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Abstract 
 

The locus that determines sex in sablefish (Anoplopoma fimbria) and a putative master sex-

determining gene, gsdf, were mapped to chromosome 14 in 2013. In 2021, the role of gsdf was 

confirmed and the allele responsible for sex was characterized to be a 936 transposable element 

insertion upstream of gsdf that upregulates expression in developing testis and determines 

maleness via a male heterogametic (XX/XY) system. According to classical theory of sex 

chromosome evolution, a sex-determining mutation creating a master sex-determining (MSD) 

gene is followed by recombination suppression spreading from that locus and eventual 

chromosome degradation and differentiation which ultimately produces heteromorphic sex 

chromosomes. In sablefish, it was not clear whether X and Y versions of chromosome 14 

differed beyond the gsdf insertion. In this study, we used genome wide association studies 

(GWAS) and linkage disequilibrium (LD) analyses to define boundaries of the sex-associated 

region (SAR). We found that loci with genotype frequencies that differed between males and 

females were distributed across a large region of chromosome 14 (38,000 bp). Genes within this 

block include LOCI129102360, nup54, LOCI129102793, and gsdf. A weaker male-specific 

block of LD beyond the SAR included aff1. Alleles of nup54, LOCI129102793, and aff1 on the 

gsdfY-bearing (Y) chromosome differed nonsynonymously from X-linked counterparts. These 

genes therefore appear to be ‘founder loci’ of an emerging sex-determining region. Moving 

forward, characterization of the SAR at this stage of sex chromosome evolution will explicate 

the rate and progression of the sex-determination system in sablefish.  
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Introduction 
Classic Theory of Sex Chromosome Evolution 

Mechanisms that drive sex determination vary widely across eukaryotes. This diversity 

contradicts the expectation for conservation of traits with strong influence over fitness. In the 

case of sex-determining systems, incomplete or incompatible sex determining mechanisms 

ensure rapid truncation of genetic lineages. A sex-determining system must produce 

reproductively viable offspring for the system to persist. Given this, the rate and diversity of sex-

determining system turnover is unexpected. Methods other than genetic sex determination exist; 

for example, nonavian reptiles (e.g. tortoises and alligators) modulate the sex of broods 

depending on the incubation temperature of their nest (Ciofi & Swingland, 1997). Other 

environmental factors that modulate sex include photoperiod in crustaceans (Bulnheim, 1978), 

pheromones in angiosperms (Gregg, 1982), and water availability in mosses (Benassi et al., 

2011). Several species integrate multiple environmental stimuli to determine sex. Nevertheless, 

genetic sex determination is most common across eukaryotes and is the focus of this project.  

Genetic sex-determining mechanisms are broadly classified as male heterogametic 

(XX/XY) or female heterogametic (ZZ/ZW) systems. Clades in which males are heterozygous 

and females are homozygous include mammals (Waters et al., 2007), most bony fishes (Mank et 

al., 2006), most true frogs (Jeffries et al., 2018), and fruit flies (Aida, 1930). Clades where 

females are heterozygous for the sex-determining locus include birds (Brant, 1952), several 

species of bony fishes (Mank et al., 2006), some true frogs (Jeffries et al., 2018), and silkworm 

moths (Strunnikov, 1975).  

Male and female heterogametic systems are further subdivided into homomorphic and 

heteromorphic sex chromosomes. Homomorphic sex chromosomes are karyotypically indistinct, 

whereas heteromorphic sex chromosomes are different sizes (e.g. X and Y chromosomes in 

humans). While distinction between homomorphic and heteromorphic chromosomes is not strict, 

decreased size observed in the heterogametic sex chromosome (Y or W) is maintained by 

recombination suppression. Across taxa, individuals with heteromorphic sex chromosomes tend 

to die earlier than those with homomorphic sexes due to imperfect gene dosage compensation of 

the heterogametic sex (Xirocostas et al., 2020). In humans, lacking an X chromosome is 

incompatible with life because the Y chromosome cannot compensate for functionally essential 

genes on the X chromosome.  
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The locus directly responsible for sex determination is most often an allele of one gene, 

called the master sex-determining (MSD) gene. A rare exception to this is Tasmanian Atlantic 

salmon, which determine sex depending on genotypes of three separate loci (Eisbrenner et al., 

2014). More frequently, sex is determined by one MSD, such as a single nucleotide 

polymorphism (SNP) in the pufferfish gene amhr2, that alone determines an individual’s sex 

(Kamiya et al., 2012). In humans, the Y-linked SRY gene (Sex-Determining Region Y protein) 

determines whether an individual grows into a male or female (Sinclair et al., 1990). That this 

gene alone determines sex is evidenced by rare cases of human XX males with a fragment of the 

Y chromosome including SRY translocated to one of the X chromosomes (Vergnaud et al., 

1986). Not every gene can mutate into a MSD; there are families of genes that tend to determine 

sex. For example, homologs of the anti-Müllerian hormone gene, amh, modulate sex in 

pufferfish (Kamiya et al., 2012), Nile tilapia (Li et al., 2015), and monotreme mammals 

(Shearwin-Whyatt et al., 2025). Another common MSD is dmrt1, which determines sex in avian 

reptiles (Smith et al., 2009), fruit flies (Erdman & Burtis, 1993), and the medaka species Oryzias 

latipes (Matsuda et al., 2002). The ancestral homolog of SRY in mammals, SOX3, determines sex 

in another species of medaka, Oryzias dancena, (Takehana et al., 2014) and the Japanese frog 

Glandirana rugosa (Miura et al., 2024). Genes that encode transcription and growth factors 

generally lead genetic cascades that direct development of sexual organs.  

