
Genomics 113 (2021) 1705–1718

Available online 8 April 2021
0888-7543/© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Original Article 

A genome-wide association study, supported by a new chromosome-level 
genome assembly, suggests sox2 as a main driver of the undifferentiatiated 
ZZ/ZW sex determination of turbot (Scophthalmus maximus) 

Paulino Martínez a,1, Diego Robledo b,1, Xoana Taboada c, Andrés Blanco a, Michel Moser d, 
Francesco Maroso e, Miguel Hermida a, Antonio Gómez-Tato f, Blanca Álvarez-Blázquez g, 
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A B S T R A C T   

Background: Understanding sex determination (SD) across taxa is a major challenge for evolutionary biology. The 
new genomic tools are paving the way to identify genomic features underlying SD in fish, a group frequently 
showing limited sex chromosome differentiation and high SD evolutionary turnover. Turbot (Scophthalmus 
maximus) is a commercially important flatfish with an undifferentiated ZW/ZZ SD system and remarkable sexual 
dimorphism. Here we describe a new long-read turbot genome assembly used to disentangle the genetic archi
tecture of turbot SD by combining genomics and classical genetics approaches. 
Results: The new turbot genome assembly consists of 145 contigs (N50 = 22.9 Mb), 27 of them representing 
>95% of its estimated genome size. A genome wide association study (GWAS) identified a ~ 6.8 Mb region on 
chromosome 12 associated with sex in 69.4% of the 36 families analyzed. The highest associated markers flanked 
sox2, the only gene in the region showing differential expression between sexes before gonad differentiation. A 
single SNP showed consistent differences between Z and W chromosomes. The analysis of a broad sample of 
families suggested the presence of additional genetic and/or environmental factors on turbot SD. 
Conclusions: The new chromosome-level turbot genome assembly, one of the most contiguous fish assemblies to 
date, facilitated the identification of sox2 as a consistent candidate gene putatively driving SD in this species. This 
chromosome SD system barely showed any signs of differentiation, and other factors beyond the main QTL seem 
to control SD in a certain proportion of families.   

1. Background 

Sex is one of the most intriguing topics from evolutionary and 

developmental perspectives. Sex determination (SD) refers to the 
mechanism underlying the fate of the gonadal primordium at the initial 
stages of development responsible for the sex of a mature individual. 
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Theories on the evolution and architecture of SD have been largely 
influenced by studies on mammals, birds and Drosophila, characterized 
by conspicuous sex chromosome heteromorphisms associated with 
highly conserved SD genes. However, the increasing data from ecto
thermic vertebrates show a sharply different picture [1–3]. 

Fish display highly diverse chromosome SD systems, including 
models analogous to the XX/XY and ZW/ZZ systems of mammals and 
birds, but also others involving multiple sex chromosomes; however, in 
general chromosome heteromorphisms are rare in this vertebrate group 
[4]. Further, polygenic SD systems, mixed models involving both genetic 
and environmental cues, and an extensive within-species variation have 
been reported [2]. As in mammals and birds, major SD genes (SDg) 
driving sex determination have been described in fish, but unlike 
homeotherms, many diverse SD genes underlie fish SD: from classical 
transcription factors such as dmy [5] or sox3 [6], to transforming growth 
factor ß-related genes such as gsdf [7] or amh [8,9] and its receptor 
amhr2 [10], or genes related to the steroidogenic pathway such as bcar1 
[11] or hsd17b1 [12]. Unexpected SD genes have also been documented, 
such as the salmonid interferon-related sdY [13]. Moreover, association 
studies in other fish have identified SD loci in non-orthologous genomic 
regions to other studied species, thus the current list is expected to be 
expanded in the near future [14–17]. In contrast to the highly canalized 
hierarchical systems and conserved developmental pathways of ho
meothermic vertebrates, the multiple options to recruit new SD genes 
suggest a more flexible hierarchy in fish [2]. 

The environment adds another layer of complexity and fish SD has 
been described as a continuum from strictly environmental to purely 
genetic, involving minor and major genetic factors [18]. It is difficult to 
encompass the broad diversity of fish SD within a conceptual genetic 
framework, but probably the closest would be a complex threshold trait 
usually involving major genes, where a quantitative genetics approach 
within a genomic framework would be recommended to disentangle its 
architecture [2,3]. To identify major genes and understand within- 
species variation, the new genomic and bioinformatic approaches that 
render long and reliable whole chromosome assemblies represent a 
powerful tool [19,20], essential to identify the tiny variation that can 
underlie SD in fish [2]. 

The turbot (Scophthalmus maximus) is an important farmed flatfish in 
Europe (~10,000 tons) and China (~60,000 tons, [21]). This species 
shows one of the highest growth rate sex dimorphisms among marine 
fish, females largely outgrowing males [22], and therefore obtaining all 
female populations is one of the main goals of the turbot industry. 
Turbot SD is compatible with a ZW/ZZ system driven by a major SD 
locus on LG5 [23,24], but no sex chromosome heteromorphisms have 
been detected [25,26]. Previous data support the small differentiation of 
the SD region in this species and the presence of a non-orthologous XX/ 
XY SD system to that of turbot LG5 in a congeneric species (S. rhombus) 
[27]. A major SD region on LG5 and three additional suggestive sex- 
related quantitative trait loci (QTL) (LG6, LG8 and LG21) were identi
fied through a genome scan with a moderate density genetic map 
[24,28]. Mapping and mining around those QTL using the turbot 
genome [29] led to the identification of candidate genes at the major 
and minor QTL, but none of them showed marker-association at the 
species-level [27]. Furthermore, temperature influence has also been 
demonstrated in turbot [23,30]. Despite this complexity, a microsatel
lite sex associated marker (SmaUSC-E30) at the major SD region is being 
used by industry to obtain all-female populations with acceptable out
comes [2]. 

Here, we constructed a new highly contiguous genome assembly for 
turbot, which was taken as a reference for disentangling the complex 
genetic architecture of SD in this species. We combined functional ge
nomics, genome wide association studies (GWAS) and classical segre
gation analyses in a large sample of ~1200 turbot from 36 families with 
this new genome assembly to: i) identify the candidate SD gene and the 
potential causative mutation differentiating males and females; ii) 
characterize the ZW differential region and its genetic properties within 

an evolutionary framework; iii) refine gonad development information 
around the critical window where gonad fate is established; and iv) 
assess interfamily variation underlying SD. We identified sox2 as the 
most likely candidate for SD in turbot and explored to what extent other 
genetic or environmental factors influence SD in a species with little 
differentiation between the Z and W chromosomes. 

