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ABSTRACT

A major challenge in evolutionary biology is to find an explanation for the variation in
sex-determining (SD) systems across taxa and to understand the mechanisms driving
sex chromosome differentiation. We studied the turbot, holding a ZW/ZZ SD system
and no sex chromosome heteromorphism, by combining classical genetics and
genomics approaches to disentangle the genetic architecture of this trait. RAD-Seq was
used to genotype 18,214 SNPs on 1,135 fish from 36 families and a genome wide
association study (GWAYS) identified a~ 6 Mb region on LG5 associated with sex (P <
0.05). The most significant associated markers were located close to sox2, dnajc19 and
fxrl genes. A segregation analysis enabled narrowing down the associated region and
evidenced recombination suppression in a region overlapping the candidate genes. A
Nanopore/Illumina assembly of the SD region using ZZ and WW individuals identified
asingle SNP fully associated with Z and W chromosomes. RNA-seq from 5-90 day-old
fish detected the expression along the gonad differentiation period of a short non-coding
splicing variant (ncRNA) included in a vertebrate-conserved long non-coding RNA
overlapping sox2. gPCR showed that sox2 was the only differentialy expressed gene
between males and females at 50-55 days post fertilization, just prior the beginning of
gonad differentiation. More refined information on the involvement of secondary
genetic and environmental factors and their interactions on SD was gathered after the
analysis of a broad sample of families. Our results confirm the complex nature of SD in

turbot and support sox2 as its main driver.
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INTRODUCTION

Sex is one of the most intriguing topics from evolutionary and development
perspectives. Sex determination (SD), the process that establishes the sex of an
organism at the initial stages of development, affects sex ratio and hence, it has
profound implications on demography of populations. Gonad differentiation (GD), the
pathway by which an undifferentiated primordium develops into an ovary or testis, is
also essential to understand how sex is controlled and shifts from one system to another

along evolution.

Theories on the evolution and architecture of SD have been largely influenced by
studies on mammals, birds and Drosophila, characterized by a highly conserved master
SD gene (SDg). However, data from ectothermic vertebrates have demonstrated a
sharply different picture (Devlin and Nagahama, 2002; Martinez et al., 2014; Capel et
al., 2017). Fish show highly diverse SD systems, including analogous models to the XY
of mammals and ZW of birds, but also more complex mechanisms involving multiple
sex chromosomes. Regardless of their SD system, chromosome heteromorphisms are
rare in this vertebrate group (Cioffi et a., 2017). Underlying this diversity, an important
number of different SDg have been reported, both involving classical transcription
factors, such as dmy (Y -specific DM-domain) (Matsuda et a., 2002) or sox3 (SRY -
related HMG-box) (Takehana et al., 2014), as well as transforming growth factor-
related genes, such as gsdf (gonadal soma-derived growth factor on the Y chromosome)
(Myosho et a., 2012) or amh (anti-Mullerian hormone) (Hattori et al., 2012; Pan et al.,

2019) and its receptor amhr2 (Kamiya et al., 2012), but also other unexpected genes,
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such the interferon-related sdY (Yano et a., 2013), and more recently, bcarl (Bao et al.,
2019) and hsd17bl (Koyama et al., 2019), related to the steroidogenic pathway.
Furthermore, quantitative trait loci (QTL) studies in other fish suggest that other non-
orthologous genomic regions could be involved in SD, the current list being likely
expanded in the next years (Peichel et al., 2004; Ser et a., 2010; Palaiokostas et al.,
2013; Star et al., 2016). In contrast with the highly canalized systems of homeothermic
vertebrates, involving a strictly hierarchical and highly conserved developmental
pathway, the multiple existing options to recruit new SD genes shown by fish suggest a
more relaxed hierarchy, and even a more flexible downstream pathway until the gonad

fate is established (Martinez et al., 2014).

The enormous SD diversity in fish is associated with a remarkable SD evolutionary
turnover and, in fact, closely related species have demonstrated different SD systems,
such as the case of the genera Oryzias (Matsuda and Sakaizumi, 2016) and
Oreochromis (Baroiller and D'Cotta, 2019). Nonetheless, a remarkable conservation of
SD has also been reported in other groups, such as the genus Seriola (Koyama et al.,
2019) or the order Salmoniformes (Yano et al., 2016). It has been hypothesized that
intraspecific variability might facilitate the high SD evolutionary turnover of fish
(Martinez et a., 2014) and accordingly, these authors suggested focusing not only on
the master SDg, but also on the genetic variation within species to obtain a more
comprehensive picture of the SD genetic architecture. In fact, the limited number of
studies following this approach have disclosed significant genetic variation within
species, even in those where a major SDg has been reported (Hermida et al., 2013;

Lozano et a., 2013; Parnell and Streelman, 2013).
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The environment adds another layer of complexity, since fish SD can aso be influenced
by a range of environmental factors. Accordingly, fish SD has been described as a
continuum from strict environmental SD (ESD) to pure genetic SD (GSD), involving
minor and major genetic factors (Penman and Piferrer, 2008). It is difficult to
encompass the diversity of fish SD within a conceptual genetic framework, but probably
the closest would be a complex threshold trait and consequently, quantitative genetic
tools would be the most appropriate for its dissection (Martinez et a., 2014; Capel,

2017).

The turbot (Scophthalmus maximus) is an important farmed fish in Europe (~10,000
tons) and China (~60,000 tons, Robledo et a., 2018). This species shows one of the
highest growth rate sex dimorphisms among marine fish in favor of females (Piferrer et
al., 2004), hence, the interest of turbot farmers to produce all female stocks. Since sex
cannot be identified until maturation, molecular tools have been sought for precocious
sexing of farmed turbot (Martinez et a., 2014). Turbot shows a SD system compatible
with ZW/zZZ (Haffray et al., 2009; Martinez et a., 2009), but no sex chromosome
heteromorphism has been detected (Bouza et al., 1994; Cuiado et al., 2002). Previous
data suggest that the differential SD region in this species is small and that its SD
mechanism is recent in evolutionary terms (Taboada et al., 2014). A major SD region on
LG5 and three additional suggestive sex-related QTL (LG6, LG8 and LG21) were
identified through a genome scan using five families (Martinez et al., 2009; Hermida et
a., 2013) and a medium density genetic map (Bouza et a., 2007). Furthermore,
temperature influence has also been demonstrated in turbot (Haffray et al., 2009;
Robledo et a., 2015), so its SD mechanism approximates to a complex trait. A

