression in SD-associated organs: To relrieve available gene
expression data for all genes embedded within the SR on LG23 we
used the “Gene Atlas” expression data for mammals at BioGPS (Su
et al. 2004 Wu et al 2009; hitp:/biogps org/# goto=welcome), Differ-
ential expression was determined for individual genes in organs rele-
vant [or the SD pathways in tlapia such as beain, testis and pituitary.

RESULTS

Mapping new markers on LG23

Two alldes were found for each of the novd 21 S5R markers in the
parents of the mapping family. These markers were designated as
ARD markers (Table 1) that were physically mapped 1o scallolds 7,
101, and 29 and linkage mapped to an interval of 30 <M of LG23
(Figure 1C).
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Linkage and physical mapping of the QTL on LG23
In Figure 1, the QTL interval mapping for SD on LG23 is presented
based on the reference mapping family (Figure 1A) and O, niloticus
families (Figure 1B). In the current study, 33 genetic markers were
analyzed, including the new SSR markers added (Figure 1C). In-
terval mapping analysis mapped the SD QTL region to 13-40 ¢M
with a maximum F value of 78.7 (P = 7.6 = 107" at 22 M
(Figure 1D). This region was localized to scaffolds 7, 101, and
29, Physical mapping of the scaffolds with the newly developed
markers narrowed down the SR to scaffold 101 between markers
GMS597 and ARO124 from 990,577 to 2,468,000 bp (Figures 1E and
2). The Amh gene is located between these markers. The scallolds
relating to LG23 and the physical map of markers are given in
Figure 1E based on the unpublished tilapia genome sequence.
The SR on scaffold 101 was inferred from genotypes for S5Rs of
selected individuals (Figure 2} 12 adjacent markers found in this
region were homoeygous in females and either homoezygous for the
allernative allele or heterozygous in males, This segment was defined
as sex region. Markers flanking the SR were heterozygous in females,
thus reducing the SR interval to 1.5 Mbp badween GMS97 and
ARCI24. The boundaries of the SR are marked by arrows.

Gene expression at early developmental stages

Expression analysis of 10 SD-related genes and two genes mapped
within the 8D QTL on LG23 was performed for embryos of known
type (XX or XY during 2-9 dpf Mo significant differences between
genders were found for cypi9a, Dmrtd, or Daxl. Significant sex-
differential expression was detected for the remaining 7 genes as
presented in Table 3. Figure 3A presents the continued elevation in
significance for gender-specific differences for Amh expression
from 3 dpf (P = 0.03) to 7 dpf (P = 0.01). The Y axis indicates
normalized expression values, whereas each bar along the X axis
indicates a sample. This gene showed the highest sex-differential
expression among all 10 tested genes. Significant sex difference was
found for Lhx9 expression (P = 0.0002) at 2 dpf, equivalent o
the developmental stage of segmentation (Fujimura and Okada
2007) but not later in the embryonic development. Likewise, sex-
differential expression was detected for ELAVLL (P = 0.01) at age
of 2 dpf but was attenuated at 5, 7, and 9 dpf (P = 0.05) (Figure
3B). Gender-specific expression differences for the other 4 genes
(Foxl2, Sox%a, Sox9b, and Soxl4) were detected at later develop-
menlal stages (69 pdf).

Characterization of genes positioned within the SR
Fifty-one genes were identified within the SR and are presented in
Table 4. Thirty-nine genes had expression data in a varlety of 91
tissues of mammals in the BioGPS database. We locused on three
SD-related organs that are relevant in the tilapia 5D cascade: brain,
Lestis, and pituitary, Interestingly, 17 out of the 39 genes showed
overexpression in the brain; expression of 15 of these genes exceeded
the median expression by over 3-fold. Thirlesn genes were found
relevant to SD following a literature survey. After removing 3 genes
with no expression data, 4 out of the remaining 10 genes showed
overexpression in at least one SD-associated organ (Notch2, PIASY,
ZBTR?, or CELF5).

Comparative mapping

Comparative analysis of the genes positionad within the SR detected
high level of orthology between tlapia and sic different species.
Within =213 Mbp region of stickleback, Tetraodon, fugo, zebrafish,
medaka, and human, 40, 39, 29, 29, 20, and 21 orthologous genes,

Sex Region on LG23 of Mile Tilapia | 3%



I Table 4 5D-related data for annotated genes in the 5R on scaffold 101 between 990,577 and 2,468,000 bp

Scaffold 101 {bp) Gene Expression
Gene or Symbol Accession or Ensembl No. Start End SC-related Publications Brain Testis Pituitary
1 PLING NP_0011467392.1 1187253 11921469
2 FEANDE KPP 00219944561 1194445 1198048 NN
k| FAMT0BCT KPP 0013429942 1205385 1210274
4 RGLT MP_931200.1 1214521 1224747 NN ")
5 GLT2502 ENSGACTOO00001 £402 1245440 1265427 NN
& Movel protein ENSGACTOO00001 4408 1273512 1277395 MO
7 Clor21 ENSGACTOO000014410 1273570 1287700 NN
8 EDEM3 MP_&BBITE 4 1305007 1311942
9 MPL NP_001133311.1 1314238 1318448
10 SEC228 ACMOFT143N 1328257 1332317 NN
1 MNOTCH2a MP_001108544.1 1348777 1380740 Zhu et al. 2007 NN
12 SLC35AZ ACN108%90.1 1384970 1391950
13 FAM7EE CAO144151 1390770 1404535 MWD
14 C19rfé0 NP_001158740.1 1404814 1410851 NN
15 CRLF1 NP_001002450.1 1412045 1421020
14 TRMEMSIL EMNSGACTOOM0001 4558 1422748 1431927 NN
17 Movel protein EMSGACTOOM0001 4543 1431927 1433134 MWD
18 cLBr4 NP_001018403.1 1502934 1511875 o
19 FKBPE NP_001133417.1 1540993 1579098 o
20 ELLA NP_954001.1 1603737 1613759 Zhou et al. 2009
21 LoT! CAPIDE16.1 1667805 1679590
22 Ambh ABSEA513.1 1688458 1695299 o
23 Maovel protein EMSGACTOOM000147 37 16916464 1695317 MO
24 CaZ7 NP_001134904.2 16946653 1701714 O
25 dkey-3k20.4 EMSGACTOO00001 4747 1705254 1704891 MO
24 ORGE NP_001093540.1 1709490 1714883 Dai et al. 2009 MO
27 LINGOZ EMNSGACTOO000014753 1749930 1771737
28 Mowvel protein ENSGACTOO0000147 55 1783055 1787782 MO
29 ATPEBZ XP 0032011021 1808332 1824572
0 OMECUTS ENSGACTOOO000147 74 1832236 1848744 MO
31 Plas4” AAHSTE28.1 1874824 1885444 Hsieh et al. 2009 o o
32 A P2K2 XP 0027414341 1892758 1902715 Murakami et al. 2001
33 ZBTR?a CAKDM314.1 1917084 1923570 Gailey et al. 20046 o
34 TCFza NP_001187227 1948472 1941119 Zhu et al. 2007
35 QCR e ACOS8208.1 1948852 1973040 MO
34 MBD3b CAK10918.1 1973187 1979287 Kaji et al. 2006 MO
37 MY O5b CAK10917.1 1280557 1993470
38 UNC T34 NP_001038430.1 1997104 2034458 o o
39 HMG208* NP_001018387 .1 20391448 2044881 Sumaoy et al. 2000
40 EEF2 MNP_9567522 2047515 2063389
41 SNORD3? ENSGACTOOOO0029442 2050851 2051406 MO
42 Rxfp3® NP_001077348.1 2080930 2081854 Wilson et al 2009
43 CREB3 NP_001018509 .1 2088504 099759 NN ")
44 CELF5a MP_001124240.1 2263338 2289589 Ladd et al. 2001 NN
45 RGMA NP_001133844 .1 2290355 2304831 NN NN
L) HSD1181LE MNP_0010%8241.1 2342428 23465454 Ozaki et al. 2006 MO
47 QiLt ACKI3I441 23465927 23468404 J ")
48 SEINT XP_001339043 4 2370862 2372447 J
49 CFD ACIKFI081 2392555 2404504 ")
50 BTBOS EAWT3104.1 2404880 2407219 Couderc et al. 2002
51 CYLIET ACNEE730.1 2459354 2488052 NN

inclicates 2-3x fram median expression in BlaGPS JJ mdicates = 3x from median expresion in BlaGPS: MD, no data; S0, sex determination; SR, sex region.

bG-e-ﬁe- related to S0 n transeriptional prooesies,
Gene msociated with gonad development'unction.

respectively, have been found in the same order. GO Lerm enrich-
ment analysis of these genes with DAVID software (Huang ef al.
2009) yielded 4 genes, Notch2, ELL, Amh, and TCF, which are
involved in biological processes of cell differentiation, cellular,
and anatomical structure development based on zebrafish back-
ground of 8389 genes.

40 | O Eshel etal

DISCUSSION

Different SD systems with remarkable variation have been observed in
tedeosts (Vollf and Schartl 2002). Evidence supports that sec de-
termination (S0 in tilapia is controlled by maor geneic factors that
may interact with minor genetic as well as environmental factors, thus
implying that SD should be analyzed as a quantitative trail.
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OTL for SD in Oreachromis nilotices were previously detected on
LGI and LG23 {Lee et al. 2003% Cnaand ef al 2004; Eshel et al. 2010).
In the present study, interval mapping analysis using 33 markers on
LG23 detected the QTL peak betwem two adjacent genetic markers:
AROI72 and AROI77. However, the confidence interval was still
rather large between 5 cM (Eshel e al 20010 156 individuals) and
30 M in the current siody. Thus, mapping QTL W confidence in-
terval <= 5 <M is not a viable option using gendic markers and
segregating families of moderale size (Ron and Weller 2007). How-
ever, using physical mapping based on the unpublished tilapia genome
sequence, all 26 markers in the QTL were physically mapped 1o three
scaffolds on LG23. Furthermore, recombinations in two females were
used Lo identify the boundaries of the SR between markers GMS97
and ARO124 on a single scaffold {no. 101; Figure 2). This explains the
lack of power of the interval mapping thal is based on bootstrap
analysis of a family of 90 individuals of which only two are informa-
tive. Figure 2 demonstrates the distinct contrast of genolypes for
markers between genders in the specific sex region. The absenc of
recombination along a region of 12 genetic markers may reflect the
mislerate size of the family, but it also conforms to the theoey that the
evolution of sex chromosomes involves suppressed recombination
betwemn  homologous chromosomes 1o maintain sex-related gene
blocks (Bergero and Charlesworth 2009). The SR encompasses 1.5
Mbp harboring 51 annolated genes. Our assumption that the SR
harbors sex-related or male-determining genes is strengthened by
the conservalion of this region in other teleost fish, Out of 51 genes
that were positioned within the SR, 40 and 39 orthologous genes have
been found within < 1.3 Mbp region of stickleback and Tetraodon,
respectively. Information from the literature indicales the putative role
of 13 out of the 51 genes in SD: 10 genes in transeriptional processes
related Lo SD and 3 in gonadal development and function (Table 4).

We examined expression of genes in the SD pathways at early
developmental stages of tlapia. Previous studies on SD-related gene
expression in Ulapia focused on brain, PGS, and gonads (Firi ef al
2008; Poonlaphdecha e al 2001). The resulls from our study on
expression data of 10 candidate genes indicate that the onset of the
SD cascade begins at 2 dpf at the gastrulation stage, based on over-
expression of Lhxd and ELAVLY in females. Lhx® was found to be
essential for mouse gonad formation (Birk et al. 2000). ELAVLY is
a member of CELF protens implicated in cell-specific and develop-
mentally regulated alternative splicing (Ladd & al 2001). Additional
SD-related genes were Sox?, which s necessary and sulficient to cause
testicular differentiation in mammals (Vidal & al 2001). Likewise,
Foxl2 plays a rolein ovarian sex differentiation and has been suggested
o funchion as a repressor of the male pathway during ovarian de-
velopment prophase (Ottolenghi & al 2005). Significant differmes in
expression between genders for Sox%a, Sox®b, Foxd2, and Sox 14 genes
wiere detected in later stages of embryonic devdopment and may in-
dicate their downstream role in the SD cascade. We detected higher
expression of SOX9 in females than in males at 7 dpl, in conlrast o
the results of Liri et al. (2008) of higher expreasion in male gonads at
37-70 days posthatching. Foxl2 was also highly expressed in females at
& dpfl as was previously reported (ljid e al 2008). Among 10 Len
candidate genes, Amh, which is located in the center of the SR, showed
the highest expression in male v female embryos. Our observation
was supported by Poonlaphdecha e al. (2011) whoe reported on di-
morphic expression of Amb between genders in adult gonads and
brains as well as in embryo heads at 10 and 15 dpl. GO term enrich-
ment analysis detected 4 genes, including Amb, that are involved in
Biological processes of cell differentiation, cellular deveopment, and
anatomical structure development. Genes playing a role in 5D initia-
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tion with dimor phic expression belween genders may be considered as
candidate genes and should be further investigated.