2. Results 

2.1. The new turbot genome assembly 

Long-read Nanopore sequencing of the ZZ male rendered 1,219,548 
reads with an average length of 19.060 bp (longest read: 429,199 bp; 
N50 = 32,402 bp) totalling 23.2 Gbp (40.8× coverage). Long reads were 
assembled into 145 contigs with N50 = 22.9 Mb and a total length of 
560 Mb, very close to the total estimated turbot genome size (568 Mb, 
98.6%; [29]). The correspondence between this new assembly and the 
previously published highly dense genetic map [31] was very high 
(99.3% of the 17,971 mapped markers were concordant between link
age groups and contigs; Supplemental File 1). A total of 24 contigs >10 
Mb spanned 91.2% of the estimated 568 Mb genome length. Two pairs of 
these contigs constituted the two arms of the two metacentric chromo
somes (C) of the turbot karyotype (C1 and C2; [31]), so these 24 contigs 
would represent the main body of the 22 turbot chromosomes [25]. The 
turbot genetic map allowed anchoring seven additional contigs (> 3 
Mb), resulting in more than 95% of the turbot genome reliably assem
bled into 22 highly contiguous chromosomes: 9 chromosomes consti
tuted by two contigs and 13 chromosomes by a single contig. 

The contiguity of the new assembly largely improved that of the 
previously reported turbot genomes [29,32], as well as that of the as
semblies of the two other flatfish species with publicly available ge
nomes [33,34] (Table 1). The new assembly showed a very high 
correspondence with the last version of turbot genome assembly [29] 
using a highly dense genetic map [31] (Fig. 1), albeit small discrepancies 
were detected at the telomeres and centromeres of the chromosomes; 
the new assembly performed better at regions enriched in repetitive 
DNA and with lower recombination rate, where mapping accuracy is 
poorer. The completeness of the new genome assembly was assessed 
against the BUSCO Actinopterygii database; out of 4584 BUSCO groups, 
4441 complete BUSCOs were reported (96.8%; 94.3% single-copy and 
2.5% duplicated). 

Orthology between the new turbot assembly and the two other 
flatfish with available reference genomes, Japanese flounder (P. oliva
ceous; [33]) and half-smooth tongue sole (C. semilaevis; [34]), was per
formed using the 22,751 turbot gene sequences annotated in the turbot 
genome [29] (Fig. 2). The results improved our previous comparison 
[31] and more refined details were obtained at some chromosomes 
where new minor syntenies were identified (Supplemental File 2). 
Interestingly, the Z and W chromosomes of tongue sole, which were 
previously matched to two different turbot chromosomes [31], here 
were orthologous to a single turbot chromosome (C9), as expected 
considering the limited genetic differentiation between them [34]. Also, 
as reported by Robledo et al. [21], the suggested SD chromosome of 
flounder (C24) matched to the turbot SD-bearing C12. 

2.2. The turbot sex determining region 

To locate and narrow the SD region of turbot we performed an as
sociation analysis in a farmed turbot population consisting of 1135 fish 
distributed across 36 full-sib families. The gonad of each animal was 
analyzed by histology to determine their phenotypic sex. The sex ratio 
was close to 1:1 (563 females and 592 males; χ2 test, P = 0.394) and only 
two families showed unbalanced sex ratios (Table 2). All animals were 
genotyped for 18,214 SNPs using RAD sequencing. A GWAS revealed a 
major SD QTL at C12 (Fig. 3A; Supplemental File 3). The genome-wide 
significant markers spanned over a region of ~6.8 Mb of the new 
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assembly (henceforth “the main SD region”), with the two most signif
icant SNP markers placed ~420 kb away (Fig. 3B; Supplemental File 3). 
These two markers flanked sox2, and were in the vicinity of dnajc19 and 
fxr1, the three candidate genes at the SD region reported by Taboada 
et al. (2014; Fig. 3C), encoding for a DNA-binding transcription factor, a 
heat shock protein and a RNA-binding protein, respectively. 

2.2.1. Narrowing the SD region 
To narrow the main SD region a segregation analysis was performed 

using the 13 most informative full-sib families (F7, F9, F10, F18, F19, 
F32, F42, F47, F52, F54, F60 and FX; Supplemental Files 4 and 5) among 
those showing the highest association between markers in C12 and sex 
(Table 2). Within each family, markers located within the main SD re
gion heterozygous in the dam (ZW) and homozygous in the sire (ZZ) 
were used to track the Z and W chromosomes of the dam in offspring. 
Results were compatible with the ZW/ZZ system reported in turbot C12 
(LG5, [24]). Recombinants between the Z and W chromosomes were 
identified in each family by the change in the genotypic linkage phase 
(Supplemental File 4) and each crossing-over was narrowed by the two 
adjacent informative markers (Supplemental File 4). Recombinants from 
right and left sides in each family delimited the minimum region where 
the sex determining gene (SDg) should be located in the W chromosome 
of the dam (Supplemental File 5). By integrating the information of the 
13 selected families, the region harbouring the major SD locus was 
narrowed to 961 kb of the new turbot assembly (Fig. 4; Supplemental 
File 5). 

2.2.2. Recombination across the SD region 
The 121 more informative recombinants (those where the crossing- 

over point could be delimited in a region <300 kb) were used to study 
the recombination pattern between the maternal W and Z chromosomes 
(Supplemental File 6). Crossing-over was strongly impeded at the 
proximal region of C12 (0 to 2 Mb), supporting the positional effect of 
centromeric heterochromatin on the recombination of the adjacent 
genomic region (Fig. 5). Moreover, crossovers were distributed 
throughout the rest of the region evaluated, but the region where the 
suggested SD candidate genes (sox2, dnajc19 and fxr1) are located 
showed evidence of recombination blockage, especially where sox2 is 
located.  

2.3. Genetic differences between Z and W chromosomes at the SD region 

To identify differences between the Z and W chromosomes, we 
performed Nanopore sequencing of the DNA of a WW turbot female, 
which rendered 848,617 reads with an average length of 6.3 kb (longest 
read: 84.0 kb; N50 = 8529 bp) totalling 5.3 Gbp and representing 9.4×
coverage of the turbot genome. The Nanopore-based assembly of the 
chromosome W SD region was polished using Illumina sequencing of 
WW females (see below). The SD region of the W assembly was split into 

18 contigs with 60.3 kb on average and an N50 of 75.3 kb (maximum 
contig length: 139.9 kb), totalling 1085.1 kb. No gene duplications or 
structural reorganizations were detected when compared to the Z 
chromosome of the new turbot assembly. 

Additionally, five WW females and five ZZ males were re-sequenced 
using Illumina 150 bp PE reads and separately aligned against both the 
W and Z chromosome assemblies. Reads covered the full length of the 
contiguous Z chromosome for comparison between WW and ZZ in
dividuals to look for diagnostic SNPs differentiating both chromosomes. 
A large SNP dataset was identified and genotyped using SAMtools and 
the relative component of genetic differentiation (FST) between ZZ and 
WW individuals estimated. Those loci with highest FST were manually 
inspected in the alignment to confirm diagnostic differences between the 
Z and W chromosomes, i.e. showing fixed alternative allelic variants. 
One of the WW females was suspicion to be a genotypic male because the 
genotype pattern of those more divergent SNPs was nearly identical to 
ZZ males and therefore, was discarded for further analyses. Although a 
variety of SNPs, indels and duplications were detected in the region 
(Supplemental File 7), only two SNPs showed consistent differences 
between W and Z chromosomes (SNP.1 and SNP.2). These SNPs, fixed 
for alternative allelic variants in the Z and W chromosomes, were 
located between the genes dnajc19 and fxr1 (Supplemental File 8), 
surrounding the SmaUSC-E30 microsatellite used for sexing turbot [2]. 