microsatellite sex associated marker (SmaUSC-E30) found in the proximal region of
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LG5 allowed accurate sexing of 94.7% offspring (Martinez et al., 2009) and it has been
routinely used by the industry to obtain all-female populations (Martinez et al., 2014).
Mapping of sex-related genes and mining around the mgor SD region using the turbot
genome (Figueras et a., 2016) led to the identification of candidate genes at the major
(LG5: sox2 dnajcl19 and fxrl; Taboada et al., 2014) and minor (LG6: cypl9b; LG21:
sox9 and sox17; Vifias et al., 2012) QTL, but none of them seemed to be the SDg of the
species (Taboada et al., 2014). The first evidences of gonad development in turbot were
detected at 65 days post fertilization (dpf), where gsdfl in both sexes and vasa,
especidly in females, were up-regulated. By 90 dpf, the gonad seems to be
transcriptionally differentiated, and cypl9ala and amh show differential expression in

females and males, respectively (Robledo et al., 2015; Ribas et al., 2016).

Here, we combined functional and genome wide association studies (GWAYS), as well
as classical segregation and recombination analyses in a large sample of ~1200 turbot
from 36 families with the aim of: i) identifying the major SDg and eventually the causal
mutation differentiating males and females; ii) characterizing the ZW differential region
and its genetic properties within an evolutionary framework; iii) refining gonad
development information establishing the critical window where gonad fate is
established; and iv) assessing interfamily variation underlying SD. We identify sox2 as
the most likely SD candidate in turbot, proposed suggestive hypotheses about how this
geneis differentially regulated in males and females, and finally, explore in more detail
how other minor QTLs and environmental signals underlie SD in a species where the Z

and W chromosomes hardly differ.

RESULTS
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I dentifying the SD region and evaluating its influence on phenotypic sex

The study population was composed by 1135 fish distributed across 36 families (from
23 to 38 fish per family) founded from 23 dams and 23 sires, hence including several
half-sib families (HS) sharing either the mother or the father (Table 1). The sex ratio in
the whole population adjusted to 1:1 (563 females and 592 males;, P = 0.394); most
families showed balanced sex ratios, excluding one male-biased (F53) and two female-
biased (F12 and F33) (P < 0.00005; Figure S1). All animals were genotyped using 2b-

RAD for 18,214 SNPs.

A genome-wide association study (GWAS) using the whole population data was
performed to analyze the genetic architecture of turbot SD. A magjor QTL was detected
at LG5 with 80 significant markers at genome-wide level (Figure 1), while weak signals
were detected at other LGs, specificaly at LG22, where one marker was significant at
chromosome-wide level (P < 0.00002; Table S1). This picture is essentially concordant
with previous reports (Martinez et al., 2009; Hermida et al., 2013). The genome-wide
significant markers at LG5 spanned over a region of ~7.5 Mb and over five scaffolds of
the turbot genome (Figueras et al., 2016), with the two most significant SNP markers
placed 420 Kb away (Figure 1; Table S1). These two markers were in the vicinity of
sox2, dnajcl9 and fxr1, the three candidate genes at the SD region reported by Taboada
et al. (2014; Figure 1), encoding for a DNA-binding transcription factor, a heat shock
protein and a RNA-binding protein, respectively. The highest genetic differentiation
coefficient (Fsr) between male and female subpopulations was 0.193 at SNP-129698,
located within an intron of dnajc19, and close to SmaUSC-E30, the marker used for

sexing in turbot farms (Martinez et al., 2014). It should be noted that the maximum Fsr
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between males (ZZ) and females (ZW) for a diagnostic locus of the W and Z

chromosomes would be 0.5 (Utsunomiaet ., 2017).

GWAS was also performed within each family, and markers at LG5 were associated
with sex at genome- or chromosome-wide level in most families (Figure 2; Table S2).
However, in some families no evidence of association with LG5 was detected and the
highest associated marker pertained to other LGs (Table S2), although none of them
significant at genome- or chromosome-wide level. Two families showed suggestive
signals of association with LG22 (F19 and F36), which reinforces the observation with
the whole population data, and other three with LG1 (F7), LG15 (F48) and LG20 (F43).
It should be noted that alternative associations were not a matter of a single marker, but
of several SNPs with p-values above the background denoting a trend for the region.
The sample size managed (23-38 individuals per family) reduced the statistical power
for detecting associations at family level. Finaly, five families such as F12, F14 and
F56 did not show any signal of association and environmental factors might be driving

gonadal fate in their offspring.

Segregation Analysis

A total of 36 full-sib families totalling 1135 sexed offspring and 46 parents were used
for a segregation analysis at the mgjor SD region to: i) refine the association of sex with
the this region in each family; ii) check for a putative recombination blockage between
W and Z chromosomes; and iii) narrow down the region where the SDg is located. Only
five out of 36 families (13.9 %) did not show association between phenotypic sex and
markers at the magjor SD region (P > 0.05), while four showed full association (P = 0;

11.1 %), 20 were associated after Bonferroni correction (P < 0.001; 55.6 %) and seven
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a P < 0.05 (19.4%) (Tables 1 and S3). At individual level, 126 fishes showed a
discordant phenotype according to the major SD region marker information in the
families significantly associated with sex (P < 0.05; 11.1%), although other 155 fishes
pertained to families where no association was detected, thus totalling 281 non-
associated individuals (24.8%). The information obtained is compatible with the
ZW/ZZ system reported for LG5 in turbot (Martinez et a., 2009), being the mother the
responsible for the sex of their offspring, and fully concordant with the GWAS
evaluation shown in the previous section at family level. A highly significant trend (P <
10°) of genetic females being phenotypic males was detected in those families where
sex was associated with LG5 after Bonferroni correction (55 @ 2 & vs13 & 2> ¢;
Table 1). Moreover, the lowest variance in sex ratio among families was detected in
those groups where the SD region showed the highest influence on phenotypic sex
(Table 2). Finaly, we took advantage of HS families to check if the weight of the SD
region on phenotypic sex was consistent across families sharing the same mother (15
HS families) (Table 1). No correlation was detected in the percentage of
genetic/phenotypic discordances in the family pairs tested, thus suggesting that the
weight of LG5 on SD seemed to depend more on the specific genetic and environmental

background of each family than on the genotype of the mother at LG5.

