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1  |  INTRODUC TION

Sexual reproduction is common to all major animal lineages, and na-
ture has evolved a great diversity of mechanisms to produce distinct 
sexes, both within and among animal taxa. The mechanisms under-
lying sex determination (SD) may be genetic (GSD), environmental 
(ESD) or some combination of both (Bachtrog et al.,  2014). Even 
among organisms with GSD, there is substantial diversity owing to 
the many independent origins of sex chromosomes across the tree 
of life (Mank et al.,  2006; Pokorná & Kratochvíl,  2009; Renner & 
Ricklefs, 1995). Most familiar among GSD mechanisms is heterog-
ametic sex determination (HSD), in which the presence or absence 
of a particular sex chromosome drives gonadal differentiation. 

While eutherian mammalian males are heterogametic (XY), in birds 
and moths (among many others) females are the heterogametic sex 
(ZW), whereas males are homogametic. These systems have be-
come nearly fixed in their clades, giving the impression of HSD as 
an ultimate and inevitable outcome of sex chromosome evolution. 
However, many taxa possess sex-determining regions or chromo-
somes which are not fixed and which turn over frequently on an evo-
lutionary timescale (Bachtrog et al., 2014). This evolutionary lability 
allows us to understand the origin of SD systems by examining sex 
determining regions at different stages of differentiation.

The classical philosophy surrounding the evolution of HSD sug-
gests a logical series of steps (Kratochvíl et al., 2021; Muller, 1964; 
Ohno,  1967). First among these is the acquisition of a master sex 

Received: 31 January 2023  | Revised: 21 July 2023  | Accepted: 25 July 2023

DOI: 10.1111/mec.17090  

O R I G I N A L  A R T I C L E

Rapid turnover and evolution of sex-determining regions in 
Sebastes rockfishes

Nathan T. B. Sykes1  |   Sree Rohit Raj Kolora2 |   Peter H. Sudmant2,3 |   
Gregory L. Owens1

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in 
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. Molecular Ecology published by John Wiley & Sons Ltd.

1Department of Biology, University 
of Victoria, Victoria, British Columbia, 
Canada
2Department of Integrative Biology, 
University of California, Berkeley, 
California, USA
3Center for Computational Biology, 
University of California, Berkeley, 
California, USA

Correspondence
Gregory L. Owens, Department of 
Biology, University of Victoria, Victoria, 
BC, Canada.
Email: grego@uvic.ca

Funding information
Natural Sciences and Engineering 
Research Council of Canada

Handling Editor: Maren Wellenreuther

Abstract
Nature has evolved a wealth of sex determination (SD) mechanisms, driven by both 
genetic and environmental factors. Recent studies of SD in fishes have shown that 
not all taxa fit the classic paradigm of sex chromosome evolution and diverse SD 
methods can be found even among closely related species. Here, we apply a suite 
of genomic approaches to investigate sex-biased genomic variation in eight species 
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chromosome-level rockfish genomes, we leverage published sequence data to iden-
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putative male sex chromosomes in S. diaconus, a single putative sex chromosome in 
the sibling species S. carnatus and S. chrysomelas, and an unplaced sex determining 
contig in the sibling species S. miniatus and S. crocotulus. Our study provides evidence 
for disparate means of sex determination within a recently diverged set of species 
and sheds light on the diverse origins of sex determination mechanisms present in the 
animal kingdom.
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determining (MSD) gene, an allele which may itself play a key role is 
testis differentiation or modulate expression at other loci. However, 
to evolve from a single mutational difference between sexes to 
highly differentiated sex chromosomes, recombination between 
haplotypes containing differing sex determining alleles needs to 
be suppressed. Without this second step, any linkage between 
additional mutations and the MSD, including sexually antagonistic 
loci, will inevitably decay. Without recombination suppression, ge-
netic differentiation between sexes would remain limited to one or 
more mutations that directly control sex, rather than a larger, non-
recombining, sex-specific region.

There are several models for how recombination suppression can 
evolve and what consequences might ensue (Wright et al., 2016). For 
instance, the sexual antagonism model suggests selection against 
recombination around the MSD and linked genes with sex-specific 
effects leads to sex-specific supergenes. These gene complexes are 
passed to offspring as a unit, who then simultaneously inherit a suite 
of tightly linked, sex-specific adaptations. While the sexual antago-
nism model is broadly supported by theory (Rice, 1987; van Doorn 
& Kirkpatrick, 2007) and evidence (Gibson et al., 2002; Rice, 1992; 
Zhou & Bachtrog, 2012), Ponnikas et al. (2018) note that recombina-
tion suppression may be overly attributed to such conflict. Additional 
mechanisms and rationale for recombination suppression in young 
sex chromosomes have been proposed. These include: (1) selfish 
elements within X chromosomes (Jaenike, 2001), which distort sex 
ratios by supressing or eliminating Y-linked alleles (2) heterozygote 
advantage (Charlesworth & Wall, 1999), whereby individual fitness 
is improved by masking deleterious recessive mutations in non-
recombining regions and (3) random accumulation of mutations or 
chromosomal structural variants (genetic drift; Charlesworth et al., 
1987). Another plausible explanation for reduced recombination in-
volves mutations to transcription factor binding sequences, outside 
the protein-coding region, which can rapidly result in highly specific 
heterochiasmy (i.e. sex-specific recombination) within populations 
(Kong et al., 2010). Whatever the mechanism of recombination sup-
pression, the differentiating, heterogametic sex chromosome exhib-
its weakened selection against deleterious alleles due to reduced 
recombination.