A SNaPshot assay was designed to evaluate the consistency of this 
association at species level in a sample of 92 individuals, 46 ZZ males 
and 46 WW females, belonging to 11 unrelated families of a turbot 
breeding program. Most ZZ males showed an AAGG genotype, while 
most WW females were GGAA supporting an AG haplotype for the Z 
chromosome and a GA haplotype for the W chromosome (Supplemental 
File 9; χ2, P = 0), consistent with the Illumina sequencing results. 
However, 14.1% individuals showed genotype and phenotype discor
dances, 7.6% of them showing a ZW constitution, potentially occurring 
by recombination between informative markers and the SDg when 
obtaining the WW individuals (it takes 3 generations to produce WW 
fish; [2]). All in all, SNP.1 showed the best association, since for SNP.2 
five WW females of a single family showed a GGAG genotype instead of 
GGAA, not congruent with their sex. 

2.4. Functional screening of the SD region: sox2 as the putative main 
driver of turbot SD 

2.4.1. Identification of transcripts at the SD region expressed during the 
initial stages of sex differentiation 

To identify the genes located in the main SD region of turbot (965 kb) 
that are expressed during the initial steps of sex differentiation, ribo- 
depleted RNA libraries obtained from a superpool of larvae (3 pools 
per time, 5 to 30 dph), a pool of male gonads and a pool of female gonads 
(3 individuals per sex and time, 35 to 90 dph) were sequenced. A total of 
20 genes were expressed along that period in the delimited 961.4 kb 
region (Fig. 6A; Supplemental File 10). Kininogen-1 (kng-1), 

Table 1 
Comparative statistics of the new turbot (S. maximus) genome assembly.   

Scophthalmus maximus  

Xu et al. (2020)b  

This study Figueras et al. (2016)a Female Male Cynoglossus semilaevisc Paralichthys olivaceousd 

GC_content (%) 43.3 43.3 43.4 43.7 41.2 43.0 
Contig/scaffold N50 (Mb) 22.9 4.27 6.2 5.9 0.9 3.9 
Largest contig/scaffold (Mb) 31.7 19.0 19.9 19.5 4.7 13.3 
Total length (Mb) 560 544 569 585 477 546 
Contig/scaffold number 145 16,463 28,256 9724 31,181 7202  

a [29]. 
b [32]. 
c [34]. 
d [33]. 
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complement factor H (cfh) and Fragile X mental retardation syndrome- 
related protein 1 (fxr1) were the highest expressed genes, while the 
lowest one was sox2ot (see below). None of the genes in the region 
showed signs of differential expression between the male and female 
pools obtained from samples encompassing the whole critical period of 
sex determination (between 35 and 90 dph; Supplemental File 10), 
which is not surprising if, as in other species, the critical development 
window where differential expression between sexes occurs is narrow. 
Among the three reported candidate genes in the region related to gonad 
differentiation or reproduction, dnajc19, fxr1 and sox2 [27], only the 
two latter were expressed. Additionally, a long non-coding RNA 
(lncRNA), annotated as sox2 overlapping transcript (sox2ot) and 

encompassing 78,309 bp, was found in the region where sox2 is located. 
This gene, conserved across vertebrates [35], includes sox2 in one of its 
introns. Within this lncRNA, a splicing variant corresponding to a short 
non-coding RNA (ncRNA) transcript showed a faint expression along the 
inspected period both in males and females. Interestingly, a ~ 250 bp 
region of this ncRNA was complementary to a region of the sox2 mRNA 
3’ UTR, thus suggesting a potential role as negative regulator of sox2.  

2.4.2. qPCR of candidate genes along the critical period of gonad 
development 

Gene expression of candidate genes fxr1, dnajc19, sox2 and sox2ot 

Fig. 1. Alignment of the new turbot (S. maximus) genome assembly with that by Maroso et al. (2018) using LASTZ. Blue squares show the markers close to cen
tromeres (< 5 cM); blue empty circles show markers very far away from centromeres (> 40 cM) and red lines missalignments. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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was individually evaluated by qPCR in males and females during the 
early stages of gonad development, specifically between 30 and 90 dph, 
i.e. from weaning until the time where gonad differentiation is estab
lished at genetic level (up-regulation of amh and cyp19a1a in males and 
females, respectively; Supplemental File 11; [30]). This is the period 
where gonads can be dissected with confidence for gene expression 
evaluation, and likely when SD occurs in turbot, after metamorphosis 
but before gonadal differentiation. No expression differences were 
detected for fxr1, dnajc19 and sox2ot between males and females, but a 
significant increase of sox2 expression was detected in females at 55 dph 
using two different sets of primers (t-test: P = 0.011 and 0.018 for 5′ and 
3’ UTR amplicons respectively), and even before at 50 dpf, although less 
consistent (only in the 3’ UTR amplicon; P < 0.05). Significance was 
even higher when the 50–55 dph window information was merged (P =
0.002 and 0.001 for 5′ and 3′ amplicons, respectively), considering the 
observed trend and the narrow development window evaluated (Fig. 6B; 
Supplemental File 12). 

2.5. Secondary factors influencing turbot sex determination 

Our analyses, as previously reported [24,28], suggest the existence of 
secondary factors influencing sex determination in turbot. A GWAS was 
performed separately in each of the 36 families analyzed (Fig. 7) and 
two families showed suggestive signals of association at C22 (F19 and 
F36). This is consistent with the association at chromosome-wide level 
of one SNP in the same chromosome in the whole dataset (P <
0.0000865; Supplemental File 3). Other families also showed the highest 
associated marker in other chromosomes (Supplemental File 13), 
although none of them significant after multiple test correction. These 
associations at other chromosomes involved several SNPs with P-values 
above the background, which considering the low sample size managed 
(23–38 individuals per family) suggests that other genetic factors might 
be influencing SD. Further, other families such as F12, F14 and F56 did 
not show any signal of association suggesting that environmental or 
stochastic factors may exist. Moreover, a highly significant trend (χ2 test; 

Fig. 2. Orthology between turbot (S. maximus) vs. Japanese flounder (P. olivaceous) and half-smooth tongue sole (C. semilaevis) using the turbot genome assembly. 
Highlighted in darker colors those orthologies splitted in different chromosomes. 