A crossing-over map was represented at the proximal region of LG5 where the SD
region is located (6 Mb; Figueras et a., 2016) after evaluating the 251 recombinants
detected between the W and Z chromosomes of the mother in al families (Table 1;
Table S3). Among these, we selected 121 consistent recombinants (at least two markers
involved) where the crossing-over point could be delimited within a region < 300 kb.

Crossing-over was strongly impeded at the proximal region of LG5 supporting the
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positional effect of centromeric heterochromatin on the adjacent genomic region (Figure
3). Moreover, crossovers were distributed throughout the rest of the region evaluated,
but, interestingly, crossing-over was blocked (or nearly blocked) around the most
interesting region, where the genes sox2, dnajc19 and fxr1 are located. This was not a
matter of lower informativeness of markers in that region, since nine families with pairs
of informative markers covering this region did not show any signal of recombination

between Z and W chromosomes.

Finally, the segregation analysis enabled to narrow down the region where the SDg is
located in turbot using the most confident set of informative families (chosen among
those showing association after Bonferroni correction) (Figure 4; Table S3). Twelve
families were selected for this analysis (F7, F9, F10, F18, F19, F32, F42, F47, F52, F54,
F60 and FX) and the smallest region flanked by recombinants at each family was
established following conservative criteria, to say, at least two recombinants (see for
instance offspring ID 12 and 462 of family 10; Table S3) or the second best
recombinant (see offspring 1D 240 and 584 of the same family) were used to define the
left or right edges of the region containing the SDg in each family. The minimum
overlapping region combining the information of all families where the SDg should be
located was between 3,733,262 bp and 4,129,527 bp (~ 365,330 bp; Figure 4).
However, considering the presence of adjacent non-informative SNPs at the edges of
each recombinant, we decided to be more conservative and took the next informative
marker to establish the limit, so expanding the overlapping region across families to

961,390 kb (Figure 4).

Reassembling the major SD region through hybrid long- /short-read resequencing:

diagnostic differences between the W and Z chromsomes
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To merge the two main scaffolds (83 and 161; Figure 1) constituting the turbot SD
region and to have a confident reference to look for diagnostic differences between the
W and Z chromosomes, a superfemale (WW) and a male (ZZ) were sequenced and

assembled combining long-read Nanopore and short-read 11luminatechnologies.

Long-read Nanopore sequencing of the superfemale rendered 848,617 reads with an
average length of 6,269 bp (longest read: 84,308 bp) totalling 5,3 Gbp and representing
9.4x coverage of the turbot genome (565 Mb; Figueras et a., 2016); the male
sequencing produced 630,136 reads with an average length of 9,197 bp (longest read:
177,236 bp) totalling 5,8 Gbp representing 10.2x coverage. The error rate of Nanopore
sequencing was evaluated by matching all reads against the coding regions of the turbot
genome and 90.4 % homology was observed on average, thus within the lowest error

rate range for thistechnology (Limaet al., 2019).

Nanopore and Illumina sequencing were used to refine the assembly of the turbot SD
region delimited through segregation analysis (961.4 kb; Figure 3b). All Nanopore and
I1lumina sequences matching to that 961.4 kb region were retrieved for assembly using
the last version of the turbot genome (Maroso et al., 2018). A hybrid assembly was
obtained separately for the W and Z chromosomes using Nanopore assembly as the
backbone, which was then curated using the Illumina 150 bp PE reads of five WW
females and five males, respectively. Both the superfemale and male hybrid assemblies
covered > 95% of the delimited SD region including the gap between the scaffolds 83
and 161, the region where the strongest sex association was detected (Figure S2).
Further, the combination of the W and Z assemblies covered the whole 961.4 Mb region
of the turbot genome (Figueras et al., 2016). It should be noted that the turbot genome

was constructed using a female (Figueras et a., 2016), and thus, misassembling at the


https://doi.org/10.1101/834556
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/834556; this version posted November 8, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

differential region between the W and Z chromosomes could occur. No evidences for
duplication of the candidate genes reported in turbot by Taboada et a (2014) or

structural reorganizations, such as inversions, were detected.

The five WW females and males re-sequenced using Illumina 150 bp PE reads were
separately aligned against the W and Z hybrid assemblies and alignments were
inspected for diagnostic differences between WW females and males using the graphic
viewer IGV 2.4.10 (Robinson et al., 2011). Only two SNPs showed a diagnostic
association with W and Z chromosomes across the inspected SD region (SNP.1 and
SNP.3). These SNPs, fixed for aternative allelic variants in Z and W chromosomes,
were located between the genes dnajc19 and fxr1 (Figure 5), surrounding the SmalUSC-
E30 microsatellite used for sexing turbot (Martinez et al., 2014). A SNaPshot assay was
designed to evaluate the consistency of this association at species level in a sample of
92 individuals, 46 males and 46 WW females, belonging to 11 unrelated families of a
turbot breeding program were genotyped for these two SNPs (Table $4). Genetic
differentiation between males and WW females for these two SNPs was very high and
significant (Fst = 0.576 and 0.500 for SNP.1 and SNP.3, respectively; P = 0) and
extreme linkage disequilibrium was detected between them (P = 0). Most males showed
an AAGG genotype while most WW females were GGAA suggesting an AG haplotype
for the Z chromosome and GA haplotype for the W chromosome (Table S5); seven
individuals showed an AGAG genotype congruent with a ZW constitution and five WW
females showed an unexpected GGAG genotype. These WW females pertained to a
single family suggesting that other low frequency haplotype might exist at the W

chromosome. All in all, SNP.3 was compatible with a diagnostic marker between Z and
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W chromosomes assuming the ZW constitution of the seven aforementioned

individuals.

Functional analysis: comparative gene expression between sexes along gonad

differentiation (GD)

I dentification of active genes along gonad development and differentiation

To identify the genes expressed along the gonad differentiation period a the major SD
region in turbot, ribodepleted RNA libraries obtained from a pool of larvae, a pool of
male gonads and a pool of female gonads at developmental stages from 5 dpf until 90
dpf were sequenced. A total of 24 genes were expressed along that period in the
delimited 961.4 kb region (Figure 6; Table S6). Among the three previously reported
candidate genes in the region, dnajcl9, fxrl and sox2 (Taboada et al., 2014), only the
two latter were expressed. Kininogen-1 (kng-1), complement factor H (cfh) and Fragile
X menta retardation syndrome-related protein 1 (fxrl) were the highest expressed
genes, while the lowest one was sox2ot (see below). None of the genes in the region
showed obvious signs of differential expression between the male and female pools
obtained from samples encompassing the whole critical period of gonad differentiation
(between 35 and 90 dph; Figure 7), an expected result if the critical development
window where differential expression between sexes is short. Moreover, a few genes
showed important differences between larvae and more advanced developmental stages,

including kng-1, cfh or sox2.