Despite the reliance of sex determination on one gene, the sex-associated region (SAR) 

often spans beyond the MSD. Recombination suppression spreading from a MSD is 

characteristic but is not restricted to sex-determining regions. Inversions and centromeric regions 

(Koury, 2023) also display recombination suppression in regions unrelated to sex. In genetic sex 

determining systems, it is often the case that recombination suppression starts from the MSD and 

grows outward, covering a region beyond the MSD. Before alleles in the region are fixed, this is 

called the sex-associated region (defined above). Over generations, the SAR becomes fixed into 

a sex-determining region (SDR). In a SDR, the allele that determines sex still holds the only 

influence over sex. However, due to suppressed recombination, a marker located physically far 

away from the MSD on the sex chromosome predicts maleness just as accurately as the MSD 

itself. Without recombination, genes on the heterogametic sex chromosome are free to degrade 

and differentiate. Heteromorphic sex chromosomes, where the Y is smaller than the X, occur in 

humans, rainbow trout (Thorgaard, 1977), and gingko trees (Lee, 1954). There exist exceptions 
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to this; for example, recombination around the sex-determining SNP in pufferfish continues at 

the same rate as autosomes (Kamiya et al., 2012). In contrast to pufferfish, the non-recombining 

region around human SRY spans almost the entire Y chromosome, leaving only small 

pseudoautosomal regions at each end that recombine as usual with the X chromosome (Freije et 

al., 1992). Despite this differentiation, homology between sex chromosomes supports the theory 

that pairs of sex chromosomes originate from autosomes. While concepts surrounding the origin 

of sex chromosomes have been theoretically defined, it is difficult to practically distinguish MSD 

genes, SARs, and SDRs due to individual variation and incomplete co-occurrence with the sex-

determining locus in a species. Here, I will refer to the region associated to sex as the SAR 

because it was surveyed on both X and Y chromosomes simultaneously in a representative 

sample, thus fixation of loci on the Y chromosome to the MSD throughout the species is unclear. 

Importantly, the homogametic sex chromosome (i.e. the X chromosome in humans) 

continues to recombine over generations. Recombination suppression acts only on the 

heterogametic chromosome, which is usually mediated by epigenetic mechanisms such as DNA 

methylation (Metzger et al., 2018). Because the heterogametic sex chromosome does not 

recombine, the homomorphic sex chromosome only “has the chance” to recombine half as often 

as autosomes (e.g. in humans, the X only recombines during meiosis in females but not during 

meiosis in males). Because of this, recombination suppression is often described on both sex 

chromosomes, which is true to some extent, but recombination is only suppressed directly on the 

SAR of one (heterogametic) chromosome. In the case of most mammals and sablefish, 

recombination suppression only occurs on the Y chromosome.  

The favored hypothesis for recombination suppression on the heterogametic chromosome 

is sexual antagonism, which occurs when alleles that favour one sex but not the other gradually 

become trapped with the MSD as a result of selection (Charlesworth & Charlesworth, 2000). The 

hypothesis of sexual antagonism as an agent for recombination suppression is supported by 

models that imply ancestral selection for sexually antagonistic alleles based on enhanced 

divergence at distant positions from the sex-determining locus (Kirkpatrick & Guerrero, 2014). 

However, it has been difficult to formally capture the acquisition of sexually antagonistic alleles 

into the SAR. It is also possible that sexual antagonism only partially explains gene trapping in 

the SAR and there are other pressures that result in its acquisition of neutral alleles. Outside of 

sexual antagonism, inversions and other chromosomal rearrangements are sources of 
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recombination suppression and result in evolutionary strata along sex chromosomes (Lahn & 

Page, 1999). These chromosomal changes generally cause abrupt expansion of the SAR and 

encompass many genes. Alternatively, recombination suppression may also spread via 

accumulation of transposable elements (Srikulnath et al., 2022). However, it is difficult to tell 

whether transposable elements have accumulated as a result of recombination suppression or 

recombination suppression has allowed for the accumulation of transposable elements. 

Recombination suppression remains a particularly interesting driver of sex chromosome 

evolution because recombination contributes so strongly to spreading beneficial alleles in a 

population whilst avoiding the cost of deleterious alleles. 

The rate of SAR expansion and turnover (movement of the MSD to re-establish the sex-

determining system) varies. Turnover occurs when a new MSD appears on the same sex 

chromosome or an autosome. Alternatively, a fragment from the original sex chromosome that 

includes the MSD can be translocated onto an autosome. One extreme example of this diversity 

is in East African cichlids that have developed over twelve SDR’s within the last 45 million 

years (Gammerdinger & Kocher, 2018). Sex-determining systems in cichlids includes species 

with male heterogametic systems and female heterogametic systems. Each species has one MSD 

on one of ten linkage groups, each of which is associated with a small SAR and homomorphic 

sex chromosomes (Gammerdinger & Kocher, 2018). However, homomorphic sex chromosomes 

do not indicate the youth of a system. One genus of tree frog, Hyla, has ‘ever-young’ sex 

chromosomes that do not recombine but have not degraded (Stöck et al., 2011). All three Hyla 

species use the same sex chromosomes and operate with a male heterogametic system (Stöck et 

al., 2011). Therefore, while there is a trend from homomorphic to heteromorphic sex 

chromosomes, there are exceptions, and causes of variation in the rate of sex chromosome 

evolution are not well understood.  