Fig. 3. Genome wide association study (GWAS) to look for association in turbot (S. maximus) between 18,271 SNPs and sex. A progressive zoom is shown from the 
whole genome (A) to chromosome 12 (B), and specifically, to a narrowed SD region on C12 (C) where SD candidate genes are highlighted in red. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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P < 10− 5) of genetic females developing as phenotypic males was 
detected in those families where sex was significantly associated with 
C12 (59 ♀ → ♂ vs 13 ♂ → ♀; Table 2). 

3. Discussion 

Fish exhibit a remarkable gonad development plasticity and a high 
evolutionary SD turnover, which poses important challenges for disci
plines such as evolutionary and development biology. In this study, we 
constructed a chromosome-level turbot genome assembly to disentangle 
the architecture of sex determination in turbot. Combining this new 
reference genome with genomics and classical genetics approaches in a 

broad sample of individuals and families painted a comprehensive pic
ture of SD in this species, which contributes to understand the genetic 
basis and evolution of SD in fish [36]. 

3.1. A new reliable turbot genome assembly 

The new long-read based assembly of the turbot genome is among 
the best fish genomes assembled to date [37], and represents the first 
highly contiguous flatfish genome with 31 contigs constituting the 22 
chromosomes and representing >95% of the total genome size. This new 
assembly showed a very good correspondence with our previous turbot 
assembly [31], but with much lower gapping and improved assembly at 
those regions enriched in repetitive elements, such as centromeres and 
telomeres. Comparative mapping with other flatfish improved the 
orthologous relationships previously reported [21,31,32,38,39], allow
ing the robust integration of genomic data of the three most important 
aquaculture flatfish, pertaining to three different families within pleu
ronectiformes. Furthermore, our study enabled us to refine the orthol
ogy relationships for the Z and W chromosomes of C. semilaevis, now 
orthologous to a single turbot autosome (C9). The new turbot assembly 
represents a very useful tool for the integration of all previous genomic 
information, which will contribute to improve worldwide production of 
this important aquaculture species. This assembly also constitutes a 
high-quality reference genome for functional annotation and compara
tive genomics in fish and vertebrates, including evolutionary studies 
within Pleuronectiformes to ascertain the specific adaptations to a 
demersal lifestyle [29,33]. 

3.2. The main sex determining gene of turbot 

The extensive genome-wide screening in combination with a clas
sical segregation analysis confirmed that turbot SD is controlled mainly 
by a small region of less than 1 Mb at the proximal end of C12 that 
follows a ZW/ZZ pattern of inheritance [23,24,40]. Evidence suggests 
that sox2 might be the main driver of sex determination in this species: i) 
this gene is surrounded by the two most significant SNPs detected by 
GWAS and located within the genomic region delimited by the 

Fig. 4. Segregation of Z and W maternal chromo
somes along the turbot (S. maximus) SD region. The 
transmission of the maternal Z and W chromosomes 
to the offspring in the 13 selected full-sib families is 
shown along 6.8 Mb of the turbot main SD region. 
Offspring were split according to their phenotypic sex 
in “Female” and “Male”. A total of 238 markers 
located in the SD region heterozygous in the dam 
(ZW) and homozygous in the sire (ZZ) were used to 
track the Z and W chromosomes from the dam to the 
male and female offspring, respectively, and to iden
tify recombinants between them (Suppl. file 6). 
Nearby SNP markers informative in different families 
were collapsed to 44 single physical positions repre
sented as vertical bars in the figure to facilitate visual 
representation. The colors of the bars refer to the W 
chromosome (magenta) of female offspring or the Z 
chromosome (blue) of the male offspring inherited 
from the dam. The haplotype of each offspring can be 
tracked using the horizontal lines and recombination 
events are represented by changes from “W” genotype 
to “Z”, or viceversa. Some gaps are observed for 
particular individuals due to non-informative SNPs at 
some bars. The dotted box represents a conservative 
estimation where the SDg should be located based on 
the consistency between genotypes and phenotypes 
(see Suppl. file 5). Note how in this region, where 

sox2 is located (~4 Mb bar), the W and Z chromosome constitution is mostly retained in females and males, respectively. (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the web version of this article.)   

Fig. 5. Frequency histogram of crossing-overs between Z and W chromosomes 
across the proximal región of turbot (S. maximus) chromosome 12. The bars at 
the bottom show from left to right the estimated position of the centromere 
(Martínez et al., 2008) and of the small region where the SD candidate genes 
(fxr1, dnajc19 and sox2) are located. 
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segregation analysis; and ii) it is the only gene within the delimited SD 
region that shows differential expression between males and females 
between 5 and 90 dph (50–55 dph) and, importantly, prior to the first 
signals of germ cell proliferation (up-regulation of gsdf1 and vasa at 
60–65 dph; [30]). This gene had been previously discarded as the SD 
gene of turbot because no SNPs showing alternative allelic variants fixed 
in Z and W chromosomes could be identified in its coding region in a 
large sample of wild males and females [27]. Although this still holds, 
data suggest that the mutation responsible for differential expression of 
sox2 between sexes might be located on a regulatory element. We 
identified a putative diagnostic variant between Z and W chromosomes 
in our study (SNP.1). Although it is located far from sox2 (149 kb) it 
cannot be discarded as part of a regulatory element, since sox2 en
hancers have been identified within a 200 kb region around this gene 
[41]. Further, this marker lies very close to SmaUSC-E30 (~ 1.5 kb) the 
microsatellite marker previously used to identify genetic sex in families. 
However, its diagnostic condition or functional implication on SD is 
difficult to establish considering the implication of other genetic and 
environmental factors on SD and the putative recombination between 
SmaUSC-E30 and the SDg when obtaining the WW females. Another 
relevant disclosed element is the lncRNA sox2ot, a gene regulating sox2 
[35,39,42], which spans across most of the SD region and includes sox2 
in one of its introns. Interestingly, a splicing variant of sox2ot (~250 bp) 
showed full complementarity with a region of the 3’ UTR of sox2, sug
gesting a potential negative post-transcriptional mechanism controlling 
its activity. Although the functional annotation of lncRNAs is still poor, 

they have been involved in the regulation of genes related to repro
duction and particularly to SD in different species [43], such as 
Drosophila [44] and the crustacean Daphnia magna [45]. The role of this 
splicing variant of sox2ot should deserve further investigation. Recently, 
sox2 has been related to gonad differentiation in the Zhikong scallop 
Chlamys farreri [46] and suggested as the candidate SD gene, the black 
tiger shrimp Penaeus monodon [47], two important aquaculture species. 
All in all, if, as our data support, sox2 is the main SD driver in turbot, this 
would be the first case, to our knowledge, where an ovary triggering 
gene from a default testis development has been reported in fish. Further 
work should be done to fully understand the regulation of sox2 and 
specifically the putative role of sox2ot, and for achieving that goal, 
knocking genes through CRISPR methodologies, despite their difficulties 
on marine species because of their hard chorion, would be an invaluable 
tool. 