A long-non coding RNA encompassing 78,309 bp was found in the region were sox2
(2,557 bp) is located and it was annotated as sox2 overlapping transcript (sox2ot). This

gene, conserved across vertebrates (Amara et al., 2009), includes the sox2 gene in one
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of its introns. Within this IncRNA, a splicing variant corresponding to a short non-
coding RNA transcript showed a faint expression along the gonad differentiation period
(ncRNA) both in males and females. Interestingly, a ~ 250 bp specific region of this

ncRNA was complementary to aregion of the sox2 mRNA 3' UTR (Figure S3).

gPCR of candidate genes along the critical period of gonad differentiation

Gene expression of candidate genes was individually evaluated by gPCR in males and
females along gonad development, particularly between 30 and 90 dph, to say, from
weaning until the time where gonad differentiation was established at genetic level (up-
regulation of amh and cypl9ala in males and females, respectively; Figure 7; Robledo
et a., 2015). Thisis the period where gonads can be dissected with confidence for gene
expression evaluation, but specialy, it is the development period where SD likely
occurs in turbot, after metamorphosis but before gonads are differentiated at functional
level. No expression differences were detected for fxr1, dnajc19 and the sox2ot ncRNA
between males and females, but a consistent pattern of increasing expression was
observed for sox2 in females between 50 and 55 dpf (Figure 8; Table S7). Indeed,
significant differences were detected at 55 dpf by considering the information of both
amplicons (t-test related samples = 5.153, P < 0.004) and it was even higher when the

50-55 dpf window information was merged (t-test related samples = 6.848, P < 0.0005).

DISCUSSION

Elucidating how sex is developed and controlled in vertebrates in general and in fish in
particular is a flourishing area of research from evolutionary and development biology
perspectives. The high turnover of SD systems and the small differentiation of sex

chromosomes in fish, even in taxa with conserved SD systems, suggest a different
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scenario to that previously reported in mammals and birds. Additionally, sexual
dimorphism affects important aquaculture traits such as growth rate, flesh quality or
caviar production, among others, and thus, controlling sex ratio is a key issue for
producers (Martinez et al., 2014). For this study, we went beyond the important
information previously gathered on sex determination (SD) and gonad differentiation
(GD) in turbot by combining genomics and classical genetics approaches, as well as
using functional and statistical association methodologies. A large number of families
and individuals, as well as a careful selection of biological material was used to ensure
the genetic constitution of fishes considering the complex architecture of SD reported in
turbot (Taboada et al., 2019). We got a comprehensive picture of the complex
mechanism underlying SD in this species and framed this information within teleost SD
evolution. In particular, our work represents a contribution to the knowledge of the
origin and evolution of “young sex chromosome pairs’ (Charlesworth, 2019), still very
unknown unlike the most studied mammalian, avian and Drosophila systems, which
represent “old sex chromosomes’ with specific genetic features: size heteromorphism,

specialized gene content, reduced recombination and degeneration (Abbott et al, 2017).

The main sex determining gene (SDg) of turbot

The extensive genome-wide screening performed with 18,214 SNPs (1 SNP / 28 kb;
565 Mb turbot genome; Figueras et al., 2016) in combination with a classical
segregation analysis carried out in 36 families (44 parents and 1,135 sexed offspring)
confirmed that SD of turbot mainly relies on a small region at the proximal end of LG5
and follows a ZW/ZZ pattern of inheritance (Haffray et al., 2009; Martinez et a., 2009;
Taboada et al., 2019). However, unlike previous reports, here we gathered enough

evidences to suggest sox2 as the magjor SDg in this species: i) it is located in the narrow
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window established after segregation analysis and surrounded by the two most
significant SNPs identified by GWAS; and ii) it is the only gene among the transcripts
expressed along GD in the delimited SD region that showed a differential expression
between males and females within a short five days window (50-55 dpf), just before the
first signals of germ cell proliferation (up-regulation of gsdfl and vasa at 60-65 dpf;
Robledo et a., 2015). This gene had been previously discarded as the SDg of turbot
because no diagnostic SNPs could be identified in the coding region in alarge sample of
males and females (Taboada et al., 2014). Despite this still holds, data suggest that the
responsible mutation for differential expression of sox2 between sexes could be located
on a regulatory element. In this regard, it should be noted that the IncCRNA sox2ot, a
regulatory gene of sox2 (Amaral et al, 2009; Shahryari €l al., 2015; Messemaker et al.,
2018), encompasses the most associated SD region including sox2 in one of its introns.
Further, a splicing variant of sox2ot showed full complementarity to sox2 turbot 3’
UTR, thus suggesting a putative post-transcriptional mechanism controlling sox2
activity. Although IncRNAs are poorly annotated, they have been involved in the
regulation of genes related to reproduction and particularly to SD in different species. In
Drosophila the master SxI gene is regulated by a IncRNA acting in a complex interplay
network (Mulvey et al., 2014) and in the crustacean Dhapnia magna a IncRNA
regulates the male specific expression of the dsx1 DM domain producing males in
response to environmental stimuli (Kato et al., 2018). Moreover, the only diagnostic
variant detected between Z and W chromosomes in our study (SNP.3), despite being far
from sox2, might be part of a regulatory element, since sox2 enhancers have been
identified within a 200 kb region surrounding this gene (Zhou et al., 2014). Recently,

sox2 has been identified as the candidate SDg in two other aguaculture species, the
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Zhikong scallop Chlamys varia (Liang et al., 2019) and the black tiger shrimp Penaeus

monodon (Guo et al., 2019).