To tesit the role of Amh and other candidale genes in 5D of tilapia,
Largeted strategies could be considered, such as (i) mutant detection in
candidale genes, as performed in zebrafish (Demarest ef al 2001); (i)
gene silencing using sIBNA technology, as applied in the giant fresh-
waler prawn (Ventura @ al. 2009); and (iii) ransgenesis using the Tol2
system, which was demonstrated for Nile tilapia (Fujfimura and
Kocher 2001). Large-scale experiments might involve (i) genomic
mulagenesis Wogether with sex reversal, phenoly pic mulant screening,
and sequence analysis, as was applisd in a medaka 5D study (Otake
etal 2006); and (i) a whole-transcriptome scan for gene expression al
early embryonic development to identify the key regulators of SD. A
complete computational approach was pursued Lo design a 44k fea-
tures microarray (0. Eshel, unpublished data) based on the unpub-
lished tilapia genome sequence annotation and EST libraries (Lee et al.
2010) for constructon of the fll tlapia gene list.
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Abstract

Background: The probable influence of genes and the environment on sex determination in
Mile tilapia suggests that it should be reparded as a complex trait. Detection of sex
determination genes in tlapia has both scientific and commercial importance. The man
objective was o detect genes and microFRMNAs that were differentially expressed by gender in
early embryonic development.

Results: Artificial fertilization of Oreochromis miloticus XX females with either sex-

reversed AXX males or genetically-modified Y'Y "supermales’ resulted in all-female and all-
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male embryos, respectively. RNA of pools of all-female and all-male embryos at 2, 5 and 9
dpf were used as template for a custom Agilent eArray hybridization and next generation
sequencing. Fifty-nine genes differentially expressed between genders were identified by a
false discovery rate of p<0.05. The most overexpressed genes were amh and fspan8 in
males, and er/208-hsd, gpa33, rindipl and zp3 in females (p<1x10"). Validation of gene
expression using genomic gPCR indicated copy number variation in tspans, gpa33, cr/20p5-
hsd and amh. Sequencing of amh identified a male-specific duplication of this gene, denoted
amhy, differing from the sequence of amh by a 233 bp deletion on exonVI1l, hence lacking
the capability to encode the protein motif that binds to the transforming growth factor beta
receptor (TGF-p domain). Amh and amhy segregated in the mapping family in full
concordance with SD-linked marker on LG23 signifying the QTL for SD. We discovered
831 microRNAs in tilapia embryos of which nine had sexually dimorphic expression
patterns by a false discovery rate of p=<0.05. An up-regulated microRNA in males, pma-mir-
4585, was characterized with all six predicted target genes including cr/20f-hsd, down-
regulated in males.

Conclusions: This study reports the first discovery of sexually differentially expressed
genes and microRNAs at a very early stage of tilapia embryonic development, i.e. from 2
dpf. Genes with sexually differential expression patterns are enriched for copy number
variation and apoptosis. A novel male-specific duplication of amh, denoted amhy, lacking
the TGF-p domain was identified and mapped to the QTL region on LG23 for 5D, thus

indicating its potential role in SD.

Keywords: sex-determination, amh, amhy, microRNA, CNV, cr/208-hsd, ulapia

Background

There are more than 24,000 species of fish [1]. Research on fish §D has provided
important insight into the plasticity of the sex-determination process in vertebrates since the
biology and ecology of fish is particularly diverse and provides unique examples of sex-
determination mechanisms, yet they possess many of the same processes and pathways that
are used in other vertebrate systems. Sex and sex ratio have been attributed to a dominant
gene (SRY in human), gene dosage (Drosophila), environmental influence (Alligator), or by
the ‘threshold dichotomy® theory, that applies to a trait with contrasting phenotypes

originating from multiple genes with quantitative effects [2-5]. Tilapia SD has been well
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studied for its potential to produce all-male progeny with enhanced growth rate due to lack
of reproductive interactions in commercial ponds. However, dimorphic differences between
male and female karyotpes have not been displayved [6]. A variety of evidence suggests that
seX determination in tilapia is a complex trait governed by the interactions between a genetic
determination and the influence of temperature [7]. The hypothesized dual sex chromosome
system for tilapia species, XX-XY svatem for O, mossambicns and O nifoficus, and WE-£8
system for O aurens and O. wrodepis fornorum was adopted by Hickling [8]. The primary
support for these hypotheses was obtained from analysis of sex-ratio of progeny of® i. inter-
specific crosses [9]; il intra-specific crosses using sex-reversed individuoals [10]: and i
chromosome set manipulations through gynogenesis [ 11] and androgenesis [12].

The differences in the 5D mechanism among closely related tilapia species and the
probable influence of sex determining genes and the environment, suggest that 5D should be
analyzed using a markers-based QTL approach [7.13]. However, (. nifoticas and O awreus
have different sex chromosome systems and their ability to mate and produce fertile hybrids
further complicates the elucidation of the 3D system. Mapping QQTL for 5D was based on a
second-generation  genetic linkage map of tilapia [14]. Stedies in Q0 awrews, O
mossambicus, O miloticus and Fx family derived from O owrews 8 O niloticus cross
identified QTL for 5D on LG 1, 3 and 23 [13-20]. The region on LG23 affecting sex was
further fine mapped using a segregating family of Nile tilapia to 1.47 Mbp harboring 51
genes including amd [21]. Differential expression of amb between genders was reported in
brain and gonads from 10 dayvs post fertilization (dpf) embryos in Nile tilapia [22]. In
zebrafish amf has  independent functions in  inhibiting both  stercidogenesis  and
spermatogenesis [23]. The complexity of S0 and the limitations of QTL mapping and the
candidate gene approach [24] complicate the identification of the cawsative genes for SD.
Thus, transcriptome-wide gene expression by gender may be used for the identification of
genes that are involved in 5D and sex differentiation.

microEMA (miENA) are small noncoding RNAs, about 21 nucleotides in length. Many
are conserved, and may regulate up 1o 30% of gene expression by base-pairing to partially
complementary mREMNAs [25]. Recently, Huang et al. [26] published 184 miRNAs in skeletal
muscle of Nile tilapia. Yan et al. [27] identified 25 conserved miRMAs in tlapia skeletal
muscle using small RNA cloning. By examining the expression of nearly 250 of the most
abundant rodent miEMNAs, Bale and Morgan [28] identified a robust sex-specific pattern of
miBEMNA expression in the neonatal brain. Study on mouse characterized 55 miBENA

signatures in testis and ovary [29] and illustrated their importance for the proliferation of

E
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PGCs and spermatogonia [30]. Additional smudies in chicken and zebrafish identified sex-
specific pattern of miRNA expression in brain, embryo and gonads [31,32]. These findings
sugeest that miBRNAs may play a significant role in development and more specifically in
S0

The critical period of sensitivity for elevated temperature [33] or hormonal treatment
[34] o induce sex reversal of Mile tilapia was determined from fertilization to 21 days post
hatching. Ijiri et al. [35] detected differentially expressed genes in XX and XY bi-potential
gonads during the pericd of 9-10 dpf. Rougeot et al. [36] applied temperature treatment on
presumable all-female population embryos until hatching (2-3 dpf) and showed -20%
phenotypic sex reversal of females to males. In addition, the findings of sex-specific
maortality closely after hatching indicates that the initiation and regulation of 5D pathways
begin during the first few days of embrvonic development, ie. <3 dpf [15]. Preliminary
analysis of candidate genes for SD at 2 to @ dpf confirmed their functionality at early
embryonic development [21]. Thus, the objective of this smdy was to conduct a
transcriptome-wide search in Nile tilapia at early embryonic development for genes and

miENA of the SD mechanism and sex differentiation.

Methods

Animals and tissue collection

Breeding of Oveochromis niloticus (Swansea stock) families used in this study was
performed at the aquaculture research station Dor, Israel. To obtain all-female (XX) and all-
male (XY) progeny, egas collected from six O nifodicas females were artificially fertilized
with milt stripped from either two hormonally sex-reversed males (AXX, Mile tlapia,
Manzala strain) or three genetically-modified “supermales™ (Y'Y, Nile ulapia, Swansea
strain, Fishgen Lid) thus creating all-female and all-male progeny, respectively [37]). For
each full-sib group, a pool of 15-30 embryos were collected at 2, 5 and 9 dpf, immediately
placed in RNAlater reagent (Qiagen, USA) and then stored at =20°C until ENA extraction.
The remaining fish in the group were grown until the age of three months and the sex of at
least &0 individuals was determined by microscopic analvsis (X100 magnification) of
gonadal squash. Groups with less than 95% of individuals having the same sex were not
included in the experiment. At 75 dpf, five males and females from each full-sib group were
sacrificed for collection of brain, gonads and liver. The experimental protocol was approved
by the Animal Care Commatiee of ARO.

2/
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DNA, ENA extraction and cDNA svnthesis

DMA was extracted from fin samples using the MasterPure™ DNA Purification Kit
{Epicentre® Biotechnologies, WI, USA) following the manufacturer's recommended
protocol. Total ENA was extracted from a pool of 5-15 devolked embryos (mirVana™
miRNA Isolation Kit, Ambion). Synthesis of c¢DNA was done with SuperScript 11
(Invitrogen, USA) according to the manufacturer’s instructions. The quantity and quality of
the RNA samples were verified wsing a NanoDrop ND-1000 Spectrophotometer (ManoDeop
Technologies, Wilmington, DE) and an Agilent 2100 Bioanalveer for BEMA (Agilent
Technologies, Palo Alw, CA).

Agilent microarray design

In the absence of an expression array in tilapia we searched three bioinformatic
resources of tilapia, e O nifoficus; Broad Institute assembly (Orenill.1; accession mo.
PRINAS59571), EST libraries [38] and candidate genes for SD to establish a 35,156, 5,561
and 696 different probes, respectively that represents the transcriptome (Figure 1), Custom
cene expression array was designed wsing eArray (Agilent Technologies, Santa Clara, CA)
ard H0-mer probe synthesis on a 4 = 44 K format. Our target sequences for generation of
probes were based on the tilapia genome and the EST libraries. Genes were annotated by the
Maker pipeline that is based on ab-fnitio gene predictions and EST evidence, and ab-initio
SPAN gene predictions based on a full genome training set.  Additional genes were
identified based on assembly of tilapia EST libranes (using MIEA [39]) followed by
BLASTX to fish ORF [40]. Additionally. a set of 103 positive and negative probes were
designed from known genes, and were represented 6 to 7 times each on the array. Megative
controls were probes representing three plant genes, whereas positive controls were probes
of genes that were known to participate in sex determination and/or differentiation pathways
in various species (cvpd 9, son®, amb, elavl!, dmedd | foxd2) @, socl 4, map and gnri2) and
genes spanning from 1,050 e 2 488 Kbp on scaffold 102 of tilapia that were previously
suggpested as positional candidate genes for 5D [21.41]. The resulting eArray of 43,803
probes was wsed for hybridization with ¢cDNA of 56 biclogical samples of predetermined
gender at 2, 5 and 9 dpf of embryonic development.

Microarray hybridization and data analvsis
Two hundred ng of total BNA was labeled using the Agilent 2-color low input
quickamp labeling kit according to the manufacturer's protocols (Agilent Technology, Santa

5
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Clara, CA). Labeled samples were hybridized to a custom designed tilapia 4 x 44K eArmay
containing 43 803 probes and scanned on an Axon 40008 microarray scanner (Molecular
Devices, Sunnyvale, CA) at 5 um resolution. A total of 56 biological samples at three
embryonic developmental stages of 2, 5 and 9 dpf were uwsed as template for cDNA
synthesis and array hybridization. Spot finding and background correction of signal
intensities were carried out using GenePix 6.1 software (Molecular Devices, Sunnyvale,
CA). The microarray expression data was normalized with the Bioconductor 2.8 LIMMA
package [42] using loess and aguantile normalization with a single channel analysis design.
The replicated probes were represented by their median expression for analysis. The
microarray data were deposited in NCBI's Gene Expression Omnibus [43] under accession
No. GSES0974.

Statistical analysis

The normalized data of each of 43 210 different probes recorded on 56 samples were
log transformed and PCA was performed by the Partek software [44] with normalized
eigenvector scaling and correlation dispersion matrix.  In addition each probe was analyzed
by the General Linear Model (PROC GLM) procedure of SAS. The effects included in the
model were slide, array, dve, gender (male or female), sire nested within gender, dpf and
dam. Least square means were computed for the effects of gender. Gender was given a
value of 0 for males and 1 for females. Probabilities of the differences between the “male™
and “female™ effects were computed based on the least square means standard errors for
each effect.  The probability values were then sorted from lowest to highest, and the false
discovery rate (FDR) was computed for each probe, based on the ratio of expected to
observed numbers of probes for each probability value., Bonferroni probabilities taking into
account multiple testing were also computed as 1- the Poisson probability to obtain zero
“significant™ probes for each expectation of the number of probes for each nominal
probability value. Pearson correlations were computed among the 59 significant probes for

gender effects at each time point for the three pair-wise combinations of dpf (2, 5 and 9).

Functional annotation clustering

The tilapia genome 15 not well annotated compared to the human genome. Thus, we
used the human orthologs for gene ontology analyses. The corresponding human Gene 1Ds
were identified uwsing MCBI BLAST. Thirty-nine out of 3% genes had identified human
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orthologs (Table 51). The DAVID classification system [45] was performed to assess the
probability of over representation of genes within the list of human orthologs of certain
pathways, biological processes and molecular functions uwsing medium to  highest

classification stringencies and the default of Bonferrom correction for multiple testing.

Validation of microarray results using gquantitative real-time PCR

Validation of probes was done by gPCR using RNA of three to four pools of monosex
embryos, each comprising samples of 28 females or 30 males at eight dailv time points from
2 1o 9 dpf. Primer design were based on sequence of ~100 bp flanking each of eight probes
that were submuitted to **Primer3plus™ program [46]. For a given probe, one of the primers in
each pair was identical to the original sequence from the microarray experiment fargeting
the probe’s location. The fragment’s sequence was used to BLAST search the tilapia genome
to confirm its position in the genome (Table 51).