3.3. Turbot SD as a complex trait 

Our data support the presence of additional secondary factors 
influencing turbot SD in accordance with previous information [23,38]. 
Despite the major SD region showed a significant association between 
sex and markers in nearly 70% of the families, other genetic and/or 
environmental factors seem to interact with the main locus to determine 
the sex of each fish. In particular an association at C22 was significant at 
chromosome-level with the whole dataset and showed P-values close to 
significance in two families (P < 0.001) despite the low within-family 

Table 2 
Sex proportions and its association with markers at the C12 SD region of turbot (S. maximus).  

Family N gen/phen discord. (%) P-value association RF (%) % females ♀ → ♂ ♂ → ♀ 

F7 36 8.6 9.07E-07 27.8 50.0 1 2 
F8 32 19.4 0.000235 31.3 31.3 6 0 
F9 28 0.0 2.03E-07 17.9 42.2 0 0 
F10 37 5.7 1.87E-07 29.7 59.5 1 1 
F11 33 19.4 0.000235 21.2 33.3 6 0 
F13 29 17.9 0.000241 20.7 34.5 5 0 
F15 30 6.7 0.000003 16.7 46.7 2 0 
F16 32 10.0 0.000011 25.0 46.9 2 1 
F18 33 0.0 1.54E-08 12.1 36.4 0 0 
F19 38 2.7 2.36E-08 18.4 42.1 1 0 
F20 34 6.5 0.000012 20.6 41.2 2 1 
F32 38 5.5 1.20E-07 21.1 29.0 2 0 
F39 36 21.2 0.000485 25.0 39.9 6 1 
F42 32 6.3 0.000001 25.0 34.4 2 0 
F43 27 12.0 0.000095 37.0 51.9 3 0 
F45 31 16.7 0.000108 16.1 67.8 0 5 
F47 30 3.7 0.000002 35.7 32.2 1 0 
F48 31 6.7 0.000002 32.3 41.9 2 0 
F52 23 0.0 0.000002 26.1 52.2 0 0 
F54 30 7.1 0.000005 16.7 43.3 2 0 
F55 30 17.9 0.000465 20.0 60.0 4 1 
F58 34 11.8 0.000010 11.8 35.3 3 1 
F60 35 0.0 3.30E-08 31.4 51.4 0 0 
F63 30 23.3 0.000465 23.3 33.3 7 0 
FX 28 3.7 0.000001 17.9 42.9 1 0 
F12 36 – ns 19.4 94.4*   
F14 29 – ns 31.0 58.6   
F22 36 – ns 2.8 47.2   
F38 24 – ns 20.8 45.8   
F56 30 – ns 20.0 60.0   
F28 33 – ns 18.2 69.7   
F30 34 – ns 23.5 58.8   
F33 37 – ns 21.6 83.8   
F36 29 – ns 17.2 38.7   
F53 27 – ns 25.9 14.8*   
F59 23 – ns 20.0 73.1   
mean/total 1135 9.3  22.3 47.9 59 13 
range 23–38 0–23.3  2.8–37.0 14.8–94.4 0–6 0–5 

The analysis was carried out across 36 turbot (S. maximus) families. N: offspring per family; gen/phen discord.: % of discordances between genetic and phenotypic sex 
at the SD region (see Supplemental File 4); P-value of the gen-phen association (after Bonferroni correction (P < 0.0014); RF: recombination frequency between the Z 
and W chromosomes; ♀ → ♂: number of genetic females that are phenotypic males; ♂ → ♀ number of genetic males that are phenotypic females. * unbalanced sex-ratio 
families (P < 0.05). 
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sample size used. Other sex-related QTL had been previously reported in 
turbot, always as secondary factors and only in a single family [24,28]. 
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 a few families. These observations suggest 
either the presence of rare allelic variants affecting sex in secondary QTL 
or, more likely, complex genetic-environment interactions altering the 
canonical SD hierarchy. We identified eleven families where no signals 
of genomic association were detected, suggesting other factors driving 
sex. Environmental factors influencing SD have been described in fish, 
where high rearing temperatures tend to induce masculinization [48]. In 
the case of turbot, the influence of temperature does not seem to work in 
a simple way [23], although Robledo et al. [30] showed a significant 
trend for female biased ratios at low temperatures. The influence of 
other environmental cues on SD has not been studied in turbot, so we 
cannot rule out that other factors might be also playing a role on turbot 

sex. Anyway, it should be noted that in our study, individuals from 
different families cohabited in the same tank following a design thought 
to randomize environmental effects among families [49,50]. thus sug
gesting, some kind of interaction between genetic and environmental 
factors underlying sex determination in turbot. Globally, turbot SD re
sembles a complex trait, where environmental and major and minor 
genetic factors and their interactions control its sex. 

3.4. SD in other flatfish and teleosts: some insights from turbot 

Despite the increasing number of genomes sequenced and assem
bled, the sequences of the Y and W sex chromosomes are unknown in 
most species; the presence of repetitive elements represents a handicap 
for their assembly and they usually require at least twice the depth of a 
homogametic genome [51]. In fish, the early evolutionary stage of most 
sex chromosomes and the viability of WW or YY individual [1] facilitate 

Fig. 7. Genome wide association study of sex at the 36 turbot (S. maximus) families.  
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this task, but at the same time the small differences between sex chro
mosomes make extremely difficult to find diagnostic differences be
tween them. Finding the causative variants underlying major SD QTL 
becomes even more complicated in turbot due to the incomplete pene
trance of the SDg. Sequencing the turbot W and Z chromosomes allowed 
us to confirm the low differentiation between sex chromosomes in this 
species, as previously suggested by Taboada et al. [27]. These authors 
proposed a young evolutionary origin of the turbot SD system consid
ering that the brill, a congeneric species (S. rhombus), showed sex- 
association with sox9, a key gene related to testis differentiation 
located at LG21, a non-orthologous chromosome to turbot C12. 
Although a putative diagnostic SNP between Z and W chromosomes was 
detected in our study, as outlined above, no conclusive genetic differ
ences supporting a SD causal variant were identified. In this regard, the 
turbot’s sex chromosome pairs would be at an initial differentiation 
stage close to that of the pufferfish (Takifugu rubripes; [10]), where the 
only difference between X and Y chromosomes was a single differential 
SNP at the promoter of the amh receptor. Very recently, a small differ
entiation between sex chromosomes has been reported in Esox lucius, 
where a small male-specific insertion containing the SD gene has been 
documented [9]. However, in this study the original duplication of amh 
was estimated around 40 MYA, which suggests caution when consid
ering a young SD system only based on the differentiation between sex 
chromosomes. Although examples of highly differentiated SD systems 
such as of the genus Characidium and Eigenmannia exist in fish [4], the 
differential region in most species where the main SD gene has been 
identified spans less than 1 Mb [2]. Theory postulates that the evolution 
from a homomorphic to a heteromorphic sex chromosome pair begins 
with the suppression of recombination to maintain favorable haplotype 
combinations avoiding sexual conflict [52–54]. Our data suggests that 
recombination is suppressed around sox2 and the lncRNA sox2ot. 
Taboada et al. [27] also suggested a transition from an ancestral XY to a 
new ZW system in turbot, highlighting an incomplete dominance of the 

W chromosome as evidenced by the higher amount of ZW males, an 
observation also supported with much more data in this study. 