Turbot SD asa complex trait

Our data strongly suggest a complex genetic architecture of turbot SD, supporting
previous information (Martinez et al., 2014; Taboada et al., 2019). Despite the major
SD region drives GD in nearly 80% of the fish, and close to 90% of the families show a
significant association between sex and markers in that region, other genetic and
environmental factors interact with the main locus to fate the sex of each fish. The
amount of data here gathered (1,181 individuals; 36 FS families; 27 HS families)
enabled deepening into the different factors involved. Other sex-related QTL had been
previously reported in turbot, always as secondary players of the major SD locus in the
families analyzed (Martinez et al., 2009; Hermida et al., 2013). We confirmed these
observations, but additionally demonstrated that in some families another genomic
region different than LG5 would be the main driver for GD. None of the previously
reported secondary QTL were identified in the broad family sample analyzed in this
study, and those here detected seemed to influence sex in only one or two families. The
most consistent one was identified at LG22 which showed signals of association in two
families and at chromosome-wide level in the whole dataset. These observations
suggest either the presence of rare allelic variants affecting sex in several secondary
QTL or, more likely, complex genetic and/or environmental interactions providing
scenarios for other genomic regions to drive SD. Our observations would aso fit with
the stochastic gene expression and development noise on SD suggested by Perrin

(2016).
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Moreover, environmental factors influencing SD have been described in fish, where
high rearing temperatures tend to induce masculinization (Ospina-Alvarez and Piferrer,
2008) but the opposite is still controversial. In the case of turbot, the influence of
temperature does not seem to work in a simple way (Haffray et al., 2009), athough
Robledo et al. (2015) showed a significant trend for female biased ratios a low
temperatures. We identified four families where no signals of genomic association were
observed, suggesting environmental factors driving SD. Furthermore, the proper weight
of the major SD region in each family seemed to not follow a simple additive model,
since mothers of HS families showed a variable influence of this region in the families
they damed. The existence of different genetic factors and even a polygenic architecture
underlying SD in fish have been documented in several species such as zebrafish,
European sea bass and tilapia (Vandeputte et al., 2007; Nagabhusana and Misrha,
2016), among others. Even in those species where a master SDg has been reported,
deeper studies identified the presence of secondary genetic and environmental factors
(Martinez et a., 2014). Data from turbot supports the influence of environmental
factors, mainly temperature, but following complex interactions with genetic factors,

thus approaching to a complex trait.

D inteleosts: some insights from turbot

Knowing the full sequence of sex chromosomes is essential to identify the causative
mutations underlying SD and to quantify their differentiation degree in order to
understand their evolutionary pattern. Despite the increasing number of genomes
sequenced and assembled, the sequences of sex chromosomes Y or W are mostly
unknown because the presence of repetitive elements represents a handicap for their

assembly and usually require at least twice the depth of a homogametic genome


https://doi.org/10.1101/834556
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/834556; this version posted November 8, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

(Tomaszhiewicz et al., 2017). In the case of fish, the early evolutionary stage of sex
differentiation and the viability of WW or YY individuals (Devlin and Nagahama,
2002) facilitate this task, especiadly if the long-read sequencing technologies are
combined with the more confident short-read ones to achieve better scaffolding (Tan et
al., 2018; Xing et a., 2019). We sequenced and assembled the Z and W chromosomes
of turbot using five females (WW) and five maes (ZZ) by combining long-read
Nanopore and 150 bp PE Illumina methods with enough coverage to detect structural
differences, essential to understand the evolution of SD. Further, this strategy also
allowed us to detect minor differences that could be related to the causative mutation
determining sex in turbot. As previously suggested by Taboada et al. (2014), we
confirm that the major SD region of turbot is a young one (Charlesworth, 2019), since
no consistent genetic differences between Z and W chromosomes more than in a single
nuclectide (SNP.3) could be detected. In this regard, turbot's would be among the
youngest sex chromosome pairs found in fish a a stage similar to that of the pufferfish
(Fugu rubripes, Kamiya et al., 2012), where the only difference between X and Y
chromosomes was a single differential SNP at the promoter of the amh receptor. Very
recently, a similar picture has been reported in E. lucius, where a small male-specific
insertion containing the SD gene, has been documented (Pan et al., 2019). Although
examples of mature SD systems such as those reported in the genus Characidium and
Eigenmannia have been reported (Cioffi et al., 2017), the differential region in most
species where the master SDg has been identified comprehends less than 1 Mb
(Martinez et al., 2014). It is generally accepted that the evolution from a homomorphic
to a heteromorphic sex chromosome pair begins with the suppression of recombination

to maintain particular haplotype combinations to avoid sexual conflict (Bull 1983;
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Charlesworth, 1994, 1996). Our data suggest that crossing-over is precluded in aregion
of ~75 kb around sox2, mostly embracing the INcCRNA sox2ot, thus representing the first
stratum in the evolution of the sex-chromosome pair of turbot. Taboada et al. (2014)
also suggested a transition from an ancestral XY to anew ZW system and indicated a
non-complete dominance of the ZW reflected by a significant amount of ZW males in
the families analyzed, a fact here confirmed with a much larger amount of data. Finaly,
we obtained suggestive information about the increasing genetic canalization of SD,
characterized by a much higher sex ratio balance, in those families where the LG5 SD
region is dominant with regard to those families with secondary genetic or
environmental factors involved, which showed more unbalanced sex ratios either

towards males or females.

It isworth areflection on why SD of fishis so unstable in evolutionary terms, where the
classical model of two well differentiated sex chromosomes is scarce. The high turnover
of SD in fish suggests that different genomic regions can be recruited to replace the
previous SD system following the so called “hot-potato” model (Gammendinger and
Kocher, 2018), although data strongly suggest the suitability of some genes like dmY or
amh, recruited independently in several fish species to drive sex differentiation
(Matsuda et al., 2002; Hattori et al., 2012; Pan et al., 2019). In this regard, sox2 and the
putative involvement of sox2ot INcCRNA on its regulation, would add a new master gene
and a novel regulatory mechanism confirming the multiple options to drive sex across
the fish genomes. As shown in our gene expression analysis, Sox2 is very active across
larval development, likely governing important functions related to neurosensory
development as reported in other species including fish (Gou et a., 2018; Steevens et

al., 2019). Since no duplication of sox2 was detected in our hybrid SD assembly, data
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suggest that the complex regulation of this gene, involving a IncRNA and several long-
distant regulatory elements, would have been harnessed for gonad differentiation at a
later developmental window through its up-regulation in females. It should be noted that
the involvement of sox2 in different traits including GD could underlie a pleiotropic
explanation on the origin of the SD of turbot, as has been hypothesized (Gammendinger

and Kocher, 2018).

Applications for turbot farming

One of the goals of this work was to find a reliable genetic marker to be applied for
sexing by turbot industry. It should be noted that in turbot no morphological
dimorphism exists between sexes prior to sexual maturity, and therefore sex cannot be
identified at juvenile stages (Martinez et al., 2016). The marker USC-E30, a
microsatellite used as sexing tool under a Spanish patent (Ref. number: 2354343),
although useful and being applied by industry to obtain all female populations, has the
drawback of the high and recurrent mutation rate of microsatellites, which obligates to
establish associations within each family and to genotype relatives of the parents to
identify the specific association. In this sense, the SNP markers associated to Z and W
chromosomes in our study will provide a more confident and straightforward tool for
precocious sexing aimed to improve management of breeding programs and to obtain

all-female populations by industry.