The qPCR analysis was performed in triplicates using the Fast SYBR® Green Master
Mix kit {Thermo Fisher Scientific, UK) according to the instructions of the manufacturer in
a 17-pl reaction volume, which included 2 pl of DNA (30 ng/ul), 1 ul of each primer (10
pmoliul), 4.5 pl of ultra pure water, and 8.5 pl of Absolute Blue SYBER Green ROX Mix.
The qPCR reaction was performed in the following conditions: 200 seconds at 95°C for
enzyme activation followed by 40 cycles of 3 sec at 95°C, 30 sec at 60°C using
StepOnePlus™ Real-Time PCR System. Amplification was followed by melting-curve
analysis to confirm specificity of products. A standard curve was generated for each gene
using serial dilutions of the specific PCR product, for the absolute quantification method.
The threshold cycle number (Ct) for each tested probe was used to quantify its relative
abundance. The StepOne Software v2.2.1 (ABI) was used for the calculation of the relative
guantities using Glyceraldehvde-3-phosphate dehydrogenase (gapdh) for normalization. The
relative amount of the target RNA, designated as the input amount (IA) was determined by
companson with the corresponding standard curve for each sample (User Bulletin #2 ABI
PRISM7700 Sequence Detection System, Applied Biosvstems). The 1A values were
calculated as follows: LA = [10/¢"- =eeeptidors) where Ct is the cycle threshold for unknown
sample. The female to male ratio of expression was computed based on the mean IA of eight
daily samples of male and female embryos from 2 to 9 dpf. Pearson correlations between the
female to male ratio of expression from the microarray experiment and that from gPCR was
performed for eight genes (fogrt, rindipl, CUST 26098, zp3, gpa33, tspand, er/208-hsd and
amf) using Excel. on20f-hsd and amh were further charactenzed for their expression by
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gPCR in brain, liver and gonads of 75 dpf female and male fish. These genes have shown

expression in brain and gonads in previous studies, and liver is used as negative control.

Copy number variation using quantitative real-time PCR

Determination of the relative copy number of eight probes was conducted using gPCR
analysis based on genomic DNA (gDNA) template. Preliminary work was conducted on
randomly selected 13 and 14 male and female gDNA samples, respectively. Gene copy
number was normalized to the reference gene, Ribonuclease P protein subunit p30 (rpp30)
that was used as a reference gene in human CNV studies [47]. Additionally, five offspring of

crosses between two dams and five sires were analyzed for relative copy number.

amh sequencing and linkage mapping

Full length amh gene and 2,000 bp flanking it was amplified in ~1,000 bp fragments
with primer design based on the Ensembl sequence scaffold GL831234.1:1,686,017-
1,697,999 (Table 4). PCR templates included DNA of XX female, XY and Y'Y males. PCR
reaction protocol was as presented previously except the use of the high-fidelity BIO-X-
ACT Long DNA polymerase (Bioline, London, UK). PCR products were separated on
agarose gels and stained with ethidium bromide. The DNA fragments were visualized with
UV light and excised from the gel. DNA fragments were purified with the DNA gel
extraction kit (Millipore, Bedford, MA) and then sequenced on 3730 DNA analyzer
{Applied Biosystem, USA). Sequence trace files were assembled and analyzed with the
GAP4 package [48]. Linkage mapping for SD was performed by genotyping the O. niloticus
mapping family for amh and ambhy (Table 1) and microsatellite UNHE9S [21].

Small RNA sequencing

Six small RNA libraries were prepared for ‘super’ pools of full-sib embryos of males
and females at 2, 5 and 9 dpf, that were used for the microarray experiment, with [llumina's
"TruSeq' Small RNA Sample Prep kit. The libraries were size selected to 18-33 nucleotides
fragments, quantitated by gPCR and divided into two samples that were sequenced on
separate lanes for 41 cycles on a HiSeq2000 using a TruSeq SBS sequencing kit version 3.
The sequences were analyzed with Casaval.8 (pipeline 1.9) yielding between 21 to 32

million sequences per sample.
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Identification of miRNAs

The sequence reads were mapped to the tilapia genome and analyzed by miRDeep
2.0.0.5- mapper script, an algorithm based on the miRNA biogenesis model [49]. It aligns
sequencing reads to potential hairpin structures in a manner consistent with Dicer
processing, and assigns log-odds scores to estimate the probability that hairpins are true
miRNA precursors. The output of this analysis is a scored list of miRNAs that passed the
stringent score cut-off of four, which reflects a signal-to-noise ratio greater than 12.
Expression levels were normalized to the size of each of the six libraries (per millions). The
miRNAs were searched against and submitted to miRbase for miRNA gene name
assignment. Novel miRNAs in tlapia were assigned "oni-mir number”. miRNA data was

deposited in miRbase.

Differential expression of miRNAs between genders

We used the miRDeep 2.0.0.5 quantifier script, a module that maps the deep sequencing
reads falling into an interval of two nucleotides upstream and five nucleotides downstream
of the mature/star sequences of the predefined miRNA precursors, to estimate the expression
of the corresponding miRNAs in each sample. Read counts of mature and star sequences of
> four read counts were log transformed and the deviations between genders were analyzed
in each of 2, 5 and 9 dpf, separately. The FDR was calculated assuming a normal
distribution, i.e. comparing the realized number of deviations > 4 standard deviations to
those expected by random at p=3.17x107. Thus, deviations between genders > 4 standard

deviations corresponding to a FDR of 1.5% were considered statistically significant.

Detection of gene hosts for differentially expressed miRNAs

Gene hosts were searched for the conserved up-regulated mir-21 and mir-218 in males,
using BLASTN with their precursor sequences against the sequence data of vertebrate
species (Ensembl). ESTs from vertebrates were assembled in the vicinity of the miRNAs to
identify their gene hosts. Tissue specific pattern of mRNA expression in zebrafish was

analyzed for the identified gene hosts using BioGPS [50].

miRNA target prediction analysis

Nine miBNAs differentially expressed by gender were explored for potential gene
targets represented by their mature sequences (3p/5p) in 59 differentially expressed genes
between genders (Table 2). The 3'UTR sequences of the 59 genes were downloaded from
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Biomart in Ensembl database. When the 3'UTR was not available, 2 482 bp downstream was
used. This length is the third quantile of the known tilapia 3'UTR. Prediction of potential
gene targets for miRNA was preformed with RNAhybrid and miRanda software [51,52].
Forty four gene targets that were predicted by both algorithms were considered potential

miRNA gene targets.

Results
Identification of genes and miRNA affecting SD were based on comparative analysis
between genders using the same biological samples, 1.e. RNA of tilapia embryos of

predetermined gender, from 2 to 9 dpf.

Analysis of differentially expressed genes between genders and CNV

Principal component analysis (PCA) for the microarray data showed that three factors
explained 40, 20 and 9 % of the total variance. Individual samples of gender by dpf, relative
to the three factors are plotted in Figure S1. There was a clear distinction between males and
females except for two female samples at 2 and 9 dpf which were close to the male cluster.
The effect of gender was highly correlated with the first factor, while the effect of dpf was
correlated with the second factor. Correlations with the third factor were low for all effects
considered.

The FDR as a function of nominal significance values and number of significant probes
is plotted in Figure 52. There were 39 genes differentially expressed between genders
significant with an FDR of 0.05, which corresponded to nominal probability of 1077, Fold
change values between genders ranged from 1.2 to 4.2, The gene names, their annotations,
least squares means by gender as fold change between genders (FC) and potential relevance
to 8D and apoptosis/immune response are presented in Table S1. Hierarchical clustering of
all differentially expressed genes shows that only one third of them were highly expressed in
males (Figure 2). The expression profiles of these genes were similar across the three time
points of 2, 5 and 9 dpf, with correlations exceeding 0.79. Nevertheless, there is a tendency
of earlier differentially expressed genes in females (2 dpf) than in males (5 dpf). For 39 of
the genes, orthologs in human were found with full annotations. Functional annotation
clustering indicated a significant enriched cluster of the immune response containing four

genes e.g., psmb8, fegrt, gasTa? and zp3 (DAVID enrichment score 1.56; p<0.01). Ten
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genes were involved in pathways known to affect SD, and more than half of the genes (22)
were involved in apoptosis (Table S1).

The genes with the most significant sexually dimorphic expression patterns were:
carbonvl reductase-like 208-hyvdroxysteroid dehvdrogenase (cr/208-hsd; Fold change (FC)
3.5 p=1=10"), reticulon-4-interacting protein | homolog (rindipl: FC 2.5; p=1=10""),
Tetraspanin-8 (tspan8; FC 0.2; p=1x10""%), inositol monophosphatase 1 (impal; FC 2.8;
p=1210"""), zinc-finger bed domain- containing 3 (zhed3; FC 0.6; p=1x10"") and anti-
miillerian hormone (amh; FC 0.5; p=1x10") (Table S1). er/208-hsd, rindipl and impal
were highly expressed in females, and tspand, zbed3 and amh were overexpressed in males.
The daily expression by qPCR of amh and cr/208-hsd in 2 to 9 dpf embryos is presented in
Figure 3A demonstrating the overexpression in males and females, respectively. The
expression of amh and er/208-hsd by qPCR in brain, liver and gonads of tilapia at 75 dpf is
presented in Figure 3B. cr/20f-hsd and amh genes' overexpression were validated in the
respective gonads, i.e. ovary and testis, while amh was also highly expressed in male brain.

There were 23 probes with experimental-wise Bonferroni probabilities < 0.05. Eight out
of the 23 genes were sampled for validation by qgPCR. Expression data for microarray and
gqPCR are given in Table 2. A correlation of 0.8 for mean expression ratio between genders
was obtained between the microarray and qPCR, indicating a high rate of validation.
Nevertheless, melting curve analysis showed multiple amplified fragments that were specific
to one of the genders for a few of the genes, indicating potential copy number variation.
Further analysis by qPCR based on gDNA of males and females for four of the eight genes,
amh, cr/200-hsd, tspan¥ and gpa33, demonstrated significant copy number differences
between genders. Figure 4 shows that ¢spand had more genomic copies in males while
er/208-hsd and gpa33 had more genomic copies in females. All four genes showed direct

correlation between number of copies and expression level.

Identification of male specific amh duplication

As a candidate gene for 8D, amh was represented by five different probes on the
eArray. Analysis of the microarray data showed differential expression between genders
only for one of the probes that was located upsiream to exon VIL This probe was highly
expressed in males. Thus, we amplified and sequenced the full length amh gene using four
PCR amplicons of about 1,000 bp each (Figure 5A, primers on Table 1). Length of
amplified products was similar for both genders for the first three PCR amplicons covering

exon [ to VL In the fourth amplicon we identified in both genders a fragment of 1,048 bp
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containing exon VII and possibly an additional somewhat smaller fragment attached to it
However, an additional fragment of 815 bp was found only in males and was termed amby.

Sequencing of the two types of fragments revealed nearly identical sequences to amh
exon VII with a deletion of 233 bp in amhy (Figure 5B). We sequenced the amh and amhy
exon VII for XX, XY and Y'Y unrelated individuals. The purple arrow indicates nucleotides
T and C at position 1,274 of the full length amh in XX and XY, respectively, with both
alleles present in Y'Y. The green arrow indicates an A>G substitution in nucleotide 1,275 of
amby between XY and YY individuals. In amhy, nucleotide GG was found at position 1,403
as opposed to T in amh in both XY and Y'Y individuals as pointed by red arrows, with lack
of alignment thereafier, indicating the start of the deletion which corresponds to
transforming growth factor beta (TGF-fi) binding domain (Figure 6A). Capability of
translation of exon VII in amhy, as compared to amh, indicates a potential deletion of 86
amino acids and addition of 21 amino acids, due to a reading frame shift and disruption of a
stop codon (Figure 6B). The potentially translated protein based on the partial amhy
sequence exhibits at its end 12 of the 21 predicted additional amino acids.

PCR amplification with intemal primers designed based on amh exon V1L, on ¢cDNA of
male and female 3 and 6 dpf embryos, brain, liver and gonads, showed the amh fragment of
442 bp in all samples except liver, whereas the amhy smaller fragment of 209 bp was
detected in male embryos, brain and testis but not in female embryos, brain and ovary
(Figure 5C). Interestingly, the intermediate fragment that may be observed in Figure 5A
{from DNA) do not appear in Figure 3C (from RNA). It may be due to an artifact or another
duplication.

Linkage mapping analysis showed full concordance between UNHE98 on LG23, which
is the closest marker to the QTL for SD [16, 21], amh [41] and ambhy. Both male-associated-
allele of UNH898 and amhy fragment were present in all 61 males and absent in all 29
females, thus indicating that amhy is localized to LG23 at the SD region.

Analysis of differentially expressed miRNAs between genders

The 171.2 million reads from the small RNA sequencing experiment were uploaded to
miRDeep2 software which processes reads and using the Mapper script maps them to the
reference genome for miRNA detection based on their biogenesis model. We discovered 578
miRNA precursors that passed the stringent score cut-off of four, which reflects a signal-to-

noise ratio greater than 12 in tilapia and submitted them to miRBase.
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We then ran the guantifier script to determine and normalize the number of reads of
predefined miRNA precursors, indicating the expression of the corresponding miRNAs in
cach sample. Read counts by gender of 704, 668 and 636 mature and star sequences of = 4
reads in 2, 5 and 9 dpf, respectively, were log transformed and analyzed for expression
abundance between genders. The distributions of deviations between genders were analyzed
separately in each of 2, 5 and 9 dpf and were approximately normal as exemplified for 9 dpf
in Figure 53. Nine sexually differentially expressed miRNAs with deviations between
genders > 4 standard deviations were obtained. This stringent criterion corresponds to an
FDR of 1.7% by comparison to the number of miRNAs that are expected purely by chance
with =4 standard dewviations in a normal distribution. The nine differentially expressed
miRNAs by gender are presented in Table 3. The miRNAs ranged in expression abundance
between genders by approximately two to 10-folds, and were consistent across time points.
Three miRNAs were up-regulated in females and six miRNAs in males. Only four of the
ning miRNAs had conserved annotated names, i.e. mir-21, pma-mir-4585, bmo-mir-2779
and mir-218. Two miRNAs were independently found in two of the three time points while
two others were found in all three. Thus, given the low FDR level and the independent
detection of half of the miRNAs at multiple time points with stable differential expression
by gender, the nine differentially expressed miRNAs may be considered reliable.
Interestingly, most of the up-regulated miRNAs in males were at 2 and 5 dpf and those up-

regulated in females were at 5 and 9 dpf.