In some cases, the Y chromosome is degraded until it is completely lost. In mammals, 

species that function with a XX/X0 system include the Japanese spinous country rat (Honda et 

al., 1977) and the Transcaucasian mole vole (Mulugeta et al., 2016). If the Y chromosome is not 

lost, the MSD may also undergo turnover. This restores recombination on the heterogametic 

chromosome. By ‘resetting’ recombination suppression, rapid turnover of a MSD may allow a 

species to maintain homomorphic sex chromosomes. The evolution of sex chromosomes, 

including turnover, is summarized in Figure 1.  
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There is a remarkable diversity of sex-determining mechanisms in teleosts (Mank et al., 

2006). Unlike the conservation of a single sex determining system as observed in birds and 

mammals, teleosts operate with male heterogametic systems such as sablefish (Rondeau et al., 

2013), female heterogametic systems such as sole (Chen et al., 2009), sequential 

hermaphroditism such as the bluehead wrasse (Warner & Swearer, 1991), and environmental sex 

determination such as sockeye salmon (Azuma et al., 2004). To study the evolution of sex 

determining mechanisms, it is especially informative to focus on recently developed, 

homomorphic sex chromosome systems to uncover forces that promote recombination 

suppression and modulate the fate of sex determining systems. Therefore, teleosts are suitable 

models for studying sex chromosome evolution due to rapid turnover and appearance of sex-

determining systems. While the age of male heterogametic system in sablefish is unknown, the 

homomorphic nature of these sex chromosomes suggest this system is in an early stage of SAR 

development. Here, we characterize the sex chromosomes of sablefish (Anoplopoma fimbria), a 

long-lived teleost with a nascent SAR.  
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Figure 1. Classic theory of sex chromosome evolution. Sex chromosomes begin as autosomes (left) 

which recombine with minimal restrictions. Once a sex-determining mutation occurs in a MSD on 

an autosome (top), recombination suppression spreads outward from that locus (right). While 

recombination suppression spreads, genes within the sex-associated region on the heterogametic 

chromosome differentiate and degrade until they are karyotypically distinct (heteromorphic sex 

chromosomes, bottom). At any point, turnover of the MSD may occur if it is lost from the original 

chromosome via movement to a different autosome or replaced by a new MSD on the same or a 

different chromosome. Adapted from Furman et al. (2020). 
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Sablefish as a Model for Recombination Suppression 

Sablefish is a species of teleost native to the Northern Pacific Ocean. Sex determination 

in this species functions in a male heterogametic system (XX/XY) due to a male-specific MSD 

on chromosome 14 (Hayman et al., 2021). The MSD is gonadal-soma derived factor (gsdf) gene, 

which encodes transforming growth factor, beta receptor 1a (tgfbr1a), a protein involved in the 

transforming growth factor b system (Herpin et al., 2021). This gene also determines sex in 

medaka species Oryzias luzonensis and Atlantic halibut Hippoglossus hippoglossus (Edvardsen 

et al., 2022; Myosho et al., 2012). In the medaka O. luzonensis, five SNP mutations and one 4-bp 

insertion upstream of gsdf cause maleness (Myosho et al., 2012). In the Atlantic halibut, similar 

to sablefish, a transposable element (TE) insertion upstream of gsdf upregulates expression and 

initiates male development (Edvardsen et al., 2022). Based on 20 sablefish sequences, the male 

(gsdfY) and female (gsdfX) alleles of gsdf differ by two nonsynonymous SNPs and four SNPs in 

the untranslated regions (Herpin et al., 2021). Additionally, there is a 936 bp insertion 412 bp 

upstream of the start codon of gsdfY and a 412 bp insertion 1298 bp upstream of the gsdfX start 

codon (Herpin et al., 2021). Neither exonic SNP between gsdfY and gsdfX seem to affect gene 

regulation or biochemical function of the protein (Herpin et al., 2021). Instead, the upstream 

insertion of gsdfY enhances expression during fish development compared to gsdfX, which leads 

to male development (Herpin et al., 2021).  

Taxonomically, the closest relative of sablefish is the skilfish (Erilepis zonifer), which is 

the only other species in superfamily Anoplopomatoidea. Sex determination in E. zonifer has not 

been characterized. However, other related species such as three-spine stickleback, lumpfish, and 

lingcod have characterized SDRs. All three species operate under a male heterogametic system 

with amhy as the MSD in sticklebacks (Treaster et al., 2025), amh1 or amh2 in lumpfish 

(Chaiyasut et al., 2023), and amh in lingcod (Rondeau et al., 2016).  

A common result of recombination suppression is sexual dimorphism, which is when 

traits such as size, colour, or morphology differ between sexes due to sex-specific alleles in the 

SAR. Female sablefish are larger than males and weigh approximately 3 kg at age three years, 

whereas 3-year-old males weigh 2 kg (Goetz et al., 2021). Genotypes associated with size are 

clustered around gsdf (Liu et al., 2026). Size has a positive effect on reproductive success in 

females of other fish species (Morita & Takashima, 1998). Therefore, this might be an example 

of sexual antagonism in which size is beneficial to females but not males (Furman et al., 2020), 
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or conversely that small size is beneficial to males but not females. Genes that influence growth 

rate might be linked to gsdf within the SAR, or size may be a downstream effect of gsdf. Sexual 

antagonism has historically been difficult to formally investigate due to difficulty in identifying 

alleles that benefit only one sex before they become fixed to the SAR. While gsdf has been 

identified as the MSD in sablefish, the size of the SAR is unknown. In this project, I examined 

the SAR for Y-specific alleles and genes in sablefish that have been trapped into LD with gsdf 

via recombination suppression. The goal of this project was to determine whether recombination 

is suppressed around the MSD and characterize genes in the nascent SAR.  
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Methods  

Genomes of 1,280 adult sablefish (approximately 2.5 years old) from Golden Eagle 

Sablefish were sequenced at 1x (paired end reads, Element AVITI). Imputation used a reference 

panel of 65 wild-caught fish sequenced at approximately 15x (Oxford Nanopore Sequencing, 

Illumina). Imputation to confirm or correct genotypes called from 1x data filled in missing data 

using haplotypes (SNPs inherited together) from our reference panel. When this project started, 

we had size data and genotypes for 745 sablefish. A size-determining region established by a 

GWAS was then used as a proxy for a SAR. Later in the project, size, sex, and genotype data for 

602 fish became available. Sexes of the first group (n = 745) could then be determined using the 

data from the second dataset (n = 602).  