Conclusions

The turbot SD system is among the youngest reported in fish and only a single

differential SNP could be confidently identified between Z and W chromosomes.


https://doi.org/10.1101/834556
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/834556; this version posted November 8, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

Recombination between Z and W chromosomes seems to be suppressed at a short
stretch of ~ 75 kb that could represent the first differentiation stratum. Sox2, a new gene
of the transcription factor sox family to be added to the large list of fish SDg, appears to
be the master SDg of turbot and it is located within an intron of the INCRNA sox2ot.
This IncRNA may be involved in the regulation of sox2 since the homology detected
between a sox2ot splicing variant and its 3 UTR. Other genomic regions were
associated with sex, particularly at LG22, being the most associated region in a subset
of families. However, these secondary factors seem to be of small effect and dispersed
at different genomic regions. Furthermore, environmental factors could be the main
driver fating sex in anumber of families. The magjor SD region at LG5 appears to better
canalize sex ratio in families providing an improved mechanism to avoid demographic
uncertainty. The weight of this region on SD does not seem to follow an additive model,
and again, interactions are needed to explain its role. The information here gathered will
be important for obtaining all-female populations by industry using the differential SNP

identified between Z and W chromosomes at species level.

MATERIALSAND METHODS

Sampling

Different sets of samples were used for the different methodological approaches carried
out to identify the sex determining gene (SDg) of turbot and to provide functiona
evidences of its role adong the critical stages of gonada differentiation: i) 1181 fish
(between 133 and 217 days after hatching — dph) pertaining to 36 full-sib families (1135
offspring and 46 parents) were sexed by histology and genotyped using 2bRAD-Seq

(Wang et al., 2012) for 18,214 SNPs to look for association between sex and genetic
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markers at population and family level through genome wide association studies (GWAS).
This biological material was aso used for a segregation analysis that enabled to narrow
down the region were the SDg is located and to establish a recombination map at the SD
region. These 1181 fishes came from an experiment for resistance to scuticociliatoss
performed at CETGA (Centro Tecnoldgico Gallego de Acuicultura) facilities within the
FISHBOOST project (KBBE-2013-7-613611); ii) Five males (ZZ) and five WW females
(WW) were used to refine the assembling of the turbot SD region by combining 150 bp
paired-end (PE) Next-seq Illumina sequencing and the long-read Nanopore technology to
identify genetic differences between the W and the Z chromosomes, and eventualy, the
causative variant responsible for SD. WW femaes were obtained following a three-
generation pedigree as described by Martinez et al. (2014); briefly, this protocol combines
the use of methyltestosterone to obtain neo-males and the use of the marker SmaUSC-E30
to predict the genetic sex (Martinez et al., 2009) in neomales ZW and WW females WW.
The five ZZ males and the five WW females pertained to different unrelated families and
were obtained from the breeding program of aturbot company; iii) Larvee or fry from 5 to
90 dph (18 sampling points) were pooled for RNA-seq anaysis (six individuals per
sampling point) to identify transcripts within the SD region expressed from hatching until
the gonadal fate is established (90 dph; Robledo et al., 2015). These samples were obtained
a the IEO (Instituto Espafiol de Oceanografia) of Vigo using 10 families of unrelated
parents; thirteen of those samples, including three males and three females per sampling
point, were further used for individua qPCR gene expression analysis of candidate SD

genes aong the critical period of turbot gonad differentiation.

High-throughput SNP genotyping
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A 2b-RAD method (Wang et a., 2012) was applied to genotype 18,214 SNPs in the
1181 fish used for GWAS and segregation analysis as reported by Maroso et al. (2018).
Briefly, SNPs were filtered out according to SNP call-rate < 0.8, individual call-rate <
0.8, identity-by-state > 0.95 (both individuals removed) and minor allele frequency
(MAF) < 0.01. The filtering done enabled to obtain a very consistent set of SNPs

showing a genotyping error > 0.4 % estimated using family data (Maroso et al., 2018).

Pinpointing the turbot SDg: genome-wide association study (GWAS) and

segr egation analysis

GWAS was performed using GenABEL R package (Aulchenko et a., 2007) by
applying the mmscore function (Chen and Abecasis, 2007), which accounts for the
relatedness between individuals using a genomic kinship matrix. Significance
thresholds were calculated using a genome-wide Bonferroni correction where
significance was defined as 0.05 divided by the number of informative SNPs (Duggal et
al., 2008). GWAS were performed using the whole population data as well as within

each family.

A segregation analysis, which complemented GWAS, was done to identify the
minimum genomic region where the SDg is located and to gather additional information
on the genetic components and properties of the SD region. For this, only those
informative families showing a highly significant sex association with markers at the
SD region were used. The availability of parents and offspring genotypes and the high
SNP density used (1 SNP/ 28 kb) enabled to infer the haplotypes constituting the Z and
W chromosomes of the mother within each family at LG5, the linkage group where the
major SD region is located (Martinez et al., 2009). Then, those offspring showing

crossovers between the Z and W chromosomes were analyzed and its sex recorded to
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check if the fraction of the W chromosome inherited from the mother did not include
(males) or include (females) the SDg. Finally, information of the families was combined
to delimit the region where the SDg would be located. Additionally, this information
was used to identify those individuals that, despite having inherited the whole W or Z
chromosomes from the mother, showed an unexpected sex phenotype, to say, a ZW
male or a ZZ female, thus suggesting other genetic or environmental factors involved.
Finally, a recombination map of the SD region was constructed using the
aforementioned information to identify the distribution of cross-overs and to check for a

putative recombination blockage between the W and Z chromosomes.
Improving the assembly of the SD region: searching for the SD causal variant

Five males and five WW females were used to refine the assembly of the turbot SD
region using both 150 bp Illumina PE sequencing reads and long-read Nanopore
sequencing. Then, we looked for consistent genetic differences between the W and the
Z chromosomes, including putative reorganizations or duplications, which could be
related to SD in turbot. These 10 individuals were carefully selected using families
where information on relatives was available and that had been genotyped for several
markers at the SD region to ensure the ZZ and WW constitution of males and WW

females, respectively.
Nanopor e sequencing

DNA from one male and one superfemale was extracted using the MagAttract HMW
DNA Kit, which ensures reproducible isolation of genomic DNA >150 kb. The
procedure comprised four simple steps: lysate, binding, washing and elution. Following

sample lysis, the DNA was bound to the surface of magnetic beads; during the washing
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steps, contaminants and PCR inhibitors were removed and pure high-molecular-weight
DNA was eluted in Buffer AE. Two runs, one for the male and the other for the
superfemale, a an estimated 10x coverage, were performed on a Minion Oxford