Analysis of gene targets for differentially expressed miRNAs between genders

The 3' UTR of the 59 genes differentially expressed between genders in the microarray
experiment were tested as potential targets for nine miRNAs that were differentially
expressed between genders (Table 4). A total of 44 predicted gene targets were identified
and presented by gender in Table 4. For each miENA and gene target combination,
concordant and discordant relationship is displayed by plus and minus symbols,
respectively. Concordance is called for an up-regulated miRNA and its down-regulated
putative gene target. Only one of the miIRNAs e.g., pma-mir-4585 that was up-regulated in
males, showed significant perfect inverse correlation of expression pattern with its six
targeted genes; cr/208-hsd, psmb8, rtndipl, casp8, atpig3 and an unannotated gene, that
were down-regulated in males. Moreover, the first gene is known to activate female

determination. This miRNA was up-regulated in male vs. female embryos at both 2 and 5
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dpf. At 9 dpf it was up-regulated by only three standard deviations and thus was not marked
as differentially expressed at 9 dpf in Table 3.

Analysis of gene hosts for differentially expressed miRNAs between genders

Two of the nine differentially expressed miRNAs were up-regulated in males and
highly conserved among vertebrates. Therefore their pene hosts could be determined by
across species genomic analysis. mir-21 was dentified in Tubulin Delta 1 (tubdl), and mir-

218 was found in the 3" region of developmentally regulated GTP binding protein 1 (drgl).

Discussion

The main objective in the present study was to identify genes and miRNAs that were
differentially expressed between genders before gonad formation. Since differences in gene
expression were previously detected in the bi-potential gonads at 9-10 dpf, we analyvzed the
embryos at 2, 5 and 9 dpf, which are equivalent to the developmental stages of brain
differentiation, hatching and late larva period, respectively [53].

Fifty-nine genes were differentially expressed between genders based on an FDR of
0.05. Correlations of expression patterns between genders were 0.85 and 0.79 between 2 dpf
and 5 and 9 dpf, respectively. The correlation between the latter two stages was 0.95. Thus,
the somewhat lower correlation of expression between 2 dpf and later embryonic stages may
indicate partial transcription at 2 dpf of maternal RNAs stored in oocytes. Most of the
detected genes are known to play a role in vertebrate 5D and apoptosis. Functional
annotation clustering indicated a significant enriched cluster of the immune response
containing four genes: psmb8, fegrt, gas7a? and zp3. A recent study detected sd} as a sex
determining gene in rainbow trout that evolved from an immune related gene [54]. In
addition, we found 22 genes that were associated to apoptosis pathways, This is in
accordance with previous studies, suggesting that evolutionary conserved genes in the
immune system and apoptotic cell death processes may also play a role in this early stage of
differentiation and SD [55,56]. Apoptotic pathways are known to be part of sex
differentiation in zebrafish [56]. Furthermore, elimination of the Miillerian duct, the

primitive female reproductive tract, is triggered by amh and mediated also by apoptosis in
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mammalian sexual differentiation of male [57]. Thus, apoptosis pathways may be involved
in 5D or sex differentiation of Nile tilapia.

The amh gene, also called Miillerian inhibiting substance, is a member of the TGF-p
family that is a key player in cell proliferation, differentiation and apoptosis [58]. It is
secreted by Sertoli cells and is responsible for the regression of Miillerian duct during male
fetal development in mammals, birds, and reptiles [59]. This gene is also a positional
candidate gene due to its location in the central region of the SD QTL on LG23 [16,21].
Fifty-one genes were positional candidates in the 1.47 Mbp critical region of the SD QTL on
LG23 in tilapia [21], but only amh was differentially expressed in male embryos and testis.
A thorough characterization of the gene showed two SNPs in amh exon VII among the three
unrelated individuals tested, and a novel duplication in males. This unique male-specific
copy, denoted amhy, has a deletion of 233 bp of the TGF-p domain, and is therefore not
capable of encoding the corresponding 86 amino acids. However, a capability of encoding
additional upstream 21 amino acids emerged, due to a reading frame shift and disruption of
a stop codon. Recently, Y-linked amh duplication was identified with a 577 bp insertion in
intron 3, and a critical role in 8D of Patagonian pejerrey [60]. In addition, SNP in the kinase
domain of anti-Miillerian receptor type Il famhr2) was found to be associated with SD in
fugu [61]. Apparently all other candidate genes that were represented on the array including
cvpl 9 aromatases, dmrtl, elavli, gnrh, msp, sox9, soxi4, lhx9 and fox!2 were not sexually
differentially expressed at the early embryonic development; although they are highly
expressed in either ovary or testis of tilapia [41]. This may reflect the pivotal early control of
amh in 8D, and the role of additional downstream genes participating in formation and
function of the gonads. However, the mechanism through which a duplicated copy of amh
lacking its regulatory region may lead to male determination remains unknown.
Furthermore, amhy could also be an ancient sex determining gene with no effect on male
determination in the contemporary SD mechanism of Nile tilapia.

Additional genes that were highly expressed in males were tspan8, zhed3, waspl,
cypdf3 and prkch. tspand and zhed3 were reported as overexpressed in testis, interacting
with axin protein thus activating Wnt/f-catenin signaling and TGF-B/BMP pathways,
respectively [62,63]). cypdf3 was found w be necessary for efficient male mating in
Drosophila melanogaster and prkch modulates SMAD-dependent TGF-J signaling [64,65].

cr/208-hsd was identified as the most significant over expressed gene in females. This
gene is known to be part of the oxidoreductase pathway for oocyte maturation preceding the

enzymatic activity of cypl9 (Cwochrome P450 aromatase) [66]. cypl9ala was proposed as
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the major gene for female determination in zebrafish [56]. Additional overexpressed genes
in females such as rindipl, impal, socs? and zp3 are involved in anti-apoptotic activity,
embryonic development and fertility, prolactin and Jak-STAT signaling pathway and ovary
development, respectively [67-70].

We found several cases of CNV within the set of genes that were differentially
expressed between genders. gqPCR analysis with gDNA has validated the existence of
sexually dimorphic CNV in at least four genes, e.g., cr/200hsd, tspan8, gpa33 and amh. All
four genes showed increased copy number in the direction of overexpression, in accordance
with the reported positive correlation between relative expression level and gene dosage
[71]. Five additional differentially expressed genes; fegrt, socs7, wrgep, zhed3 and
LOCI690239; with multiple representations in the genome have been identified. CNV
and dosage sensitivity have been hypothesized as evolutionary conserved factors of SD and
SD plasticity among related species [72,73]. Hatori et al. [60] suggested that master
determinants of SD are predominantly recruited from the duplication of genes involved in
the sex differentiation cascade. Our findings, supported by the above studies, indicate that
CNV is a common feature of genes participating in 8D and may be the altermative genomic
structure to sex chromosome systems in fish.

The emerging significance of miRNAs in developmental processes and their ability to
regulate large numbers of genes indicate their potential role in determining the onset of SD.
We found 704, 668 and 636 miRNAs in tilapia embryos at 2, 5 and 9 dpf. Our findings of
nine sexually differentially expressed miRNAs from 2 dpf illustrate their possible role in the
early developing embryo. pma-mir-4585 was up-regulated by five and two fold in male vs.
female embryos at 2 and 5 dpf, respectively, and to a lesser extent of 1.5 fold at 9 dpf. This
decay of expression over time may indicate the significance of this miRNA in males soon
after fertilization. For pma-mir-4585, an up-regulated miRNA in males, all six predicted
target genes, including cr/206-hsd that 1s known to activate female determination, were
down-regulated in males (Table 3). The probability that this should occur by chance is
(1/2)°=0.015, thus strengthening the functional targeting of these genes. Only this miRNA
showed significantly perfect inverse expression correlation with its targeted genes, in
accordance with the expected inhibition of mRNA translation of target genes [74].
Interestingly, this miIRNA was firstly identified in sea lamprey ( Petromyzon marinus) brain,
which may be relevant to regulation of SD in fish through its potential activity in the brain.

Two of the nine miRNAs that were up-regulated in males, were conserved among

vertebrates and thus allowed a thorough genomic analysis for their host genes; mir-218 was
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found to reside on drgl gene which had the highest expression in zebrafish testis, as
compared to all other tissues tested [50], and mir-21 was localized to the tubd! gene which
is involved in the elongation of the spermatid through a specialized microtubule system
present during reshaping of the sperm head [75]. The function of this gene is related to the
Sertoli pathway. Thus, the functions of both host genes in testis is consistent with the
findings that miRNAs are usually coordinately coexpressed with their host genes mRNAs,
implying that they derive from a common primary transcript [76]. Papagiannakopoulos et
al. [77] reported that mir-21 targets several genes in the TGF-p and apoptosis pathways.
Further investigation of the functions of the differentially expressed miRNAs in SD of
tilapia is warranted.

We found that two thirds of the genes were highly expressed in females, especially at
the early developing embryo, 1. 2 to 5 dpf, and that two thirds of the miRNAs were up-
regulated in males at the same period of embryonic development. Histological sex
differentiation of the gonads in Patagonian pejerrey showed that the ovary differentiated at
3-4 weeks after hatching, as compared to 5-6 weeks in testis [60]. Based on these
observations, it may be postulated that early onset of genes in the female cascade determine
female, unless they are down-regulated by miRNAs, thus initiating the male determining
pathway.

In summary, this study reports the first discovery of sexually differentially expressed
genes, genes enriched for CNV and apoptosis, miRNAs and their predicted gene targets and
hosts that are functional from 2 dpf embryos. The experimental workflow used in this study
is presented in Figure 7. The gene expression analysis is presented on the left axis along
with the miRNAs analysis on the right. Systems biology techniques were used to derive and
connect information on genes and miRNAs. The implicated conclusions integrating the two
streams of data are presented in the middle of this Figure. amh and cr/208-hsd genes may be
involved in male and female determination and differentiation, respectively, similar to the
proposed SD model for zebrafish [56]. amhy segregated in full concordance with the SD-
linked marker on LG23 signifying the QTL for SD [21], thus indicating its potential role in
SD.

To test the role of potential sex determining genes, miRNA and their predicted gene
targets that were found in the current study for tilapia, targeted strategies should be
considered, such as (1) mutant detection in candidate genes, as performed in zebrafish [56];
(1) gene silencing using the TALEN or CRISPR/CAS9Y technologies, as applied in tilapia

and zebrafish, respectively [78,79]; and (ii1) transgenesis which was demonstrated for Nile
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tilapia [B0,81]. amh is a highly prioritized candidate gene for analysis by the variety of

suggested methods in order to unravel its potential role in 8D of tilapia.
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Table S1: Annotations of 59 differentially expressed probes.
Figure S1: PCA analysis for microarray expression data.
Figure 82: False discovery rate for microarray expression data.

Figure 83: Distribution of log transformed miRNAs expression data at 9 dpf.
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Figure legends

Figure 1 Tilapia gene expression eArray design. The number of probes originating from each one
of three types of bioinformatic analyses is presented in different colors. Redundant sequences from

different analyses were removed.

Footnote
Genome: Nile tilapia genome first draft sequences, S3D: sex determination, FISH ORF: open reading frames of

publicly available fish proteins (zebrafish, tetraodon, fugy, and stickleback).

Figure 2 Clustering of differentially expressed genes by gender and dpf. Fifiy nine differentially
expressed genes between males and females at 2, 5 and 9 dpf, at false discovery rate of p=0.05, were
clustered. The Z-score represents the number of standard deviation units of genes' expression value
from the mean (defined as 0). Blue and yellow colors indicate up and down expression, respectively.
Vertical bars represent the clustering of genes based on expression profiles. wrgep and zbed3 genes
appear more than once and represent different probes at multiple locations in the genome. Probe
numbers begin with the prefix "CUST ". Annotations of probes are presented in Table 51. LOC
numbers are NCBI 1Ds.

Figure 3 amh and cr/20f-hsd normalized relative expression. Gene expression by gPCR is
presented for males (blue) and females (purple) in 2 to 9 dpf embryos (A), and in brain, testis/ovary
and liver at 75 dpf (B). Deviation bars represent standard errors and asterisks represent the level of

significance for sex-specific expression differences: ** p < 0.001.

Figure 4 tspan8, gpa33 and cr/20f-hsd copy number variation. Normalized relative genomic
quantity by gPCR is presented for males (blue) and females (purple) for analysis of copy number
variation. A and B represent crosses involving different dams. Deviation bars represent standard
errors. Asterisks represent the level of significance for sex-specific expression differences: * p=0.05;

** p<0.01 and *** p=<0.001.

Figure 5 ldentification of Y-linked amh duplication. (A) Schematic illustration of the full length
amh gene. Lines shaded with green, introns; Red boxes, exons; the Roman numerals outside the
boxes indicate exon number. Four sets of PCR genomic fragments are presented under the respective

parts of the gene for XX, XY and Y'Y DNA samples. (B) DNA sequence traces of amh and amhy
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exon VII of three unrelated individuals: XX female, XY and YY males (GenBank: HGS18783-6).
Capital letters under the traces denote the deduced capable of encoding amino acids. Purple arrow,
SNP in nucleotide position 1,274 of the full length amh gene in YY individual; green arrow, A>G
substitution in nucleotide 1,275 of amhy between XY and Y'Y individuals; red arrows, deletion starts
in amhy from nucleotide position 1,403 (C) PCR for exon VII from cDNA of male and female 3 and

6 dpf embryos, brain, liver, and gonads.