The increasing genomic resources within flatfish enabled us to carry 
out a comparative genomic approach on the genetic basis and diversi
fication of SD in this interesting fish group taking the new turbot as
sembly as reference (see Supplemental File 14). As indicated above, the 
SD region and candidate genes of turbot (sox2, C12) and smooth tongue 
sole (dmrt1, Z chromosome [34]) are not orthologous. Despite both 
species share a ZZ/ZW system, the Z chromosome of smooth tongue sole 
is orthologous to turbot C9, not related to sex determination. However, 
smooth tongue sole and Pacific halibut (Hippoglossus stenolepis) might 
share the same SD system since the LG7 of Pacific halibut, where two 
sex-linked markers are located [38], is syntenic to the smooth tongue 
sole Z chromosome, and one of these sex-linked markers (Hs10183) is 
located 3 Mbp away of dmrt1 in both assemblies. On the other hand, the 
SD-bearing C12 chromosomes of turbot (C12) and that of Japanese 
flounder (P. olivaceous) (chromosome 24) are orthologous (see Fig. 2); 
however, the information from Japanese flounder should be taken with 
caution, since it proceeds from a single microsatellite sequence depos
ited in a patent for sexing in this species [21] (Supplemental File 14). 
Anyway, the SD region of Japanese flounder would be located far away 
from that of turbot (> 14 Mb), in the distal region of C12 (19,6 Mb) close 
to the amh gene in the new turbot genome assembly. Finally, two 
strongly SD-associated SNPs found at LG13 of Atlantic halibut 
(H. hippoglossus), a flatfish with an XX/XY SD system [39], are syntenic 
to turbot C16. All these data support the heterogeneity of SD systems in 
flatfish, including non-orthologus ZW/ZZ and XX/XY systems, as pre
viously documented by Luckemback et al. (2011), but also highlight the 
novelty of sox2 as a new putative SDg in a context dominated by the 
recurrent recruitment of some particular genes such those pertaining to 
dmrt or amh related gene families. 

Fig. 6. Normalized expression of transcripts detected in the SD region of turbot (S. maximus) across the critical gonad differentiation period. A) transcripts identified 
in pools of larvae, females and males sexed from 5 to 90 dpf; B) Sox2 qPCR in males and females from 30 to 90 dpf. 
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3.5. Applications for turbot farming 

One of the goals of this work was to find a reliable sex marker for the 
turbot industry. In turbot no morphological dimorphism exists between 
sexes prior to sexual maturity (24 months), and therefore sex cannot be 
identified at juvenile stages [55]. The marker USC-E30, a microsatellite 
used as sexing tool under a Spanish patent (Ref. number: 2354343), 
although useful and applied by the industry to obtain all female pop
ulations, has the drawback of the high and recurrent mutation rate of 
microsatellites, and therefore requires establishing associations within 
each family. In this sense, the SNP.1 marker associated to Z and W 
chromosomes in our study will provide a more confident and straight
forward tool for precocious sexing in turbot breeding programs. 

4. Potential implications 

The study of turbot sex determination (SD) has added new infor
mation to the evolutionary theory on this intriguing topic: i) it is among 
those showing the least differentiation between Z and W chromosomes 
reported in fish, and only a suggestive differential SNP could be iden
tified between Z and W chromosomes; ii) recombination between Z and 
W chromosomes seems to be suppressed at a short stretch involving sox2 
and the sox2ot long non-coding RNA; iii) sox2, a gene of the sox family of 
transcription factors, is the most consistent candidate for SD in turbot 
and could be added, if confirmed, to the growing list of fish SD genes; iv) 
the lncRNA sox2ot may be involved in the regulation of sox2, thus 
adding new data to the implication of lncRNA on SD; v) other genomic 
regions seem to be involved in SD in turbot, although these secondary 
factors have a limited and sporadic influence; vi) environmental factors 
seem to also play a role on SD in a number of families, as previously 
suggested. Nonetheless, the major SD region at C12 seems to prevail at 
the population level, showing association with sex in over 70% of the 
families studied. Globally, SD in turbot is similar to a complex trait, 
albeit with a major gene explaining most of the variance. Intra-specific 
variation has also been observed in many species possessing a master SD 
gene, but the genetic and environmental influence does not seem so 
remarkable, which could be related to a recent evolutionary origin. The 
identification of a differential SNP between Z and W chromosomes will 
facilitate obtaining all-female populations in turbot aquaculture. 

5. Materials and methods 

5.1. Sampling 

Different samples were used for the different methodological ap
proaches used to build a new turbot genome assembly and study SD in 
this species: i) One mature turbot male coming from a turbot farm was 
used for long-read Oxford Nanopore sequencing (40×) to assemble the 
turbot genome; one WW mature female was also sequenced with 
Nanopore technology at 10× coverage to investigate differences be
tween the Z and W chromosomes at the SD region. Next-seq Illumina 
sequencing was used to polish the Nanopore assemblies and explore the 
differences between Z and W chromosomes in more detail and in a 
broader sample; for this, five ZZ males and five WW females were 
sequenced using 150 bp paired-end (PE) reads at 20× coverage; WW 
females were obtained from unrelated families in the breeding program 
of a turbot company using mainly SmaUSC-E30 microsatellite marker to 
track the W chromosome across generations as described by Martínez 
et al. [2]. ii) 1160 fishes (between 133 and 217 days post hatching, dph) 
pertaining to 36 full-sib families and their 47 parents (total 1207 fishes) 
were confidently sexed by histology and genotyped for 18,214 SNPs 
using 2bRAD-Seq to look for association between sex and markers at 
population and family level through genome wide association studies 
(GWAS). This biological material was also used for a segregation anal
ysis to narrow the SD region and establish a crossing-over map over its 
entire length. These 1181 fishes came from an experiment for resistance 

to scuticociliatosis performed at the CETGA (Centro Tecnológico Gal
lego de Acuicultura) hatchery facilities within the FISHBOOST project 
(KBBE-2013-7-613,611); iii) Larvae/fry from 5 to 90 dph (18 sampling 
points) were used for RNA-seq analysis (six pools of larvae/six indi
vidual fry per sampling point) to identify expressed transcripts in the SD 
region from hatching until the gonadal fate is established (90 dph; [30]). 
These samples were obtained at the IEO (Instituto Español de Ocean
ografía) of Vigo using 10 families of unrelated parents; qPCR gene 
expression analysis of candidate SD genes along the critical period of 
turbot gonad differentiation was performed individually in 13 of those 
sampling points (from 35 to 90 dph), using three males and three fe
males per point (sexed with the SmaUSC-E30 marker [2]), when gonads 
could be confidently dissected after metamorphosis. 