Nanopore sequencer at CNAG (Centre Nacional de Andlisis Gendmico, Barcelona).
[llumina sequencing

Genomic DNA of five males and five WW females was extracted from fin clips using
SSTNE buffer (a TNE buffer modified by adding spermidine and spermine) and a
standard NaCl isopropanol precipitation (Cruz et a., 2017). Barcoded libraries of 150
bp PE were constructed for each individual and subsequently sequenced in a Next-seq
Illumina machine at an estimated coverage of 20x per individual. The quality of the
sequencing was assessed using FastQC v.0.11.5 (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/). Quality filtering and removal of residual adaptor
sequences was conducted on read pairs using Trimmomatic v.0.36 (Bolger et al., 2004).
Specifically, llumina adaptors were clipped from the reads, leading and trailing bases
with a Phred score < 20 were removed, and the read trimmed if the sliding window
average Phred score over four bases was < 20. Only reads where both pairs were longer
than 36 bp post-filtering were retained. Filtered reads were mapped to the most recent
turbot genome assembly (ASM318616v1; Genbank accesson GCA_003186165.1;
Maroso et a., 2018) using Burrows-Wheeler aligner v.0.7.8 BWA-MEM algorithm (Li,
2013). Pileup files describing the base-pair information at each genomic position were
generated from the alignment files using the mpileup function of samtools v1.6 (Li et
al., 2009), discarding those aligned reads with a mapping quality < 30 and those bases

with a Phred score < 30.

I1lumina-Nanopor e hybrid assembly
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A de novo hybrid assembly with Illumina and Nanopore reads was carried out a the
delimited SD region (see segregation analysis) using those reads matching at LG5 in
that region using the last version of the turbot genome assembly (Maroso et al., 2018).
Assembly was performed with the selected reads following the instructions provided by
Oxford Nanopore (https://nanoporetech.com/resource-centre/hybrid-assembly-pipeline-
released -using-canu-racon-and-pilon); briefly, assembly of Nanopore reads was done
using Canu assembler (Koren et al., 2017), resulting contigs were polished with the
module Racon (Vaser et al., 2017), and finaly, the assembly was curated using the

Pilon tool (Walker et a., 2014) by adding the Illuminareads.

Genetic differences between the W and Z chromosomes: identification and validation of

the causal SD polymorphism

The alignment of Illumina reads from five males (ZZ) and five WW females (WW) to
the Z and W hybrid chromosome assemblies enabled the identification of sex
chromosomes specific genetic variants. The small sample size and the limited coverage
of this re-sequencing evaluation suggested a further validation on a larger sample of
males and females. For this, a sample of 46 males and 45 WW females coming from 10
unrelated families was used to check for this association at species level using either a
PCR on agarose gel for large indels or a SNaPshot protocol for SNPs. Primers for PCR

amplification were designed with Primer 3 (http://bicinfo.ut.ee/primer3/) and

amplifications were checked on 1 % agarose gels. Additionally, an internal primer,
either forward or reverse, was designed for the SNPs mini-sequencing reaction of the
SNaPshot protocol. SNP genotyping was finally done in an ABI3730 automatic
sequencer (Applied Biosystems). Genetic differentiation between Z and W

chromosomes was investigated for specific markers using the relative coefficient of
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differentiation (Fsr) and their parwise linkage disequilibrium using genotype

association exact tests both implemented in GENEPOP 4.0 (Rousset, 2008).

RNA sequencing (RNA-seq)

RNA extraction was performed using the RNeasy mini kit (Qiagen) with DNase
treatment and RNA quality and quantity were evaluated in a Bioanalyzer (Bonsa
Technologies) and in a NanoDrop® ND-1000 spectrophotometer (NanoDrop®
Technologies Inc), respectively. RNA samples from whole larvae or male and female
fry gonads across the gonad formation and differentiation period (1 to 90 dph) were
evenly pooled for sequencing 100 bp PE reads on an Illumina HiSeq 2000 at the
Wellcome Trust Centre for Human Genetics, Oxford. Male and female gonads were
obtained from 35 dpf until 90 dpf, when gonads could be identified and extracted, and
the genetic sex of each individual established using the SmaUSC-E30 marker (Martinez
et al., 2014). The quality of the sequencing was assessed using FastQC v.0.11.5
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).  Quality filtering and
removal of residual adaptor sequences was conducted on read pairs using Trimmomatic
v.0.36 (Bolger et al., 2004). Specificaly, Illumina adaptors were clipped from the reads,
leading and trailing bases with a Phred score < 20 were removed and the read trimmed
if the sliding window average Phred score over four bases was < 20. Only reads where
both pairs were > 36 bp post-filtering were retained. Filtered reads were mapped to the
most recent turbot genome assembly (ASM318616v1; Genbank accession
GCA_003186165.1; Maroso €t al., 2018) using STAR v.2.5.2b (Dobin et al., 2013), the
maximum number of mismatches for each read pair was set to 10 % of trimmed read
length, and minimum and maximum intron lengths were set to 20 bases and 1 Mb

respectively. STAR aignment files were used to reconstruct the turbot transcriptome
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using Cufflinks v.2.2.1 (Trapnell et al., 2010). Transcript abundance was quantified and

normalized using kallisto v0.44.0 (Bray et a., 2016).

Real-Time PCR

The RNA samples across the gonad differentiation period (1 to 90 dph) were
individually analysed by gPCR to test gene expression on candidate genes. As outlined
above, male and female fry were genotyped using the SmaUSC-E30 marker. Primers
for candidate genes a the major SD region identified by their genomic position and
their expression on the GD period were designed for gPCR using the Primer 3 software.
Reactions were performed using a g°PCR Master Mix Plus for SYBR Green | No ROX
(Eurogenetec) following the manufacturer instructions, and gPCR was carried out on a
MX3005P (Agilent Technologies). Analyses were performed using the MxPro software
(Agilent). The ACT method was used to estimate expression taking the ribosomal
protein $4 (RPS4) and ubiquitin (UBQ) as reference genes. These two genes had been
previously validated for gPCR in turbot gonads by Robledo et al. (2014). Two technical
replicates were included for each sample. T-tests were used to determine significant

differences between sexes.
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Table 1. Segregation analysisat LG5 in 36 S. maximus families analyzed to look for association with
of offspring per family; gen/phen discord.: % of discordances between genetic and phenotypic sex at
phen sex association (F: full, no discordances between phenotypic and genetic sex; B: P < 0,05 after B
P < 0,05; ns: not significant association); Rec: number of recombinants; RF: recombination frequency
genetic females that are phenotypic malesand & — @ number of genetic males that are phenotyy
bold are shared by different families (half-sibs).