Figure 6 Genomic sequences and predicted polypeptides of amh and amhy genes. The coding
region of the 7% exon of the AMH gene is aligned with sequences of XX-female amh and Y'Y -male
amiby. Sequences derived from GenBank entries were aligned (Accession Nos. XM 0034513050,
HGS18787, HG518785 for amh reference gene, female amh and male amhy, respectively). Above the
sequences, Roman numerals label the genomic element of the gene. Asterisks below the sequences
denote identical residues in all three sequence submissions. Dashes mark gaps introduced by the
alignment program. The shadowed regions localize the TGF-p domain. Numbers indicating the
position of the last residue within the GenBank entry are added at right ends of rows. (A) Genomic
sequences: The end of intron 6 is shown in lower-case italic letters and the last two bases of the
acceptor splice site (ag) are in bold type. The in frame stop codons (TAG or TAA) are in bold and
underlined type. (B) Predicted polypeptides: Below the sequences, conserved substitutions are
indicated by two dots; and semi-conserved substitutions are indicated by dots. Cysteine residues that
form disulfide bonds according to TGF-p family signature (PROSITE PDOCO00223) are in white

against purple background and this signature layout is delineated above the TGF-p domain sequence.

Figure 7 Experimental workflow for detection of genes and miRNAs affecting SD and sex
differentiation. The differentially expressed genes and miRNAs between genders and their
integrative role in SD and sex differentiation are displayed. The gene expression analysis 1s presented
on the left axis, and the miRNAs analysis on the right. The implicated conclusions integrating the

two streams of data are presented in the middle.

Footnote

SD: Sex determination, mir: miRNA precursor, miR: expressed 3p/Sp mature sequence from
miRNA precursors, amh: Anti-Milllerian hormone, cr/208-hsd: carbonyl reductase 20 beta-
hydroxysteroid dehydrogenase, TGF-p: transforming growth factor beta, FDR: false discovery rate,

CNV: copy number variation.
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—* Experimental flow; —— Implicated from the results; ___ Implicated from the literature;

! Negative regulation
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Table 1 Primers for gene expression validation with gPCR and amh PCR and sequence analysis.

Gene symbal

Forward and reverse primers

Deseription Accession number
{probe P (from 5' to 3")
TOTATGTTGTOGUAATAGGUATUA
s E KM MRS s o e
e Vetraspanin-§ Ah_3aas0 GGTGATTTGTAAAGC TGTTTCG
fegrd Majpor histocompatibuliy complex ¢lass Frelated gene protein-like XIP_(HGE4389279 TUTGTLAGE AMAGAL T LA

AUATGAACCAAAGUACTOTAAACT

er 20l

Carbony] reductage-hke 20 beta-hiydroxystened dehydropenase

XM _[MIE438355

CUAAAATTUTTOGTTTTATTOTCG
TITCATTTTGATGOGTTOC A

AATOTCCAAAAGOCAACCTAAA

pail Cell surlace A33 antigen XM _(MiS466820 TACTACATCTGEACC TG AG A
rindipi ! Retculon=d-1nteractmg protein 1 bomolog, mutochondrial KM NSRS LI':[{T:illfui::;:::[lil:tl[&;:':::I‘Ll:::‘l'.:l:
el Hypathetical proten WM 3455197 '-: [{ILK[:'[T;‘*[”ITI’\[ﬁ‘{:l?ﬁ'c:["fc"l:’:“
apd Hypothetical proten XM 003430075 '[ﬁ‘: L”A'I*I':I";‘:‘L;\:E\'[T‘qux':'[‘;:‘{'tx
wrapdh Gilyceraldetivde-3-phosphate debydrogenase XM 452690 tlti:l:l.;tll.::EL;.I:I::::_::"'I:;‘::::(IESII
ey 3l Ribonuckease I protein subunit p30 XM 03449476 “1(:,1'1":'&ﬂ::‘i“[:i‘r‘[i":‘t{“‘
paastes
Amti-Miillerian hormone - exon VIF KM 3451305 I’.:?."[‘L'J.’\;.L[".‘I':: E:: ﬂ 'LL:E('{L:“I'{‘(‘L:}LL‘L
1% & UTR . exon L intron 1, exon 11 EX OSBRI O TE] “:.'::',L;(|I:‘il[lé _;ltlttfl[ff\"“‘f"::llc
. 2¢ exon 11, intron 11, exon (11 EMSONIGIO000004 75| ’T‘[\::I':_*I[(LI:'L:‘([:{’?I' EL::[[:E\‘L"([

22 exon IV, mntron 111, exon W, miron 1V, exon V1

EMNSCMNBCHIODMM TH]

GUAAAATUATUACGAGURCGACTT
CTGUCGACTTICAGAALTITI

& mwlron VI exon VI, 3'UTR

EXSCMBC NN TR

COGTUOCAGTTUGALCC TATOGAL
AAGTACACGTGUOTOTATTIGOTAATTGA

3 ¥FUTR

EMNSCMNBCRIO0MM TE]

CCCCAGUATTTATAACTTTCACA
CUTGOCTCAAG TATGUCTTT

LM darron VI, exon VI

EMNSCMNBCRIO0MM TE]

TGTGETTTICTTTOC T GITOC G A
AU AU TUTAGOUGGUATUCACA
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lgPCR validation of microarray

*PCR. of cDMA

cet of 5 primer pairs for sequencing
‘Linkage mapping
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Table 2 Gene expression validation of microarray results. Mean ratio of female to male gene

expression by gPCR from ¢cDNA of embryos from 2 to 9 dpf is presented. The qPCR analysis of

genomic DNA (gDNA) was applied for indication of copy number variation.

qPCR
Over Microarray cDNA T!'#‘Iultip:;ej gDNA
expressed| Gene symbol m peaks
in FC' p-value FC p-value FC p-value
amh 0.5 B 10 0.27 0.002 0.75 Td= 104
Male tspand 0.2 4.4x10'" 0.0001 Sx 107" 0.0013 | 1.2=107
feart 0.5 6.5<10°" ND* v ND
crf 200-fsd 35 1.0x101" 352 2.8x10-1 i HHY 0.002
gpa33 34 6.0=10" 8R.7 2.6¢10° i 158 | 3.3=10°
Female rindipl 25 LO=10r17 2.1 0.0001 ND
CLUST 26098 4.2 1.6=107 4.46 0.004 ND
zp3 2.6 30=10" 2 0.004 ND

'FC: fold change of female to male expression: LS means for Microarray and means for gPCR based

on cDNA of embryos from 2 to 9 dpf.

MWD not determined

‘Multiple TM peaks resulting from melting curve analysis
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Table 3 miRNA differential expression between genders. miBENA are displayed with female to
male normalized expression at 2, 5 and 9 dpf with = four standard deviations of fold change

expression in a normal distribution.

dpf
fmiRN A" Over 2 5 9
expressed in
miR-218 04
pma-miR-4585 0.2 0.5
oni-miR-E324- 0.1 0.3 0.4
Male

ont-miR-E622- 04 0.5 (0.6
oni-mik-E2 1 8- 0.5
muir-21 06
oni-miR-E255- 38
ont=-miR-E3(4- Female 2 2
bmo-miR-2779 1 7

'miR: expressed 3p/5p mature sequence from miRNA precursors
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Table 4 Differential expression between genders of miRNA and their gene targets. Concordant and discordant
differential expression is displaved for nine miENAs with their forty four differentially expressed between genders

predicted gene tarpets by a false discovery rate of p<0.03.

N Overexpressed in’
Gene Male Female
D - . - - . [pEma- ani- IEras- - -
Frobe' Ceene sy mibol* regulaned I;LII;_ mik- milk- Il.;:l mik- mik- mik- mii - mil-
in E213 E124 4585 E&I2 T E155 E3i4
42507 fogret
B ami t
410K gy
FE 100
I50%81 gistel N
25051 gzl
2100 prich
41306 zhed3
41366 TTE| )
21365 i1 Female
alus2 [Ty e
Z1060 L
140E3 wersyr
11935 urgop t
7670 zethil 3
2325 cetid
SYYTH wprldd t t
16862 rowr ]
ZR545 faand 31
1010¢% ectl t t
il £ UL ilyptesa #
13137 t t
555 t
38303 arkerind
BR2S keferer L4668
T3S rasgef 1 b t t
a5l higet fa t t
3723 el d
ST cersp
I38T3 errvi=aling
2O8TH fgn
J19IR L .
U238 atpiygs
2441 LT 03324
35800 LOC 07490
=00 mupil 34 t
23215 i
13679 ermkre 22 +
2421 Lo Finlawi2 19
3738 sultdsd
rindipd
zpd
Ay
e/ 2iif-fexed
Rate of concordant target sites 615 25 717 15 | 66 1321 22 24 54

32

55



'miR: expressed 3p/Sp mature sequence from miRNA precursors

“Target recognition sites for miRNAs are represented by concordant (+) or discordant {-) differential

expression, respectively, assuming that up-regulated miRNAs down-regulate their target sites [ 104].

*Probe numbers begin with the prefix "CUST ",
‘Gene symbol based on NCBI, ENSEMBL or tilapia LOC no. urgep and zbed3 genes represent

different probes at multiple locations in the genome.

“The probability that the rate of concordant target sites should occur by chance is: (1/2)*=0.015

i3

56



Genome ESTs libraries Functional and

ositional SD
vy o C'ipnclid'ite enes
gene prediction assembly c ale genes
MAKER ¢
99,971 pipeline 38,278 100
L BLASTX to Plant
1 \ FISH ORF Bt
52918 16,305 103
BLASTX to
sticklaback and ——— Repeats
zebratish _l
8,837 26,319 5,561 696
RPrIun:I.mT \ \ / /
ﬁl:'{"ll?llt‘ég
o 43,803 probes

57



famI¥ic

gk e
wsid
nkaind
Pl L
-

Hmmi0
il

Fox )
LOC JOOTORR2E
e
higdTe
LOC JOFOTEERT
Tord

FoT ST S
rendin T
atpSain
anktded
e ddE
carpll
L]
LOC 100707230
FasgarlE
feoed §
er/200-hsd
safh
hspas

erai~dba
Frdec?
Pl
Rink 1468
SETG

il

511 L | &1
-
£

Gender [@ Female @ Male dlo2p5089

ﬁ J
- 0.00

58



MNormalized relative expression

20 -

15 4

10 -+

cr/20fhsd

(\/\J\/\’

35

2.5

1:5; 4

0.5 -

LR

Brain

* ok

Gonad

dpf embryos

Liver

59

Brain

-l

Gonad

Liver



P
(¥, ] L
L

Relative quantity
= P
(%] L 5] Pt

-

Ispan8

L

k¥

gpai3 cr 200 Nsd

60

ispan$



1000 —

750 —

500 —

250 —

bp

i

ami

amity

ami

anthy

anmi

amdry

bp 3 dpf embrye 6 dpf embryve & & &

61



A

XM_0034513050
HESLATAT_AMH
HEZ218785 AMHY

XM_0034513050
BE518707_am
HES18785_AMHY

¥M_0034513050
HOS18787_AMH
HE518785_AMMY

XM 0034513050
HESL8787_AMN
HO518785_aMuy

XM 0034513050
HGSLATET_AMH
HGSLAT a5 _AMNY

B.