 

Genome-Wide Association Studies 

Two genome-wide association studies (GWAS) were applied to size and sex data (credit: 

Zhaoze Liu). First, the size-related GWAS (n = 745) was used to estimate a SAR using a 

threshold of p £ 1 x 10-20. Later, a GWAS with sex (n = 602) yielded two peaks in the Manhattan 

plot. The second SAR on chromosome 8 was investigated using a synteny analysis (Appendix 

A).  

 

Linkage Disequilibrium Analysis 

LDBlockShow (version 2.2) was used to visualize recombination suppression in the 

chromosome 14 SAR using a 200,000 bp window that covered the size-associated region defined 

by the first GWAS (Dong et al., 2021). Because calculations of LD are independent of 

phenotype and instead indicate the likelihood of SNPs being inherited together, this analysis 

sought to determine whether recombination suppression was present around the sex-determining 

locus, gsdf. The 200,000 bp region of chromosome 14 was surveyed for LD with both sexes (n = 

1280), the reference panel (n = 65), males alone (n = 42), and females alone (n = 493). As 

mentioned above, all fish were eventually sexed, but at this stage only 602 fish had been sexed. 

Some individuals from this group were filtered out from the sex-specific LD plots due to lack of 

confidence during phenotype sexing. The boundary of the SAR was further defined based on 

additional LD analyses around gsdf. To test whether LD (R2) in the putative SAR was unusual, 

two 35,388 bp fragments from each of nine chromosomes (chromosomes 4, 8, 10, 12, 15, 17, 18, 
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19, 20) were randomly selected and surveyed for LD in comparison to the SAR. Standardization 

of centromere distance and recombination hotspots (Choo, 1998) were achieved through 

sampling of the end and middle of these chromosomes.  

 
Characterization of Genes in the SAR 

SNPs that differed in the LD blocks between X and Y chromosomes were identified 

using SAMtools v.1.20 and Interactive Genome Viewer v2.19.7. Seven individuals (5672A, 

8083, 8533, 2794A, 5645A, 9080, and 8823) from the reference panel were randomly selected. 

Reads from all seven individuals were mapped to a female reference genome. Using the SNP 

most significantly linked to sex from the GWAS with size, each sample was assigned male 

(heterozygous) or female (homozygous reference). Sexes were then confirmed from a previous 

study on the same individuals (Rubi et al., 2022). Once sex was assigned, SNPs in the LD blocks 

were filtered based on whether they were heterozygous only in male individuals. Heterozygous 

SNPs that were present in any of the females were not considered. From these putative Y-

specific SNPs, each was characterized based on gene, position in the gene, and type of mutation 

(nonsynonymous or synonymous).   
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Results 

Genome-Wide Association Studies 

We initially defined the SAR as a region that included gsdf and was associated with size 

(Fig. 2). This SAR was 35,388 bp long and spanned between positions 12,093,795 and 

12,129,183 on chromosome 14. This peak on chromosome 14 includes gsdf, the MSD gene in 

sablefish according to the study by Herpin et al. (2021). After acquiring sex data from 602 fish, a 

GWAS with sex yielded a significant peak on chromosome 14 and to a lesser extent 

chromosome 8 as shown in Figure 3A. The region on chromosome 8 exceeding the threshold of -

log(p) < 20 was tested for misassembly (Appendix A). After generating a new GWAS that took 

relatedness into account, the peak on chromosome 8 disappeared (Fig. 3B, credit: Zhaoze Liu). 

We attributed this observation to the inclusion of all-female broods generated from neo-male 

crosses in the sample. From these data, I established an approximate SAR of 35,388 bp on 

chromosome 14. 

12,100 K 12,110 K 12,120 K 12,130 K 

LOCI129102360 nup54 LOCI129102793 gsdf aff1 

Position 

- lo
g 1
0(

p)
 

Figure 2. SNPs significantly associated with size located on chromosome 14 according to a threshold of 

-log10(p) values greater than 20 (p £ 1x10-20) from a GWAS of 745 fish. Four exonic SNPs are 

highlighted in green; one exonic SNP in nup54, one in LOCI129102793, and two in gsdf. The MSD of 

sablefish, gsdf, is marked with a yellow star. These data were used to define an approximate SAR.  
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Figure 3. Genome-wide association study (GWAS) measuring significant association of 1 million SNPs 

to sex in 602 sablefish. (A) GWAS with sex. (B) GWAS with sex after relatedness was considered. 

(credit: Zhaoze Liu)  
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Results from Linkage Disequilibrium Analysis 

Linkage disequilibrium (LD) values between SNPs were used as a proxy for 

recombination suppression in the region defined by the size-GWAS (n = 745). Using 

LDBlockShow, a 200,000 bp window around the SAR was surveyed for LD in the imputed data 

from both sexes, reference panel from both sexes, male-only imputed data, and female-only 

imputed data. A block of LD around gsdf spanned a region of approximately 38,000 bp, which I 

refer to here as the SAR. This region covered the same five genes from our size-GWAS. Imputed 

data from both sexes (n = 1,280) showed background LD around gsdf with a peak around gsdf of 

approximately 38,000 bp. The reference panel yielded less background LD compared to the 

imputed data but showed high LD between SNPs in and around gsdf (Fig. 4B). The male-only 

plot (Fig. 4C) displayed weak background LD similar to that observed in pooled sexes with 

enhanced LD around gsdf. Furthermore, a second male-specific block of LD beside the defined 

SAR was evidenced by the comparison between male and female plots. This second block is 

approximately 40,000 bp long and includes aff1 and LOCI129102365, which is shown more 

clearly in Figure 5. The female-only plot (Fig. 4D) showed background LD comparable to that of 

both sexes (Fig. 4A) and lacked a peak near gsdf. The difference in size of SARs defined by 

GWAS (35,388 bp) and LD (38,000 bp) analyses can be explained by the arbitrary selection of a 

significance threshold (p £ 1 x 10-20)  in the GWAS and is further discussed in Appendix B. 