5.2. Sequencing and assembly of the turbot genome 

5.2.1. Nanopore sequencing 
DNA from one ZZ male and one WW female was extracted from fresh 

blood using the MagAttract HMW DNA Kit to isolate genomic DNA 
>150 kb. Following sample lysis, the DNA was bound to the surface of 
magnetic beads; during the washing steps, contaminants and PCR in
hibitors were removed and pure high-molecular-weight DNA was eluted 
in Buffer AE. 

Prior to long-read sequencing, high-molecular-weight DNA from the 
ZZ male was treated with the Circulomics Short Read Eliminator kit 
(Circulomics) to remove unwanted short fragments. Then, PCR adapters 
(20μl) from Oxford Nanopore Technology (ONT) (SQK-LSK109 Ligation 
Sequencing Kit 1D) were ligated. Prepared library was loaded onto two 
PromethION flow cells (FLO-PRO002) and sequenced on a PromethION 
Beta machine. Flow cells were run for a total of 8 and 13.6 h. Flowcells 
were treated with DNAse I, reloaded with library DNA and run again 
multiple times to maximize sequencing output. 

Nanopore reads were base-called using Guppy, version 3.0.5 (Oxford 
Nanopore, MinKNOW v.19.05.1) using “High Accuracy” flip-flop model. 
Reads were trimmed for 50 bp from the start and quality-filtered for 
average PHRED quality >7 and minimum length of 4000 bp with fastp 
([56] v 0.19.5), options “–disable trim_poly_g –disable_adapter_trim
ming -q 7 -l 4000 -f 50 “. 

Long read runs from the WW female purified DNA were generated at 
CNAG (Centre Nacional de Análisis Genómico, Barcelona) following the 
protocol with the Rapid Sequencing kit SQK-RAD002 (ONT, Oxford, 
UK). Briefly, approximately 200 ng of purified DNA was tagmented for 1 
min at 75 ◦C with the Fragmentation Mix (ONT, Oxford, UK). The Rapid 
Adapters (ONT, Oxford, UK) were added along with Blunt/TA Ligase 
Master Mix (NEB, Beverly, MA) and incubated for 30 min at room 
temperature. The resulting library was combined with Running Buffer 
with Fuel (ONT, Oxford, UK) and Library Loading Beads (ONT, Oxford, 
UK) and loaded onto a primed R9.4 SpotOn Flow cell (FLO-MIN106). 
Sequencing and initial base calling was performed with a MinION Mk1B 
MinKNOW v1.7.10 software package running for 48 h. 

5.2.2. Illumina sequencing 
Genomic DNA of five ZZ 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 precipita
tion [57]. 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 20× per individual. The quality of the 
sequencing was assessed using FastQC v.0.11.5 (http://www.bioin 
formatics. babraham.ac.uk/projects/fastqc/). Quality filtering and 
removal of residual adaptor sequences was conducted on read pairs 
using Trimmomatic v.0.36 [58]. Specifically, 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 
longer than 36 bp post-filtering were retained. Filtered reads were 
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mapped to the new turbot assembly using Burrows-Wheeler aligner 
v.0.7.8 BWA-MEM algorithm [59]. Pileup files describing the base-pair 
information at each genomic position were generated from the align
ment files using the mpileup function of samtools v1.6 [60], discarding 
those aligned reads with a mapping quality <30 and those bases with a 
Phred score < 30. 

5.2.3. ZZ male genome assembly 
Reads of the ZZ male sample were assembled with the Flye progam 

([61] v2.5.0) using different overlap sizes (− m) of 10,000, 12,000 and 
20,000. The three genome assemblies were merged with quickmerge 
([62] v0.3) using default settings. The resulting quickmerge assembly 
was polished in two stages using nanopore reads and Illumina reads. 
First stage used MarginPolish-HELEN pipeline [63] with nanopore read 
alignments. The output was polished in a second stage with pilon [64] 
using aligned Illumina reads as input. Using genetic marker information 
from Maroso et al. [31], the polished sequences were scaffolded with 
CHROMONOMER [65] into 22 pseudochromosomes, resembling the n 
= 22 karyotype of S. maximus. 

5.2.4. WW female genome assembly 
A de novo assembly was done in the WW female using those reads 

matching at the delimited SD region (see segregation analysis) of 
chromosome 12 (C12) where the major SD region is located (LG5; 
[24,31]). For selection of reads, both the new ZZ assembly from this 
work and the previous version of the turbot genome [31] were taken as 
reference. Assembly was performed with the selected reads following 
the instructions provided by Oxford Nanopore (https://nanoporetech.co 
m/resource-centre/hybrid-assembly-pipeline-released-using-canu-raco 
n-and-pilon); briefly, assembly of Nanopore reads was done using Flye 
assembler ([61] v2.5.0). Resulting contigs of the WW genome was pol
ished with the module Racon [66], and finally, assemblies were curated 
using the Pilon tool [64] by adding the Illumina reads. 

Gene annotation. 
Gene models from genome GCA_003186165.1 were transferred to 

the new ZZ male genome assembly with gmap ([67] gmap-2020-03-12) 
using parameters -f gff3_gene -O -n 0. 

5.2.5. Confidence of the new turbot assembly: integrating previous genomic 
information 

To track gene space completeness, BUSCO ([68] v3.0.2) was run for 
the final genome using actinopterygii_odb9 dataset and “-sp zebrafish” 
in the “genome” mode. The new turbot genome assembly was compared 
with those previously reported in this species [29,32] to check for 
confidence. The assembly by Figueras et al. [29] was recently improved 
by Maroso et al. [31], who used a highly dense genetic map for 
anchoring more than 95% of its scaffolds in the 22 chromosomes of the 
turbot karyotype [25]. Basic assembly statistics of the contigs here ob
tained vs scaffolds of the previous genomes were compared including 
N50 size, largest contig/scaffold, number of contigs/scaffolds, total 
genome length and % GC. 

The highly dense genetic map by Maroso et al. [31] was used to 
integrate the large contigs obtained in this study into single chromosome 
sequences. The sequences of the RAD-tags corresponding to the 18,214 
markers ordered through the turbot consensus map [31] were used to 
look for homology in the contigs for their integration in the 22 linkage 
groups/chromosomes of the turbot map using the CHROMONOMER 
program [65]. Finally, LASTZ (using options ‘–notransition – 
step=23000 – nogapped – format=rdotplot’) was used to compare the 
reported turbot assemblies [31,32] with the new turbot genome to check 
for its confidence in future genomic studies, and in particular here, to be 
used as a reference to study SD in this species. 