AESSA513
BE518707_aMu
HES1E7B5_AMHY

ABSSAE13
RES18787_asm
BO518785_ My

intran VI exon VII

agertgpgFagrcicasagaactgagtpogt tacagragaasga ace t gone cageAGEGAGTCAGTTCCGTG T GTTTCTTCTGC TGAAGGCTC TGEAGA
GRGGGAGTCAGTTCCGTGT GTITCTT CTGC TGAAGGCTCTGCAGA
GASEGASTCAGTTCCOTECOTITCTTCTEC TOARGOCTCTOCRGA

R L L e R T I R

CEETGEOCC ARARC ST AC GACEC GoARAGRR RO TG CEGGCCACC AGRG CAGR CCCCAGT TCGTCAGTGAG HEECEGECETCT GTGEECTGAAGGCTCTCAD
CEETGEOCC ARRC GTAC GACERC GO ARAGARARC TG CEEECCACC AGRG CAGA CCCCAGT ICGTCAGTGAG BEEOEECETICT GTGEHECTGRAGGCTCTC AL
CEET GG ARR ST AT BAL B GIARAGRA AR TR UEGE ORI ABRG CABA CODCAGT TCET CAGTGAG GEGC G GLETCT GTGEGCTGARGEC TCTOAS

ER AT TR AR R AR AT R AR TR AR R AR PR R R R AR AR AR RPN AT R AR A AR R AR R AR A TR RA R R R R TR

COTETCoC T AACAARGC TTCT TET OO CCARGCAOOOC ARRCA TTRACAAT TGCCACGAC TCC T OCACG I TCCCTOTAAC CRAACGACAR CRAC CACOCC
COTaT oo T AACA ARGC TTCTTAT CO S CCARGCAOIC ARRCAT TAACAAT TGCCACOOC TCCT OOZCA I TCCC TCTIAC CARCGACAR CRAC CAOOOC

L=1c]
-

ATCCTEETCRACT COCA CATOGAGAT CHEC ARCEE GRAT GAFCG T TCE COCTGEIET GIGC COGT GECAT ACGAAGLCITEGRGE T TETE GACT GEAACG
ATCCTECTCARCT COCA CATOSAGAT CHEC ARCEE GEAT GAGCG T TOS COCTFEIET GTGC COGT GECAT ACGAAGCCITEGREE T TETE GACT GEAA DG

CRGATGEGACCTT CATCTCCAT CAAG CCAGA TGO G T TG CGAGEEAGT GT AT FOCGCTAGASC IGCTCICT T CTGCTAC ITTACCOCAGCAT TTAT AR
CRGA T GEGA LT T AT T AT CAR G O AR A TG GG T TG CGR GG R T G G AT GO G TAGA G T T I C T T C PGETAC T TTACCO DA GEAT TTAT AR
I TGRS GAGT ST EGAT GO GCT AGAGC TG TCICT T CTGOTAC TTTACCOSAGCAT TTATAR

AR AR ERARAERRA RS R AR p R PR R R R A TR PR T AR T bR R R

TGF-f domain

axon VII
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Gene expression MicroRNA

Custom array design & Small RNA sequencing
hybridization l

Mono-sex families at 2, 5
and 9 dpf

|

Detection of 38 out ufFG Overexpression of
overexpressed genes in genes in females

Mono-sex families
at 2,5 and 9 dpf

|

Identification of 831 mirs
with 155 novel in tilapia.

females at FDR 5% sl R e l
e
l sE A Detection of 6 out of 9 up-
Gene validation with embryos regulated miRs in males at
cDNA and gDNA qPCR FDR 1.5%

of embryos and gonads

| i | L

CNV and differential mir-21 Host genes of mir  pma-mir-4585
expression of cr/20f-hsd in targeting TGF-[3 -21land-218 targeting only
females and amh in males and apoptosis coexpressed in down regulated
l pathways testis and genes (6)
spermatogenesis

amhy in males lacking
TGF-Bdomain —* m | |

o | cr/208-hsd
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Table S1. Characterization and description of 59 differentially expressed genes in the

microarray experiment at false discovery rate of p<0.05.

Array probe

Probe sequence

CUST 12128 Pl1426896222

AATGATAAAATAGTTTGTGTCCAAGAGAGGTGAAGCGAAACAGCTTTACAAATCACCCAG

CUST_2384_Pl1426896222

CTGTACA GGATGGATCTGCTTAAGTTCTGCGATGTA GGTACATTGTACAAT

CUST_23748_P1426896222

TTCTGCGTCTCGTCTGAAGTACGGGAGTCAATTAAAGTAACAAAAAGAATTTGGGTCTAA

CUST_25918_P1426896222

TGTTCAGTTCTAAAAGTGGACCATATCCACTCTGTGTGCTGATCAGGGCATTGTCCTGAA

CUST_39280_P1426896222

CCCGTAGTC ACAATACAATGATCAAGCCATTACGTTTATC GGTACACAATTG

CUST_42507_P1426896222

TGGAGGAGGTACGACTGTGTGTTTCAGATCTCTGGTGTGAGCAAGGACTTCATCATTAAA

CUST_86_PI1426001304

GTGTGATTCCATATCAACCAGCCCTAAATACTGTGGAAATCCTATAGTGTTGCATAATAA

CUST_41041_P1426896222

TAGTCACAGTTCTTGGAGTTCAGAGCACAGGAAAGTCCACTCTCCTTAACACCATGTTITG

CUST_24002_P1426896222

TGCGTTAAAGCAGGAAACGTGTTACTATTAGTTAGAAAGCGGGGTTTAAGGCCTCGTCTC

CUST_38100_P1426896222

TCCCTATGGACCCCAC CTCTCTTGTTTAAACACTCAAAGTTCAAACCTTCATAGAA

CUST_25051_P1426896222

AAGTATGTGAACTATGGGAGGAGCTCTCTGATGAAAACAGGTAAAATCTATGACCAGAAT

CUST_21001_P1426896222

CAGCAAGAATTCCAAGGCTTCTCATTTGTTAACCCTGAGTACTCTTACACAGATCACTGA

CUST_41366_P1426896222

TGTAAGAGGTCATGTCTTAAGCCAAACACAGTTGACCAACTAGTCTTCCTTGCACTCAAC

CUST_41052_P1425896222

AAAGAAAGAGGAGAACAAGAGCTTCACTGATGTGATGGAGTACAGTCCAGACACTGGGAA

CUST_210680_PI426896222

ATGAATTTGTCCAACCAAAGGAGCTGATGGAGGCAAGCAGTTCTGAAGGATCTGTTGATG

CUST_14085_P1426896222

TCCACGTCGCCGTTGTCGGTCTTTCTAGTGTTCCAAGAGTAG CTCTCTC

CUST_22935_Pl1426896222

AGACTCTGCACAGAATTCAACAAATGGGAGTGGGAATTCAAAAAACAAATGTACACCTGG

CUST_27870_P1426896222

TACTACTTCTTCATCTGAAAGGGCTTTCAGTGCGAGTGGGAACATCGTCACATGTAAGAG

CUST_25225 Pl1426896222

GATCACACAAACTTCAACATTCAGCATCACAGTACTGAAGTGGACTCTATTAACCACACA

CUST_39928 Pl1426896222

TTTGTGTGGACAG AAATACATGCCATCTCTGTGATCCGTCAAAAACATTGTGTT

CUST_16862_Pl1426896222

CTTACCCCTGACTCTGATGTGCTGATGTACAACGACACAGTCATCACTGCAGACCTGTAA

CUST_28545 P1426896222

AACCTTCGAAGCGAGCTTCTTTGAACTCGTCCGTCATTTGGGAATAAAGCTGTTCGTCTT

CUST_25149_P1425896222

CAGGAAAATTCTGCGTAACTGAGGGCATGAAATATCTGAGGATGAGAGGGCATGAAGACA

CUST_6724 Pl426896222

AAGATGCTGAGAAAAGCCAGAACTCTCCAAC TAAAGAAGAGCAGACTCAAGCTGAGGGAA

CUST_28144 Pl1426896222

AAGGAGAAATC AGAACCCCAGAAGCAGTCTCAGCTTACCTGGATAACGTGCCTCAA

CUST_10M109_P1426896222

CAAGCCCTCTCCATCACTCAGCATTAACTGCAGTGTGGTTACGTAAGCAAACTGCTAATT

CUST_5193_P1426896222

TGTACAATGCCAGGCTCAGTTCAGTTTCAAGAATGTGCTGTCACT GACAGAGAAGGTATC

CUST_13137_P1426896222

GTTAAAGGTGCAGTGTCAATCTTGCCAAAGATGGGCACA GCATGTGCGAAATATAA

CUST_555_Pl1426896222

AGGTTGAAACTTTACGCTGAGACCCCAACTTAAAAGTGTCATAGCAGTAATCATTCAAAA

CUST_7071_Pl1426896222

ACTGACAATTCCCCTACAGTACACCTGTTTGGGTTTCAACGACTTTAAAGGACAATTCAG

CUST_24200_P1426896222

ACTGACAATTCCCCTACAGTACACCTGTTTGGGTTTCAACGACTTTAAAGGACAATTCAG

CUST_35393 Pl1426896222

TTCCATTTAGCGAAAAAACAAACAAACAAAAAGGGTGGGACTCGGTGGGAGGAGAGGGTT

CUST_40351_P1425896222

CAAAGATGTAAGTGTGATCGCTTCAAACTGAAGTCTTTCAAACTCACACGTAAMATCTTC

CUST_£825 P1426896222

ATGTCAATTGCATCCAGTTTGGTGGGTGAGGATGCCAAGACCAAGTTTCTAAGTAAGATG

CUST 7935 Pl426896222

ATTCACCGAAGATGCATTGTATCTGGCATCATACGAGAGCGAAGGTCCTGAGAACAACAT

CUST_452_Pl1426896222

TTTCTAACAGGTAATCTTCTAACCCTTTCCAATTCTACCAAATAAAGCGTCTGTGCTTTG

CUST_5723_Pl1426896222

CTCTTCAGGGTCTCCCAGGAG AAAAGCATTGATTTCATTAATCTGAAAAAAGCATA

CUST_30073_P1426896222

TACAAACAAATGCCGGAGCCCAAATACACTCTCAGAAAGAAGCTCGTCCTCAAATTTGTA

CUST_23873_Pl1426896222

AAGAACGGACAGAAGGT CACAGAAGGATCCAGCACCAACACAGATA GTTCTTTGA

CUST_20878_P1426896222

ATTGAATCCATTGAGAAGGCAGT GGAGGACAAGATTGAGTGGTTGGAGTCCCACCAAAAT

CUST_5096_P1426896222

CCTGGCATATGTTAA GCTCTGGTTGTGTACACGTTCTGTATACTGTTTCTCAATAA

CUST_31928_P1426896222

TCGAACTGGTTAACCTAAAACGTCTGAACCTGTCCAGGAATCCAATCCTCTGCATCTGTT

CUST_0238_P1426896222

CC GTAAATGAAACTCGTACTGTTGTAATGTTTCGTCTTTGGATGCCAAGCTGTGTA

CUST_13493 Pl1426896222

AGCTGTGACAACTGTGTAGAGCTTGACATAATGTCCATAGC GGGCATGGTCATAGGAAAT

CUST_3491_Pl1426896222

GCTGGGEGAAAGACGAATAAAMACTATGGTGCA GTTACAACTGTTTCACATTTATGGAA

CUST_35899_P1426896222

CATCCGATTCACATCATCTCTTTGTTTGAAGCAGTTTCATAGGATTACAAGAGGTGTAAA

CUST_800_Fl1426896222

TTAGAATGGC GTAGAGTCGCTGTGCTCATGAGCATGATCAGTTCATTTGCAGCAAA

CUST_30805_P1426896222

ATAAAGAGAAGAAGAACGGCAACCACTTGCTCCAGCTGTGGAAAGAGTGTCTGCAAAGAT

CUST_8023_P1426896222

CATGAGGTCATCTGGTGGAGCATAATGATGCTAATGATGC ATATTTG GGTAA

CUST_23235_Pl426896222

ACTTACTCACAGAACAACAGCTCCAAATAAAGAC CTTCAACTGACTCTGTTATGTA

CUST_13879_P1426896222

GCCTCA AATCTTTGTGCTAAGCTAGGCAACAGTATTTGAGAGCTAGCTGTTTAT

CUST_24221_Pl426896222

TTACAGTGTGTGAAGTTTGAAGTTTGGAAATGTCTGATAAGGGAAGAGGAGGACCAAGTG

CUST_5738_Pl1426896222

TTGAGTGGTACATAACAGGAAACATTTCATCGTCATCCTGGTTTGACCACGTCAGGGAGT

CUST_25471_Pl1426896222

ACTCTTCACTGTCAGTGTTTCAAGGCATGTCAAGGCATCAAATAAAAACAGAAMAACATC

CUST_1524_Pl1426896222

GGAACAG GTGTATTAAGGACTGTTAGTTTGGAAAGTTGGATCTGTAAAATGGTCCC

CUST_2144_Pl1426896222

ATCATCAAGGAAATAGAAATATTCCCAGTGGTGAGGGATGACGCTCCAATAGAGAAGAAG

CUST_9317_Pl1426896222

GGCCACCTACAATAAGCTCTTCTTTAGGTTGGC GGACA GAATTAAATGGATC

CUST_1135_Pl1426896222

CGTGTCTGTTAGCTGGAACGCATCAAAATGAAAGTGAATCCGTGAAATGTTGAATTGTCG

CUST_26088_Pl1426896222

AAGGATTCGGCTCATGAAGAACTTGACCAGAAGAATTCGGCTCATGAATAATATCACTTG

64




Ensembl ID

Relevance to SD

ENSONIG000000. . MNCBI accession No. Tilapia LOC no. Gene symbol References
18017 XM_003448079 LOC100707727 ispané [62]
8408 XM_005484738 LOC100712435 fegrt
4781 DQ257619 LOC100707206 amh [21, 7]
20797 XM 005466025 & XM_005462477  [LOC102082816 & LOC100709289 |urgep & gvinp 1
901 cinnd2b 51
12502 or 08413 AF202718 g3sia’

3316 XM 005460744 LOC100703205 prich [65]
12573, 07813, 05031 XM _005475764 LOC102082186 zbed3 52, [63]
278 XM 005466382 LOC102077119 urgep
01911" XM_003456007 LOC100711688 cypdfi [64]
13440 XM 003449942 LOC100893709 wasp1 53
19899 XM 005482508 LOC102081652 urgep
12573 XM 005475764 LOC102082186 zbed3 52 [B3]
4507 X _005455472 LOC1005958188 cdht
20219 XM 005486007 LOC 100897657 gpri44
8514 XM 003452343 LOC1005891473 rort
5564 XM 003455332 LOC100703378 fam131c
XM 003443600 LOC100692611 pkia
5534 XM 003446414 LOC100706747 ecii
930 XM 005488875 LOC100698105 itgh3a
1216 XM 005482079 LOC102083022 timm&0
10126 XM 005476186 LOC102077712 fnde?
XR_266011 LOC102078532 loc102078532
2303 XM 003444133 LOC100698476 nkain{
14484 XM 003443583 LOC100690454 kiaa1468
14048 XM 003444539 LOC100696614 rasgeflh
9474 XM 003438088 LOC100693488 higd1a
9725 XM 003442602 LOC100710565 sult3
15679 XM 003457459 LOC100702139 caspd
18452 XM 005463621 LOC100693481 orni-dba
12430 XM 003455831 LOC100705893 hspab
19699 XM 005448344 LOC100698718 chadlf socs7 [69]
03083" XM_003445709 LOC 100695831 atp5g3
16686 XM_005454329 LOC102080392 cd3d
551 XM_003440733 LOC100703324 loc100703324
6329 XM_005481525 LOC100707490 loc10070745%0
10523 XM_003437773 LOC100897473 mrpl34
XM_005487716 LOC 100892887 seif
20048" XM_003458001 LOC100697999 psmb8
19128 XM_003449410 LOC100707903 ankrd22
071&0" KR_287867 LOC100890239 loc 100690239
9725 XM 003442602 LOC100710565 sult3sit
11729 XM 003459954 LOC100695718 rtndip1 [67]
16642 XM 005448435 LOC100710378 zp3 [70]
6350 XM 003439269 LOC 100696589 impat [68]
3386 XM 005466820 LOC102079786 gpa33
1577 XIM_005473633 LOC 100534432 cr/208-hsd [66]