From this analysis, a SAR was determined based on evidence of recombination suppression 

around gsdf.  

  

  

 

 



 14 

 

Figure 4. LD heatmaps of a 200,000 bp fragment of chromosome 14 framing the SAR (n = 

1,280). Genes are labelled at the top of each heatmap, and gene positions are indicated in pink. 

Each pairwise calculation between SNPs indicates the tendency of two genotypes to have 

correlated genotypes; red boxes (high R2) indicate genotypes are inherited together frequently, 

whereas white boxes (low R2) indicate genotypes are unlikely to be inherited together. (A) Both 

sexes (n = 1,280). (B) Both sexes, reference panel (n = 65). (C) Male-only (n = 42). (D) Female-

only (n = 493). 
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Figure 5. LD heatmap of a 78,000 bp region between positions 12,090,700 and 12,169,700 on 

chromosome 14. LD was estimated using data from 42 male sablefish. Pairwise calculations are 

based on R2 values of SNP genotypes. Red squares (high R2 values) indicate strong linkage 

between SNPs, whereas white squares (low R2 values) indicate weak linkage between SNPs. The 

SAR is outlined in a green triangle (left), while the second male-specific LD block is shown in 

blue (right). Small segments of the chromosome in which average R2 > 0.85 are outlined in 

black. LD from both blocks is absent in the female-only plot.  

  

Sex-Associated Region 

R2 Colour Key 
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Using the SAR defined by the GWAS with size, LD was compared to the rest of the 

genome to determine whether the linkage observed was unusual. From the reference panel, I 

noted that LD in the SAR was significantly greater (p < 2.0 x 10-16) than LD from any other 

surveyed fragment of the genome (Fig. 6). In each region there were comparisons between SNPs 

that yielded high R2 values, but the average LD in the SAR was significantly higher (0.32 ± 0.01) 

than average R2 values from any other region. These data provide evidence for recombination 

suppression around gsdf.  
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Figure 6. Distribution of R2 values representing linkage in eighteen 35,388-bp fragments from 

nine chromosomes compared to the SAR (CHR14 SAR, marked by the yellow star). LD was 

estimated from 15x reference panel genotypes (n = 65). Data from 1x individuals were imputed 

(Methods), which has the potential to inflate LD. Chromosomes 4, 8, 10, 12, 15, 17, 18, 19, and 

20 were selected randomly and are listed on the x-axis. Each R2 value represents the likelihood 

of two SNPs to be inherited together. Fragments from the end or middle of each chromosome are 

included. Each box covers 50% of the R2 values in that region. Horizontal bars indicate the 

median of each region and outliers are indicated by points.  
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LOCI129102793, and gsdf. These genes function in protein tagging, nucleoporin structure, and 

stimulus perception (Table 1) (NCBI Genome, 2025). I looked for Y-specific SNPs in these four 

genes and two others (aff1 and LOCI129102365) from the second, weaker LD block identified 

from the male-specific analysis. 

 

Table 1. Four genes from the 38,000 bp SAR defined by LD on chromosome 14 of sablefish and 

their probable functions ascribed using NCBI Gene.  

Gene Name Protein Description Probable Function 

LOCI129102360 Lysosome membrane protein 2-like Protein targeting to lysosome, 

receptor-mediated endocytosis 

 

nup54 Nucleoporin 54 Nuclear pore organization, protein 

import into nucleus 

 

LOCI129102793 Serine/threonine-protein 

phosphatase with EF hands 2-like 

 

Detection of stimulus, triggers 

sensory cascade, MAPK cascade 

gsdf Gonadal somatic derived factor 

 

Growth factor and cytokine activity 

 

To identify Y-specific alleles, seven individual sablefish were isolated from the reference 

panel and sexed based on SNP12121039 in gsdf (Herpin et al., 2021). Based on SNP12121039, 

samples 5672A, 8083, 8533 were classified as males and 2794A, 5645A, 9080, and 8823 were 

marked as females. These reference panel individuals happened to have been used in a parental 

analysis study (Rubi et al., 2022), so I was able to confirm these genotype-based classifications. 

The study used to confirm these classifications did not included sample 8533 but affirmed all 

other classifications.  

Using these seven individuals, I identified Y-specific alleles in genes from the SAR and 

adjacent male-specific block of LD (six genes in total). In the SAR, a total of 200 SNPs were 

recorded. From these SNPs, I identified 40 Y-specific SNPs, including 35 intronic, four exonic, 

and one nonsynonymous mutation. In gsdf alone, 16 SNPs were identified. Two were exonic and 
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one was nonsynonymous for a phenylalanine to leucine mutation. Both exonic SNPs in gsdf 

identified by this analysis correspond to those found in the study by Herpin et al. (2021). Then, 

genes in the second block of LD (Fig. 5, outlined in blue) were characterized. One 

nonsynonymous Y-linked SNP was identified in aff1 (AF4, FMR2 family, member 1) at position 

12,143,189 and causes a serine to leucine change in exon 11. Using the sexes of individuals from 

the reference panel, I identified positions of Y-linked SNPs in and around the SAR. 
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Discussion 
 

Rondeau et al. (2013) mapped the MSD of sablefish, gsdf, to a region of chromosome 14. 