B fa
gen/phen P-value RF %
Family N discord. (%) association Rec (%) mother father females 9 o)

F14 29 - ns 9 31.0 168 1 58.6

F18 33 0.0 F 4 121 168 5 36.4

F10 37 5.7 B 11 29.7 168 89 59.5 1

F56 30 - ns 6 20.0 169 7 60.0

F38 24 - ns 5 20.8 178 64 45.8

F30 34 2538 S 8 23.5 183 1 58.8

F15 30 6.7 B 5 16.7 186 40 46.7 2
F8 32 194 B 10 31.3 186 162 31.3 6

F60 35 0.0 F 11 314 188 64 51.4

F45 31 16.7 B 5 16.1 188 112 67.8 0

F52 23 0.0 F 6 26.1 189 66 52.2

F42 32 6.5 B 8 25.0 189 112 34.4 2

F11 33 194 B 7 21.2 208 87 333 6

F39 36 21.2 B 9 25.0 230 40 39.9 6

F32 38 5.6 B 8 21.1 230 87 29.0 2
Fa7 30 3.3 B 10 35.7 35 232 32.2 2
F55 30 20.7 B 6 20.0 131 232 60.0 5
F53 27 25.9 S 7 259 279 35 14.8

F36 29 25.0 S 5 17.2 279 58 38.7

F58 34 121 B 4 11.8 279 100 35.3 3
F63 30 233 S 7 23.3 282 143 33.3

F43 27 12.0 B 10 37.0 302 66 51.9 3
F12 36 - ns 7 194 329 152 94.4

F16 32 9.7 B 8 25.0 330 145 46.9 2
F59 23 26.1 S 5 20.0 334 89 731

F28 33 24.2 S 6 18.2 334 159 69.7

F48 31 6.7 B 10 32.3 343 156 41.9 2
F19 38 29 B 7 184 350 152 42.1 1
F33 37 33.3 S 8 21.6 351 146 83.8
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F7 36 8.8 B 10 27.8 353 162 50.0 2
F20 34 10.3 B 7 20.6 356 145 41.2 2
F22 36 - ns 1 2.8 356 146 47.2
F13 29 17.2 B 6 20.7 5 85 34.5 5

Fo 28 0.0 F 5 179 5 88 42.2
FX 28 36 B 5 17.9 7 89 42.9 1
F54 30 74 B 5 16.7 7 92 43.3 2

mean/total 1135 21.2 255 226 47.9 55
2.8 14.8-
range 23-38 37.0 94.4 0-6

Table 2: Average proportion of females in its variance in the groups of families
showing different association degree with the main SD region in turbot. N: no
association; S: significant association (p < 0,05); B: association after Bonferroni
correction (P < 0,001); F: full association (no discordances).

average variance
N 58,5 385.9
S 45,3 619.5
B 40,9 110.3
F 45,6 57,8

Figure 1: Genome-wide association study (GWAS) on turbot (Scophthal mus maximus)
sex using the whole population data. Below the Manhattan plot is shown a zoom on the
main associated genomic region at LG5 including the sex-associated microsatelite and
the candidate genes previously reported by Martinez et al. (2009) and Taboada et al.
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(2014), respectively. Numbers 1 and 2 represent the first two highest significant sex-
associated SNPs detected in the GWAS.

Figure 2: Genome-wide association study (GWAS) on turbot (Scophthal mus maximus) sex
for each full-sib family in the dataset. The red horizontal bar represents genome-wide
significance after Bonferroni correction.

Figure 3: : Crossing-over map between Z and W chromosomes (red bars) delimited
using the closest informative markers at a distance < 300 kb through recombinant
offspring evaluation in 36 families of S. maximus. The blue upper bar shows the scaled
position of SNPsincluded in the eight scaffolds located at the proximal region of LG5
(~ 6 Mb). The blue light vertical bars indicate the position of the three candidate genes
at the SD region (fxr1, dnajcl19 and sox2). The scale to the left indicates the code
recombinants detected.

Figure 4: Representation of the segregation analysis at LG5 in the 12 most informative
and consistent turbot families to narrow down the genomic region where the SDg is
located. Colors in the upper row of each chart show the different scaffolds of turbot
genome at LG5 (Maroso et al., 2018). A progressive zoom isillustrated from the whole
region analyzed atL G5 (> 6 Mb; upper chart) through the most conservative estimation
of SDg location down to the narrowest |ess conservative estimation (bottom). Brown
color indicate the least conservative estimation of the SDg location at each family,
while the cream color indicates the region where the most informative crossover/s
should have occurred. The black and red squares at the top indicate the minimum
overlapping region for each estimation. The three genes and the SmaUSC-E30 marker
located in that region of the turbot genome are shown.

Figure 5: Scheme of the turbot SD region including the two SNPs discriminating the W
and Z chromosomes surrounding the SmaUSC-E30 sex-associated microsatellite
(Martinez et al., 2009) and the annotated genes and ORFs. The two scaffolds of the
turbot genome at that region are shown in the upper part; below a zoom including the
positions of the main reference points.

Figure 6: Normalized expression of the transcripts detected in the SD region delimited
through segregation analysis (~ 1 Mb) across the gonad differentiation period (< 90
dph) in pools of larvae, females and males sexed using the SmaUSC-E30 marker
(Martinez et a., 2014).

Figure 7: Main development and genetic events across the critical period of gonad
differentiation in turbot (qPCR graphs: malesin blue and females in pink from Robledo
et a., 2015).
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Figure 8: gPCR analysis of sox2 gene (primers 3’and 5’'UTR) in gonad of male and
female between 30 to 90 dpf using ACT method with the ribosomal protein $4 (RPS4)
and ubiquitin (UBQ) asreference genes. An increasing expression is observed between
50 and 55 dpf in females.
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