65




Relevance to apoptosis / immune response/ TGF-§

Description References Notes
54
Encodes for receptor that binds the Fc region of monomeric immunoglobulin G that is involved S5
in macrophage/fibroblast-mediated apoptosis
Key player in cell proliferation, differentiation and apoptosis [71]
MHC CLASS | Family (ENSFM00500000260621) 56 Ortolog of FCGRT
SMAD-dependent TGF-B signaling is modulated by PRKCB
57
Humal Orthologue SMAD3 in part of TGF- pathway [59]
58
TGF-B 59
Humal Orthologue SENP1 S10
Human p27 via the Ral-GEF pathway and disrupts TGF-B-mediated Smad nuclear translocation 511,512
513
Conserved function of caspase-8 in apoptosis during bony fish evolution S14
MHC CLASS Il Alpha (ENSFM00350000105424) 515
A master regulator of the anti-apoptotic unfolded protein response signalling network 5186
Suppressors of cytokine signaling (SOCS) in T cell differentiation, maturation, and function 517
518
SelH protects neurons against UVB-induced damage by inhibiting apoptotic cell death pathways S19
The immunoproteasome, PSBBE8, appears to be a key link between inflammatory factors and 320
the control of vascular cell apoptosis
Can modulate anti-apoptotic activity
Humal Orthologue C4BPA 521
Member of the immunoglobulin superfamily, 522
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Array probe
Probe sequence

Ensembl ID

MNCBI accession No.
Tilapia LOC no.
Gene symbol

Linkage group

Physical location

Description
Human protein

Human protein symbol
FC

P value

FDR

Relevance to SD
Relevance to apoptosis /
immune response/ TGF-
Notes

Microarray probe name deposited in NCBl's Gene Expression Omnibus accession MNa.
GSES0974

Microarray probe sequence deposited in NCEBI's Gene Expression Omnibus accession Mo.
GSES0974

The informative digits of ENSEMBL gene ID obtained following a probe sequence BLAT search

MCEBI gene |0 obtained following a probe sequence BLAST search

Tilapia protein no. obtained from NCE| Gene database

Gene symbol used in current work, based on NCBI. ENSEMEL or tilapia LOC no.

Probe location on tilapia linkage group (LG) obtained following probe sequence BLAST search
{http://cichlid. umd.edu/blast/blast. html}

Probe location on tilapia genome obtained following probe sequence BLAST search
{http://cichlid. umd.edu/blast/blast. html}

Gene full name

Obtained by BLAST against human proteins using the amino-acid sequence of the NCEI
accession

Human protein symbaol

Fold change of female to male expression Least Squares (LS) means

Mominal significance value of female to male expression LS means

False discovery rate as a function of nominal significance values

Description and references (in the manuscript [] and in the bottom of this Table 51-52)
Description and references (in the manuscript [] and in the bottom of this Table 53-520)

Additional information

Gene annotation was based on location of nearest gene (Ensembl probe sequence by BLAT
search)

S1.5unF, Liu S, Gao X, Jiang Y, Perera D, et al. (2013) Male-Biased Genes in Catfish as Revealed by RNA-Seq Analvsis of the Testis Transcriptome. Plos One 8: 68452,
52 Chen 'Y, Webster TJ (2009) Increased osteoblast fmctions in the presence of BMP-7 short peptides for nanostructured biomaterial applications. Journal of Biomedical
Materials Research Part A 91A: 296-304.

$3. Ochs HD, Thrasher AJ: The Wiskott-Aldrich syndrome. Journal of Allergy and Clinical Immunology 2006, 11
84 Yue S, Mu W_ Zaller M (2013) Tspan8 and CDI51

3-738.

promote metastasis by distinct mechanisms. European Journal of Cancer.

S5 Attisano L, Labbe E (2004) TGFp and Wat pathway cross-talk. Cancer and Metastasis Reviews 23: 53-61.

$6. Schaible UE. Winau F, Sieling PA. Fischer K. Collins HL, et al. {2003) Apoptosis facilitates antigen presentation to T lrmphocytes throngh MHC-J and CD! in
tuberculosis. Nature medicine 9: 1039-1046.

$7. Sato R, lizumi §, Kim E-$, Honda F, Lee $-K, etal (2012) Impaired cell adhesion, apoptosis. and signaling in F.45P gene-distupted Nalm-6 pre-B cells and recovery of
cell adhesion using a transducible form of WASp. International journal of hematology 95: 209-310.

S8 Daneshmanesh A, Hojjat-Farsangi M. Khan A Jeddi-Tehrani M, Akhondi M, et al. (2012) Monoclonal antibodies against ROR[ induce apoptosis of chronic lymphocytic
leukemia (CLL) cells. Leukermia 26: 1348-1355.

$9_ Heino J. Ignotz RA. Hemler ME, Crouse C. Massagne J (1989) Regulation of cell adhesion receptors by transforming growth factor-beta. Concomitant regulation of integrins
that share a common beta 1 subunit. Journal of Biological Chemistry 264: 380-388.

SI0.LiX. Tuo Y, Yul,Lin Y, Luo D, et al. (2008) SENP] mediates TNF-induced desumoylation and cytoplasmic translocation of HIPK] to enhance ASK1-dependent
apoptosis. Cell Death & Differentiation 15: 739-750.

S11. Efir S, Ehrlich M, Goldshmid A, Liu X, Kloog Y, et al (2005) Pathway- and Expression Level-Dependent Effects of Oncogenic N-Ras: p27Kipl Mislocalization by the
Ral-GEF Pathwayv and Erk-Mediated Interference with Smad Signaling. Molecular and Cellular Biology 25: 8239-8250.

$12. Yaman E, Gasper R, Koemer C, Wittinghofer A, Tazebav UH (2009) RasGEF 4 and RasGEFIB are guanine nucleotide exchange factors that discriminate between
Rap GTP binding proteins and mediate Rap2 specific nucleotide exchange. FEBS Journal 276: 4607-4616.

$13. Bedd G, Vargas M. Ferrero M, Chalar C, Agrati D (2005) Characterization of hypoxia mduced gene 1: expression during rat central nervous system maturation and

evidence of antisense RNA expression. International journal of developmental biology 49- 431

$14. Sakata S-1. Yan Y. Satou Y. Momoi A. Ngo-Hazelett P. et al. (2007) Conserved function of caspase-§ in apoptosis during bonv fish evolution. Gene 396: 134-148.
$15. Nag B, Kendrick T, Arimilli S, Yu SCT, Sriram S (1996) Soluble MHC [I-Peptide Complexes Induce Antigen-Specific Apoptosis in T Cells. Cellular immmmology 170:

25-33.

$16. Uckun FM, Qazi S, Ozer Z, Garner AL, Pitt ], et al (2011) Inducing apoptosis n chemotherapy-resistant B-lineage acute lymphoblastic leukaemia cells by targeting
HSFPAS | a master regulator of the anti-apoptotic unfolded protein response signalling networle. British Journal of Haematology 153: 741-752.

$17. Palmer DC, Restifo NP (2009) Suppressors of cvtokine signaling (SOCS) in T cell differentiation. maturation, and function. Trends in Immunology 30: 392-602.
$18. Takada H, Nomura A, Roifinan CM, Hara T (2005) Severe combined immunodeficiency caused by a splicing abnormality of the CD34 gene. European journal of

pediatrics 164:311-314.

$19. Mendelev N, Witherspoon S, Li PA (2009) Overexpression of human selenoprotein H i neuronal cells ameliorates ultraviolet iradiation-induced damage by modulating

cell signaling pathways. Experimental nevrology 220: 328-334.

$20. Huelsken J, Birchmeier W (2001) New aspects of Wnt signaling pathwayvs in higher vertebrates. Current Opinion in Genetics & Development 11: 347-353.
$21. Rezende SM. Simmonds RE. Lane DA {2004) Coagulation. inflammation, and apoptosis: different roles for protein 8 and the protein S—C4b binding protein complex.

Blood 103: 1192-1201.

$22. Heath JK, White SJ, Johnstone CN, Catimel B, Simpson RJ. et al. (1997) The human A33 antigen is a transmembrane glycoprotein and a novel member of the
immumoglobulin superfamily. Proceedings of the National Academy of Sciences 94: 469-474.
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Overall discussion

Detection of SD genes in tilapia has both scientific and commercial importance. In this
study, several approaches were employed to elucidate SD in tilapia including SD QTL
identification, QTL fine mapping, sexually differential expression patterns of genes and miRNAs,
and identification of CNV. Genes and miRNAs involved in SD have been searched at the early
developing embryo when the SD mechanism is being initiated. The experimental workflow of the
study and the main results are presented in Figure 1. QTL on LG23 identification and fine
mapping is displayed on the left axis, gene expression analysis is presented in the middle with the
miRNAs analysis on the right. Results and conclusions integrated from different analyses are

presented by a common color.

OTL for Sex Determination

QTLs for SD were detected on LG1 (microsatellite marker BYL002 from Kocher's cichlid
website genomic browser: scaffold 17:190588..191029; P = 0.01) and LG23 (microsatellite
marker UNH898; P = 8.6 x 107). One of the UNHS98 alleles was termed MAA (Male Associated
Allele) since it was mainly carried by males. The genotypes of sex reversed individuals were
confirmed based on presence or absence of MAA through different crosses followed by progeny
testing. Integrated mapping analysis of this locus based on three families showed a maximum F-
value of 42 on LG23 at 18 cM, with a 95% confidence interval of 16-21 cM (Eshel et al., 2011).
In a further fine-mapping study we genotyped our segregating family of 90 individuals for
additional microsatellite genetic markers. The sex associated region was localized to scaffold 101
between markers GM597 and ARO124 from 990,577 to 2,468,000 bp. Twelve adjacent markers
found in this region were homozygous in females and either homozygous for the alternative allele
or heterozygous in males. Markers flanking the critical sex region were heterozygous in two
females thus localizing the QTL on LG23 into a 1.47 Mbp region (Eshel et al., 2012). This
genomic region harbored 51 positional candidate genes including a single functional candidate
gene (amh). The ability to further narrow down this interval below a cM unit requires sampling of

thousands of fish to allow detection of recombinants for the QTL.
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Figure 1. Experimental workflow for detection of SD QTL, and differentially expressed genes

and miRNAs between genders.

QTL

SD association to
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|
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|
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|
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Legend - SD: Sex determination, LG: linkage group, MAA: male associated allele, QTL:

quantitative trait loci, CG: candidate gene, mir: miRNA precursor, miR: expressed 3p/5p mature

sequence from miRNA precursors, amh: Anti-Miillerian hormone, cr/20f-hsd: carbonyl reductase

20 beta-hydroxysteroid dehydrogenase, TGF-B: transforming growth factor beta, FDR: false

discovery rate, CNV: copy number variation. The implicated conclusions integrating the three

streams of data are presented by a common color.
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Integration of our results and other publications addressing SD-associated markers raised
the question: How SD may be almost fully explained by QTL from different genomic regions in
different families? For example, SD-associated markers UNH995 and UNH104 on LG1 explained
the sex of 95% of individuals in two O. niloticus families (Lee et al., 2003). A third family from
the same population showed no evidence of linkage for this region with phenotypic sex, which
may indicate a non-segregating QTL (homozygous). Studies in O. aureus and F, family derived
from O. aureus x O. niloticus cross identified a QTL for SD mapped to LG3. However, markers
on LGI in O. aureus also showed a strong association with sex, indicating segregation of a male-
determining allele in both of these regions (Lee ef al., 2004). Cnaani et al. (2004) detected five
markers with association to sex in an F, population derived from an interspecific tilapia hybrid
(0. mossambicus x O. aureus). The most significant markers, UNH868 and UNHY925, from LG 1
and 3, respectively, explained 34% of the sex variation. Lee et al. (2005) and Lee and Kocher
(2007) detected SD QTL on LGI in O. niloticus and fine mapped it to a 2.6 cM region, but failed
to identify the causative gene. Shirak et al. (2002) suggested that UNH216 and UNH231 on LG
23 and 6, respectively, are linked to sex ratio distortion genes, and that UNH159 on LG2, may be
linked to a modifier of these genes in a full-sib family of 222 progeny from the fourth generation
of a meiogynogenetic tilapia line (O. aureus). Eshel et al. (2011) found SD QTL on LG23
(p=8.6x10), explaining 97.4% of the sex variation and additional QTL on LG1 (p=0.01).
Recently, Palaiokostas et al. (2013) identified a major sex-determining region on LG1, explaining
96% of the phenotypic sex variance based on restriction associated DNA (RAD) sequencing and
mapping. Additionally, numerous studies found that elevated temperatures can alter individuals'
SD indicating that additional genetic and/or environmental factors regulate SD (Reviewed by
Baroiller et al., 2009).