In a 300-locus genotype panel, Liu et al., (2026) showed that SNPs in the region were 

significantly associated with growth rate. At this point, there was little information on the 

surrounding region and development of a SAR. These analyses were expanded here by the 

analyses of SNP data generated from whole-genome sequencing. Sequencing, sex, and size data 

were used to define a SAR around gsdf and characterize Y-specific alleles that have been taken 

up by the SAR via recombination suppression.  

The analyses of approximately 1 million SNPs allowed us to define a chromosome 14 

size-associated region that was used as a proxy for a SAR. The size-associated region spanned 

35,388 bp and contained four genes (LOCI129102360, nup54, LOCI129102793, and gsdf). Other 

than gsdf, none of these genes are known to act as a MSD in other species. Gsdf acts as a MSD in 

other fish species including medaka (Oryzias luzonensis) (Myosho et al., 2012; Zhang et al., 

2016) and Atlantic halibut. In medaka, a 4-bp insertion in the male copy of gsdf cause a 

frameshift and result in a non-functional protein product (Zhang et al., 2016). Interestingly, the 

loss of gsdfY triggers femaleness in the medaka O. luzonensis, whereas the overexpression of 

gsdfY in sablefish causes maleness (Herpin et al., 2021; Zhang et al., 2016). In Atlantic halibut, a 

TE insertion upstream of gsdf, similar to sablefish, upregulates expression in males during 

development (Edvardsen et al., 2022). 

LD analyses of the SAR carried out for all samples and then separately for males and 

females provided stronger evidence for recombination suppression on the Y chromosome. As 

shown in Figure 4, when sexes were evaluated separately, LD was enhanced for the male-only 

cohort and decreased in the female-only cohort. This aligns with the hypothesis that direct 

recombination suppression is restricted to the Y chromosome and has a smaller effect on the X 

chromosome. Furthermore, separating males and females revealed male-specific LD beyond the 

38,000 bp region. A second block of LD adjacent to the defined SAR of approximately 40,000 

has stronger LD in the male-only plot (Fig. 4C) than the female-only plot (Fig. 4D) but was not 

included in the SAR due to weak linkage to the first block of LD. This fragment that includes 

aff1 and LOCI129102365 may indicate a fragment of chromosome 14 that is currently 

integrating into the SAR or recombination being restored in a larger LD block.  
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The imputed dataset and reference panel yielded 84 and 200 SNPs in the SAR, 

respectively, due to higher read depth and genetic diversity of wild-caught samples in the 

reference panel. While the GWAS can be used to tentatively define a SAR, a GWAS alone 

should not inform the size of a SAR. Significant association to sex might be an artifact of the 

initial sex-determining mutation, which will immediately have linkage to all alleles on the new 

sex chromosome. It is therefore important to use LD in conjunction with GWAS to clarify 

biological processes around the MSD. This is further discussed in Appendix B.  

To identify Y-specific alleles, five genes around gsdf were searched for Y-specific SNPs 

in seven individuals with high-quality genomes. The genotype at SNP12121039 was used to sex 

individuals. While nonsynonymous, this SNP is not directly responsible for sex determination. 

The insertion most strongly associated with sex determination is 936 bp upstream of gsdf.  

Therefore, while there was significant association in the GWAS between the SNP and size, 

recombination suppression in the area, and association of the SNP with gsdfY (Herpin et al., 

2021), it may not be an absolute indicator for sex. Confirmation of sexes for all but one 

individual improved confidence in sexing (Rubi et al., 2022). Another assumption was that Y-

specific SNPs were indicated by heterozygosity in males were absent (homozygous reference) in 

females. The SNPs identified using this method, particularly the nonsynonymous SNP in aff1, 

are not fixed to gsdfY or would display a stronger association on both GWAS. This being said, 

the nature of a nascent SAR is that alleles in the proximity of the MSD are not immediately fixed 

to each other but become fixed as recombination suppression progresses. From these data, we 

can monitor the SAR for suppressed recombination via fixation of Y-specific SNPs to gsdfY and 

appearance of new Y-specific SNPs at more distant loci.  

 

Association to Sex via Neo-Males 

From our LD analysis, a 38,000 bp SAR was identified on chromosome 14 and a smaller 

peak was identified on chromosome 8. The second SAR was explored as a genome assembly 

error or a second sex-determining locus but was attributed to the use of neo-males in production 

of some samples. Neo-males are genetically female (XX) fish that are treated using 

methyltestosterone hormones early in development and thus develop male reproductive organs 

(Luckenbach et al., 2016). When neo-males are crossed with wild type females (XX), they 

produce all female offspring (Fig. 7). Our samples did not include neo-male fish. The 
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commercial basis of preferential female breeding is the larger size of females. Crosses of this 

method produced many of the samples at Golden Eagle Sablefish and likely explain the observed 

linkage to sex on chromosome 8. If an allele was present in either parent of a cross between a 

neo-male and female, only females would ever inherit that allele. This creates artificial 

association with sex in a GWAS because the allele only appears in females, but is not sex-

determining and has no bearing on femaleness. The synteny analysis (Appendix A) showed that 

an assembly error was unlikely and characterization of genes (i.e. mylk4b) in the chromosome 8 

SAR revealed no history in sex determination. The lack of association with sex determination in 

current literature supported the conclusion the chromosome 8 SAR was an artifact of neo-male 

breeding (Fig. 7). 