5.2.6. Comparative genomics with other flatfish species: the SD regions 
The improved ZZ male turbot genome was further exploited to 

complete and refine previous information about genomic 

reorganizations and chromosome evolution of flatfish, and specifically 
to check the putative orthology of the SD regions. For this, we compared 
sequences of the new turbot genome with genomes of Japanese flounder 
(Paralichthys olivaceous; GCA_001904815.2 [33]) and half-smooth 
tongue sole (Cynoglossus semilaevis; GCF_000523025.1 [34]) using 
LASTZ (same options as outlined before). The sequences of the 22,751 
turbot genes were used to identify syntenic patterns with the genomes of 
both flatfish species with MCscan ([69] JCVI v0.9.14). For this, a 
threshold E-value < e-20 was used for significant homology and the best 
match was retrieved for comparison. Orthologous relationships between 
species were represented by plotting syntenic blocks generated by 
MCscan in circle diagrams using circlize package in R ([70] v0.4.9). 

5.3. High-throughput SNP genotyping 

The 2b-RAD method [71] was applied to genotype 18,214 SNPs in 
the 1207 fish (47 parents and 1160 offspring) [31] which were then used 
for GWAS and segregation analysis on turbot SD. 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 us to obtain a 
consistent set of SNPs showing a genotyping error < 0.4% estimated 
using family data [31]. 

5.4. Sex verification 

The phenotypic sex of each fish was verified by histology. The age of 
the fish was ~150 days post hatching (dph), an age at which turbot 
gonads are differentiated [30]. For histological analysis, samples were 
fixed in 4% paraformaldehyde buffer overnight, rinsed in phosphate 
buffer saline the next day and stored in 70% ethanol. Samples were then 
dehydrated in a series of alcohols and embedded in paraffin, sectioned at 
7 μm thick, stained with hematoxylin-eosin and observed under the 
microscope. Those animals that could not be sexed unequivocally due to 
poor quality of the sample or the preparation were discarded (238 out of 
the original 1445 fish [31]). 

5.5. Pinpointing the turbot SD gene: genome-wide association studies 
(GWAS) and segregation analysis 

GWAS was performed using GenABEL R package [72] by applying 
the mmscore function [73], 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 obtained dividing 0.05 by the number of informative 
SNPs [74]. GWAS was performed using the whole population data as 
well as within each family. 

A segregation analysis, which complemented GWAS, was done to: i) 
identify the minimum genomic region where the SDg is located; ii) to 
gather additional information on other genetic or environmental factors 
influencing sex; and iii) to establish a crossing-over map at the SD re
gion. For narrowing the SD region, only those informative families 
showing a highly significant association between sex and markers at the 
SD region were used. For this, both the association of sex with each 
marker in each family was obtained through a Fisher’s exact test and a 
global estimation for the major SD region was evaluated through 2 × 2 
contingency tests using only families with a P-value <0.00001. The 
availability of a high density SNP genotype dataset (1 SNP/28 kb) in 
parents and offspring enabled us to select only informative backcrosses 
(heterozygous dam x homozygous sire) to track changes in the linkage- 
phase in offspring within each family (Supplemental File 4). Thus, 
crossing-overs between the maternal Z and W chromosomes could be 
identified to check the fraction of the Z or W chromosome inherited from 
the dam regarding the sex of offspring and to narrow the smaller region 
were the SDg should be located. Finally, information of all selected 
families was combined to delimit the region where the SD gene should 
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be located in the turbot population analyzed. Additionally, this infor
mation was used to identify those individuals that, despite having 
inherited the W or Z chromosomes from the mother, showed an unex
pected phenotype, to say, they were a ZW male or a ZZ female, sug
gesting other genetic or environmental factors underlying. Finally, a 
crossing-over map of the SD region was constructed using the afore
mentioned information to evaluate the distribution of crossing-overs 
across the main SD region and to check for a putative recombination 
blockage between the W and Z chromosomes. 

5.6. Searching for the SD causal variant using the new genome assembly 

We looked for genetic differences between the W and the Z chro
mosomes, including putative reorganizations or duplications, which 
could be related to SD in turbot. Z and W assemblies were aligned at the 
narrowed SD region using Bowtie 2 [75]. SAMtools were used to identify 
and genotype SNPs across the narrowed SD region in the five ZZ males 
and five WW females to obtain allele frequencies in both sex samples. 
Then, the relative component of genetic differentiation between both 
datasets (FST) was estimated for each locus using GENEPOP 4.7 
(http://kimura.univ-montp2.fr/~rousset/Genepop.htm), and finally 
the differences between the Z and W assemblies at the SD region were 
manually inspected using the graphic viewer IGV 2.4.10 [76]. 

The small sample size (10 individuals) and the limited coverage of 
this re-sequencing evaluation suggested a further validation of the as
sociations detected at species level on a larger sample of males and fe
males. For this, a sample of 46 ZZ males and 45 WW females coming 
from 10 unrelated families were genotyped 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://bioinfo.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 required for genotyping 
following the SNaPshot protocol in an ABI3730 automatic sequencer 
(Applied Biosystems). 

5.7. 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 (Bonsai Technologies) and in a NanoDrop® ND-1000 
spectrophotometer (NanoDrop® Technologies Inc), respectively. RNA 
samples from whole larvae (10 per time) or male and female fry gonads 
(3 per time) 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 dph until 90 
dph, when gonads could be confidently extracted, and the genetic sex 
established in each individual using the SmaUSC-E30 marker [2]. The 
quality of the sequencing was assessed using FastQC v.0.11.5 (htt 
p://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 [59]. Specifically, Illumina adap
tors 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; [31]) using STAR v.2.5.2b [77], 
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 alignment files were 
used to reconstruct the turbot transcriptome using Cufflinks v.2.2.1 
[78]. Transcript abundance was quantified and normalized using kal
listo v0.44.0 [79]. 

5.8. Real-Time PCR 

The RNA samples across the gonad differentiation period where the 
gonad could be extracted (35 to 90 dph) were individually analyzed by 
qPCR to test gene expression on candidate genes in males and females 
(genotyped using the SmaUSC-E30 marker). Primers for candidate genes 
at the major SD region identified by their genomic position and their 
expression during the gonadal differentiation period were designed for 
qPCR using the Primer 3 software. Reactions were performed using a 
qPCR Master Mix Plus for SYBR Green I No ROX (Eurogenetec) following 
the manufacturer instructions, and qPCR was carried out on a MX3005P 
(Agilent Technologies). Analyses were performed using the MxPro 
software (Agilent). The ΔΔCT method was used to estimate expression 
taking the ribosomal protein S4 (RPS4) and ubiquitin (UBQ) as reference 
genes. These two genes had been previously validated for qPCR in turbot 
gonads by Robledo et al. [80]. Two technical replicates were included 
for each sample. t-tests were used to determine significant differences 
between sex. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ygeno.2021.04.007. 
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