Sex and sex ratio can be explained by a dominant gene (SRY in human), gene dosage
(Drosophila), environmental influence (Alligator), or by the ‘threshold dichotomy’ theory
(Mittwoch, 2006), that applies to a trait with contrasting phenotypes originating from multiple
genes with quantitative effects. Furthermore, O. niloticus and O. aureus have different sex
chromosome systems and their ability to mate and produce fertile hybrids further complicates the
elucidation of the SD system. The complexity of SD and the limitations of QTL mapping
(reviewed by Weller and Ron, 2011) complicate the identification of the causative genes for SD.
The candidate gene approach is also rather weak since it relies on knowledge on the function of
genes in the biological pathways of SD that are apparently poorly understood in fish. Hence, gene
expression approach may be used for the identification of genes that are involved in SD without a

priori prediction or interpretation.
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Differential Expression of Genes Between Genders

Differentially expressed genes between gonads in tilapia are well documented in the
literature (Baroiller et al., 1995, 2009; Poonlaphdecha et al., 2013). Since sexually differential
expression patterns of genes were detected in the bi-potential gonad at 10 dpf (Ijiri et al., 2008),
we assumed that genes initiating the mechanism of SD are expressed earlier. In a preliminary
study we detected differentially expressed SD candidate genes e.g., elavil, amh, [hx9, sox9, foxI2
and sox[4 at early developmental stages (< 9 dpf) using qPCR (Eshel et al., 2012). These results
confirmed that genes initiating the SD cascade are expressed before gonad differentiation and that
the time window of 2 to 9 dpf is adequate for the transcriptome-wide microarray experiment.

An Agilent eArray with 43,803 probes was constructed representing the whole
transcriptome including 51 candidate genes from LG23 and genes relevant to SD inferred from
other organisms, to detect genome-wide differentially expressed genes between genders. The
main weakness of microarray is that only represented genes may be detected. Since the tilapia
genome is only partially annotated, some genes were not represented. Additionally, in case of
alternative splicing, where only one transcript has a role in SD, it may not be detected as a
differentially expressed gene. Thus, by pursuing the microarray experiment we found 59 genes
differentially expressed between genders. Genes that were highly expressed in males were amh,
tspan8, zbed3, waspl, cyp4f3 and prkcb, and the most significantly overexpressed genes in
females were cr/20p-hsd, rtn4ipl, impal, socs7 and zp3. All of these genes were associated to
either sex related pathways (fertility, mating etc.), TGF-P pathway or apoptosis/immune response
(highlighted in blue, red and orange, Figure 1). Both immune response and TGF-f pathway are
related to apoptosis (Schaible ef al., 2003; KEGG database). Functional annotation clustering
indicated a significant enriched cluster of the immune response containing four genes: psmb8,
fcgrt, gas7a7 and zp3. This is in accordance with previous studies, suggesting that evolutionary
conserved genes in the immune system and apoptotic cell death processes may also play a role in
this early stage of differentiation and SD (Opferman, 2008). Twelve of the 59 differentially
expressed genes were characterized experimentally or bioinformatically with CNV. CNV and
dosage sensitivity have been hypothesized as evolutionary conserved factors of SD and SD
plasticity among related species (Schartl, 2004; Volff et al., 2007; Hattori et al., 2013). The first
identified three SD genes were SRY, Dmw and dmy in human, birds and medaka, respectively.
SRY has been suggested to evolve from an extra copy of SOX3 (Foster and Graves, 1994; Graves,
1998), and the latter two evolved from DMRT gene duplication (Nanda et al., 2000, 2002; Smith
et al., 2009). Interestingly, DMRT sex specific duplications were found both in XX/XY as well as
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Z27/WZ sex chromosomal systems (Nanda et al., 2002; Yoshimoto et al. 2008). Hong et al.
(2007) reviewed DMRT genes' function in various species and reported their role in apoptotic
pathways. Our findings, supported by various studies, indicate that CNV is a common feature of
genes participating in SD and may be the alternative genomic structure to sex chromosome
systems in fish.

One of the genes with CNV was amh that in our earlier study was mapped to SD QTL on
LG23 (Eshel ef al., 2011, 2012) (highlighted in red, Figure 1). amh is a member of the TGF-3
that is a key player in cell proliferation, differentiation and apoptosis (Kubiczkova et al., 2012). It
was found to be expressed in both ovary and testis but is significantly overexpressed in male
embryos. AMH has a role in female fertility and its plasma level reflect ovarian reservoir in
human (reviewed by Grynnerup et al., 2012). Fish have amh even though they lack the Miillerian
duct. Although amh function is still unknown in fish, it has a major role in SD and was suggested
as a master regulator of SD (Shirak et al., 2006). In this work we identified an amh unique copy,
denoted amhy, differing from the original gene by a 233 bp deletion of the TGF-$ domain. amhy
was detected only in the male genome, and expressed in testis, whereas, amh was present in both
genders' genome and expressed in ovary as well as testis (highlighted in red, Figure 1). Recent
works identified amh and gsdf (member of TGF-B family) male specific copies in Odontesthes
hatchery and Oryzias luzonensis, respectively (Hattori et al., 2012; Myosho et al., 2012). The
injection of an amh antisense morpholino (MO) to XY embryos resulted in ovary development in
Odontesthes hatcheriand (Hattori et al., 2012), and the presence of a genomic fragment that
included gsdfy converts XX individuals into fertile XX males in Oryzias luzonensis (Myosho et
al., 2012). These results propose that members of TGF-f family have a critical role in SD cascade
in fish.

The presence of additional amh copy with major variation raises the question of how it
affects SD. Amh functions primarily through amhr2 (Mishina et al., 1999). Upon binding to amh,
amhr2 recruits and phosphorylates a type I receptor(s) that then transduces signals by
phosphorylating Smad proteins which in turn regulate transcription of downstream genes in
mammals (Belville et al., 2009). Loss-of-function of amhr2 in male mouse leads to a partial
hermaphrodite having a uterus and an oviduct together with the testis (Jamin et al., 2003).
However, in medaka, a homozygous mutation in exon 9 of amhr?2 results in complete sex reversal
in half of the genetic males (Morinaga et al., 2007) and in fugu (Tiger pufferfish and Takifugu
rubripes) missense SNP in this gene was found to be associated with SD (Kamiya et al., 2012).
These reports suggest evolutionally conserved functions of the amh/amhr2 signaling network,

such as ovarian folliculogenesis and gonadal steroidogenesis.
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Interestingly, we found that c/20phsd (highlighted in blue, Figure 1) was overexpressed in
female embryos and ovary and showed high genomic copy number in females implying its main
role in female development. This gene is known to be part of the oxidoreductase pathway for
oocyte maturation preceding the enzymatic activity of cypl9 (Cytochrome P450 aromatase)
(Senthilkumaran et al., 2004). Kwon et al. (2001) found initiation of expression of both brain and
ovarian aromatase mRNA between 3 and 4 dpf both in males and females, but no significant
sexual differences were detected up to 11 dpf. Rodriguez-Mari et al. (2010) outlined a SD model
in zebrafish where apoptosis, cypl/9ala and amh were proposed as the main factors controlling

SD.

Identification of Differentially Expressed microRNA Between Genders

The emerging significance of miRNAs in developmental processes has attracted research in
various organisms (Wienholds ef al., 2005; Bannister et al., 2009; McFarlane and Wilhelm, 2010;
Morgan and Bale, 2012). The ability of miRNAs to regulate large number of genes makes them
an important factor for consideration in the SD process. Tilapia miRNAs are not publicly
available although recently Huang ef al. (2012) performed next-generation sequencing to define
the first miRNA transcriptome consisting of 184 miRNAs in skeletal muscle of Nile tilapia, and
Yan et al. (2012) identified 25 conserved miRNAs in tilapia skeletal muscle using small RNA
cloning. By sequencing of small RNA from the same biological samples that were hybridized to
the microarray, 831 miRNAs were found in tilapia embryos at 2, 5 or 9 dpf, of which 155 were
novel. Our findings of nine miRNAs that are differentially expressed between genders from 2 dpf
illustrate their role in the early developing embryo. Four differentially expressed miRNAs had
annotations. For pma-miRNA-4585, an overexpressed miRNA in males, all six predicted target
genes, including CR/206-HSD that is known to activate oocyte maturation (highlighted in blue,
Figure 1), as well as RTN4IP] and PSMBS that function in apoptosis pathway (highlighted in
orange, Figure 1), were down-regulated in males. This miRNA showed significantly perfect
inverse expression correlation with its targeted genes, in accordance with the expected inhibition
of mRNA translation of target genes (Plasterk, 2006; Guo et al., 2010). Two of the four miRNAs
with annotations were conserved and thus allowed genomic analysis of their host genes in a
variety of vertebrate species. The host genes of miRNA-218 and miRNA-21, which were
overexpressed in males, were DRGI and TUBDI, respectively. Both genes function in male
developmental processes related to sperm and testis (Smrzka et al., 2000). Moreover,

Papagiannakopoulos ef al. (2008) reported that miRNA-21 targets several genes in the TGF-f and
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apoptosis pathways (highlighted in red and orange, respectively, Figure 1). These results support
the differential expression of these miRs, similar to the identification of various differentially
expressed miRNAs between genders in chicken embryos (Bannister ef al. 2009).

Interestingly, 38 out of the 59 differentially expressed genes by genders were overexpressed
in females (highlighted in purple, Figure 1), and that six out of the nine miRNAs were
overexpressed in males at the same period of early embryonic development (highlighted in green,
Figure 1). These results indicate an early onset of genes in the female determination, which may
be the default sex determiner in XX/XY chromosomes system, unless they are down-regulated by
miRNAs thus initiating the male determining pathways. For example, in Odontesthes hatchery,
histological sex differentiation of the gonads showed that the ovary differentiated at 3-4 weeks
after hatching, as compared to 5-6 weeks in testis (Hattori et al., 2012). The presence of oocytes
appears to be important for sex determination for zebrafish and medaka. In zebrafish all embryos
start to develop as females, and in medaka only XX females start oogenesis while XY males
suppress oogenesis and all germ cells remain undifferentiated (Siegfried and Nusslein-Volhard,
2008; Saito and Tanaka, 2009). Furthermore, the number of developing oocytes is a key feature
that signals the ovary fate of undifferentiated gonads (Rodriguez-Mari et al., 2010).

Proposed Future Work on Various Aspects of Sex Determination

SD is influenced by several genetic and environmental factors, with variation between
families and related strains. So far the search for QTL for SD has located large regions in
different linkage groups that were inconsistent between strains and crosses of tilapia (Lee et al.,
2003, 2004; Cnaani et al., 2004, 2008; Eshel et al., 2011; Palaiokostas et al., 2013). Fine mapped
regions of these QTL still contained dozens of genes (Lee and Kocher, 2007; Eshel et al., 2012).
Genome-wide association studies (GWAS), in which several hundred thousand to a million single
nucleotide polymorphisms (SNPs) are assayed for unrelated individuals, represent a powerful tool
for investigating the genetic basis of complex traits (Manolio et al., 2009). However, this
approach is dependent on commercial development and manufacture of a SNP chip which is not
currently available for tilapia. The limitation of GWAS is that genes with CNV are excluded from
statistical analysis since SNPs deviating from Hardy-Weinberg equilibrium cannot be
distinguished from technical errors. Enrichment of CNV in tilapia genome and particularly in SD
genes may interfere with the application of GWAS once a SNP chip is available.

In order to study the mechanism of SD, transgenesis and siRNA technologies may be used.
Transgenesis is an excellent tool to evaluate specific gene's influence on whole embryo, which

was recently demonstrated for Nile tilapia (Fujimura and Kocher, 2011; Golan and Levavi-Sivan,
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2013). For example, the role of amhy as our proposed key regulator of SD in Nile tilapia can be
verified by insertion of this gene to female embryos lacking this gene, thus producing males.
Additional tool is gene silencing using siRNA technology, as applied in the giant freshwater
prawn (Ventura ef al., 2009).

Our work clearly demonstrates that miRNA have a role in SD that is still unknown in
vertebrates. Their function and impact on individual's phenotype, specifically its gender, can be
evaluated by silencing miRNAs in vivo, as applied in Nile tilapia (Yan et al., 2012). Identification
of miRNAs' target genes can be analyzed by cross-linking immunoprecipitation (HITS-CLIP,
Thomson et al., 2011). Environmental factors are known to alter sex ratios (D'cotta et al., 2001;
Devlin and Nagahama, 2002). Working with gene expression microarray or total RNA
sequencing and small RNA sequencing in monosex families raised in different temperatures may

discover the affected genes and miRNAs.

Summary

This study reports the fine-mapping of QTL on LG23, the discovery of sexually-dimorphic
expression patterns of genes and miRNAs, and genes enriched for CNV. This is the first report of
male-specific amh duplication and detection of SD pathways that are functional at 2 to 9 dpf
tilapia embryos. Thus, the sequence of events leading to SD in tilapia is apparently initiated soon
after fertilization. Systems biology techniques were used to derive and connect information on
QTLs, genes and miRNAs. The implicated conclusions integrating the three streams of data are
presented by a common color in Figure 1. amh, cr/20p-hsd and 22 genes involved in apoptosis
were shown to be differentially expressed and constitute targets for sexually-dimorphic miRNA.
amh, cr/206-hsd and apoptosis are the major genes and mechanism (highlighted in red, blue and
orange, respectively, Figure 1), that determine sex, similar to the proposed zebrafish SD model

(Rodriguez-Mari et al., 2010).
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