 

Figure 7. Sex association due to breeding of neo-males. A cross between a XX wildtype female 

and a XY male (left) results in offspring that are 50% males and 50% females. A cross between a 

XX wildtype female and hormone-treated neo-male (XX) with male reproductive organs results 

in only female offspring (right). If a unique allele appears in either parent in the latter case, that 

allele will be associated with sex (females) in the progeny. 
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Characterization of Genes in the SAR 

Although none of the three genes in the SAR defined by LD have known roles as MSDs 

in other species, nup54 is notably expressed in developing ovaries of zebrafish and medaka 

(Gautier et al., 2011). Furthermore, genes around gsdf are conserved phylogenetically in fishes 

and are considered an example of functional clustering in the genome (Gautier et al., 2011). Of 

genes in the cluster, gsdf is the only gene that is upregulated in testis. Other genes in the cluster, 

including nup54, are highly expressed in previtellogenic oocytes and associated with ovary 

development (Gautier et al., 2011). This being said, some genes identified in our survey such as 

LOCI129102360 and LOCI129102793 are not mentioned by Gautier et al. (2011) as genes 

involved in the development of sexual organs (Gautier et al., 2011). Genes just outside the SAR, 

aff1 and LOCI129102365, may be integrating into the SAR, evidenced by male-specific LD and 

a Y-specific nonsynonymous SNP found in aff1. Aff1 was mentioned in the study by Gautier et 

al. (2011), along with nup54, as a gene directing ovary development in zebrafish. Furthermore, 

the functional cluster of sex-related genes in zebrafish and medaka includes others such as klhl8, 

sdad1, and ptpn3 (Gautier et al., 2011), which are just beyond male-specific linkage observed 

here. Interspecific genes involved in sexual development are functionally similar and are likely 

integrated in signalling cascades associated with sexual development. The fragment of 

chromosome 14 that includes aff1, LOCI129102365,  klhl8, sdad1, and ptpn3 should be 

monitored for stronger association to the SAR.  

The possibility that sexual antagonism has promoted recombination suppression cannot 

be excluded and is worthy of further inquiry. That is, it is possible that alleles in the SAR 

(LOCI129102360, nup54, LOCI129102793 and gsdf) serve sex-specific functions that benefit 

one sex but not the other. While there were few nonsynonymous SNPs identified in the SAR, 

intronic SNPs (35 of which were identified) may affect transcriptional regulation and favor one 

sex, thus allowing sexual antagonism to suppress recombination. However, the converse is also 

possible that recombination suppression is occurring independently of sexual antagonism and 

another selective pressure is driving expansion of the SAR, such as accumulation of transposable 

elements. If the LD observed here reflects a growing SAR, the hotspot of recombination between 

the two LD blocks implies that recombination suppression may spread in a discontinuous pattern 

rather than a gradual, stepwise manner.  
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The nonsynonymous, Y-specific SNP identified on aff1 might be an example of gradual 

incorporation of distant alleles into the SAR via recombination suppression. The family of 

proteins that includes aff1 (AF4/FMR2) is known to regulate RNA transcript elongation through 

a RNA super elongation complex. Interestingly, deficiencies of these genes in humans are 

deleterious and result in disease including intellectual disability (Voisin et al., 2021) and acute 

leukemia (Tamai et al., 2017). Furthermore, knockouts of other proteins expressed in the RNA 

super elongation complex reduce stress tolerance in zebrafish (Liu et al., 2023). While the 

function of aff1 in sablefish may be different from that observed in humans or zebrafish, it is 

possible that an amino acid change is deleterious. Biochemically, it would be informative to 

determine what effect, if any, the leucine/serine change has on the protein function and survey 

homologous genes to determine whether this is a highly conserved position.  

 Beyond functional analyses of these Y-specific alleles, it would also be interesting to 

repeat a sex-related GWAS now that sexes of all 1,280 fish are known. Using this GWAS, we 

would be able to assign a threshold for significance and compare the sex-linked region and the 

size-linked region to determine whether they encompass different genes. Furthermore, it is now 

possible to repeat LD analyses using larger sample groups to affirm the SAR boundaries.  

Characterization of SARs in non-model species contributes to our understanding of sex 

chromosome evolution. In this project, a 38,000 bp SAR in sablefish was defined and 

characterized using GWAS and LD analyses. The SAR spans four genes, all of which were 

surveyed for allelic association with the Y-chromosome. A second block of male-specific LD 

was identified that covers two genes, which is separated from the SAR by a recombination 

hotspot. Y-specific SNPs from all six genes were characterized based on their position. Notably, 

one Y-linked nonsynonymous SNP in aff1 was identified. This, and intronic SNPs, should be 

further explored as sexually antagonistic alleles. Furthermore, genes associated with sexual 

development such as nup54, aff1, klhl8, sdad1, and ptpn13 should be monitored for integration 

into the SAR. If expansion of the SAR should continue with gsdf as the MSD, recombination 

suppression may eventually cover most of the Y chromosome and allow degradation of genes on 

the Y chromosome. Using the sex-linked alleles and SAR characterized in this study, the rate of 

expansion and fixation of the SAR around gsdf can be quantified. Furthermore, it will be 

interesting to explore the selective basis for recombination suppression in sablefish, along with 

the ecological and epigenetic factors that influence the evolution of sex chromosomes.  
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Appendix A. Synteny Analysis of the SAR on Chromosome 8 

Synteny Analysis 

Positional conservation of genes on and around the chromosome 8 SAR across species 

was analyzed to determine whether the significant peak on chromosome 8 was caused by 

misassembly. Genes within the chromosome 8 SAR (mylk4b, serpinb1, and pycr3), outside the 

chromosome 8 SAR but on chromosome 8 (gmds, exoc2, infr4l, nos1apa, rgs16, brinp3a.1, 

aspm), and in the chromosome 14 SAR (gsdf, aff1, nup54) were surveyed in eight species (3 

spine stickleback, Atlantic salmon, amur stickleback, giant grouper, Atlantic cod, zebrafish, 

lumpfish, and rockfish) to determine if positions were conserved on respective chromosomes. 

Initially, positions of genes in chromosome 8 and chromosome 14 SARs were compared to 

identify if they co-occurred (on the same chromosome, indicates misassembly) or separately (on 

separate chromosomes, indicates no misassembly). Then, genes inside and outside the 

chromosome 8 sex-linked region were surveyed based on whether they occurred together.   

For our initial analysis (Table A1), chromosomal locations of genes in the chromosome 8 

and 14 SARs were compared to determine if a fragment of chromosome 14 had been 

misassembled onto chromosome 8 and ancestral linkage was maintaining the peak on 

chromosome 8. Genes in the chromosome 8 SAR (mylk4b, serpinb1, and pycr3) appeared 

together in all species except for Atlantic salmon, in which mylk4b is found on chromosome 13 

and pycr3 on chromosome 10. Genes surveyed from the chromosome 14 region (gsdf, nup54, 

and aff1) all appeared on the same chromosome. While there may be exceptions to observed 

synteny for cases in which search results were sparse (for example, two of three genes in the 

CHR14 SAR were not in Atlantic salmon or Atlantic cod), these data were considered sufficient 

to consider misassembly unlikely.  

Our second analysis (Table A2) compared genes inside the chromosome 8 sex-linked 

region (mylk4b, serpinb1, and pycr3) to genes surrounding the region (gmds, exoc2, nos1apa, 

and rgs16) to determine if the chromosome 8 fragment had been misassembled. Homologs under 

different names were located using NCBI BLAST. All genes surveyed from outside the sex-

linked region on chromosome 8 co-occurred with genes inside the region with the exception of 

nos1apa and rgs16 homologs in the giant grouper. Therefore, an assembly error involving the 

misassembly of the chromosome 8 SAR was unlikely.  
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Table A1. Synteny analysis of genes in the chromosome 8 SAR and chromosome 14 SAR in 

lumpfish, rockfish, amur stickleback, three-spine stickleback, Atlantic salmon, giant grouper, 

Atlantic cod, and zebrafish. The label “-” indicates no result from a NCBI gene search using the 

name indicated (as labeled in the sablefish genome), and multiple results from the gene search 

are indicated using “/”. 

 CHR8 SAR CHR14 SAR 
Species mylk4b serpinb1 pycr3 gsdf nup54 aff1 

Sablefish 8 8 8 14 14 14 
Lumpfish 4 4 4 12 12 12 
Rockfish 5 5 5 19 19 19 

Amur stickleback 3/8 8 8 14 14 14 
Three-spine stickleback 8 - 8 14 14 14 

Atlantic salmon 13 - 10 - 1 - 
Giant grouper 21 13/21 21 17 17 17 

Atlantic cod 12 12 12 - 4 - 
Zebrafish 20 20 20 21 21 21 

 
 
Table A2. Synteny analysis between genes in the chromosome 8 SAR and genes outside the 

chromosome 8 SAR in lumpfish, rockfish, three-spine stickleback, amur stickleback, Atlantic 

salmon, giant grouper, Atlantic cod, and zebrafish. Genes with no result are marked by “-” and 

genes that had paralogs on separate chromosome are indicated with “/”.  

 Inside CHR8 SAR Outside CHR8 SAR 
Species mylk4b serpinb1 pycr3 gmds exoc2 nos1apa rgs16 

Sablefish 8 8 8 8 8 8 8 
Lumpfish 4 4 4 4 4 4 4 
Rockfish 5 5 5 5 5 - - 

Three-spine stickleback 8 - 8 8 8 8 - 
Amur stickleback 3/8 8 8 8 8 8 8 

Salmon 13 - 10 10 - 10 10 
Giant grouper 21 13/21 21 5 5 6 6 

Atlantic cod 12 12 12 12 12 12 12 
Zebrafish 20 20 20 20 20 6 6 
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Appendix B: Theoretical use of GWAS alone to determine SAR 

 

While a SAR is defined by linkage to a MSD gene, it is important to supplement GWAS 

data with LD data as evidence for a SAR. Sex chromosome evolution begins with the occurrence 

of a mutation in a MSD gene on an autosome. Any allele on that chromosome will immediately 

become linked to sex, with especially strong linkage to the MSD gene in rare alleles. If the new 

MSD gene persists, it spreads through the population with hitchhiking alleles on the rest of the 

chromosome. Recombination gradually separates physically distant loci, but LD with nearer 

alleles is maintained. If a GWAS with sex were applied to the population at this point, there 

would be a wide peak of significance around the MSD gene. This peak would not be a true SAR 

as recombination suppression would not be present. However, recombination suppression is 

impossible to elucidate using a GWAS alone and introduces the need for LD analysis, which 

indicate chromosomal linkage independent of phenotype. The evolution of LD in the first stages 

of sex chromosome evolution are illustrated in Figure B1.   

Figure B1. Theoretical progression of LD about a sex-determining locus immediately after the 

appearance of an MSD gene. One result from this project is that a peak in a GWAS does not imply a 

nascent sex-determining region. Instead, GWAS data must be used in conjunction with LD to identify 

a young sex-associated region.  

time 
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After the MSD gene has covered the population, the vast majority of loci outside the 

MSD will be unlinked to sex. This is the case in pufferfish, in which there are no loci linked to 

sex other than the MSD gene itself (Kamiya et al., 2012). For our study, GWAS data was used 

with LD analysis to determine a SAR. Due to the narrow peak of significantly linked SNPs in the 

SAR, high R2 values between SNPs in the region, and isolation of significant association to 

males, we determined that sablefish have a nascent SAR instead of association as an artifact of 

recent acquisition of a MSD gene. 