The accumulation of mildly deleterious alleles can deactivate 
genes on the Y chromosome, leading to reduced positive selection in 
maintaining those regions and an overall size reduction through the 
Y-degeneration process (Bachtrog,  2013). This one-way trajectory 
can result in a relatively stable sex chromosome over a short period 
of evolutionary time but leaves a degenerated chromosome vulnera-
ble to loss from the genome over longer timescales, and a turnover in 
the sex determining region. One model to explain this loss is Muller's 
ratchet, summarized by Charlesworth & Charlesworth  (2000) as a 
stepwise, stochastic loss of the Y chromosomes carrying the least 
deleterious load, in which each loss results in the fixation of one or 
more deleterious alleles in the population (Muller, 1932). As a result, 
the Y chromosomes in circulation within the population become in-
creasingly impaired in their function. This mechanism is especially 
plausible in small populations but may also act over a relatively 

short period of evolutionary time even when populations are large 
(Gessler, 1995). Several studies have shed light on the fates of degen-
erated Y (or W) chromosomes in some lineages. These include fusion 
of a degenerated Y with the X in creeping voles (Couger et al., 2021) 
and sex chromosome recycling in Japanese wrinkled frogs (Ogata 
et al., 2022), wherein new sex chromosomes are cobbled together 
from autosomal sex-biased genes, themselves having been dissem-
inated throughout the genome in the degradation of a predecessor 
(described in Graves, 2005). These examples describe translocation 
of SD genes throughout the genome, without changes to the under-
lying mechanism. Perhaps a truer example of SD turnover is found in 
the Amami spiny rat (Terao et al., 2022), whose Y-degeneration led 
to the loss of male-determining SRY, and its de facto replacement 
by a duplicated autosomal Sox9 enhancer. These examples highlight 
that both the genesis of de novo sex-determination mechanisms 
and the reuse or retooling of existing genomic SD infrastructure are 
commonplace in nature.

While sex determining regions are highly variable, MSD genes 
are often convergent and frequently involved in testis differentia-
tion (Marshall Graves & Peichel,  2010). Indeed, a ‘limited options’ 
hypothesis has been proposed to explain the convergence of SD 
genes among vertebrates, owing to the small number of genes as-
sociated with this role. Among these are the androgen receptor (ar), 
Anti-Mullerian hormone (amh), Doublesex and mab-3 related tran-
scription factor (dmrt1), and sox-3/SRY genes (Kratochvíl et al., 2021; 
Marshall Graves & Peichel, 2010). Their critical role in gonadal devel-
opment makes these genes susceptible to cooption as MSD, as rare 
gain-of-function mutations can easily tip the scales by promoting 
differentiation to one sex or disabling the other.

The classical model fits taxa with relatively ancient and con-
served HSD but a growing body of evidence in other taxa, without 
fixed SD, points to a higher flexibility in the evolution of sex chromo-
somes (Kratochvíl et al., 2021; Li & Gui, 2018). Among vertebrates, 
teleost fishes exhibit the most variability in sex-determination 
mechanisms (Bachtrog et al., 2014). This includes ESD, as in many 
flatfishes (Luckenbach et al.,  2009), socially or environmentally 
driven sequential hermaphroditism in gobies (Sunobe et al., 2017), 
variable MSD in several clades including salmonids, halibut and tuna 
(Chiba et al., 2021; Edvardsen et al., 2022; McKinney et al., 2020). 
Here, we define ESD as the singular determination of sex by some 
abiotic factor (such as temperature or salinity) to the exclusion of 
environmentally induced sex reversals.

The strongest evidence for lability in SD regions can be found 
in taxa with newly or only slightly differentiated sex chromosomes. 
One such example was recently discovered in cichlid fishes (El Taher 
et al., 2021), whose SD locus is highly labile on short evolutionary 
timescales. Cichlids comprise an estimated 3000 species, over 200 
of which underwent analysis for SD mechanisms in the study by El 
Taher et al. (2021). The study found evidence for frequent turnovers 
in poorly differentiated sex chromosomes, sex chromosome fusions 
and other large-scale rearrangements, as well as some convergent 
and well-conserved sex-linkages in some clades. The highly vari-
able origin, breadth, and position of these sex-linked regions within 
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cichlids demonstrates the ephemeral nature of SD in taxa without a 
fixed mechanism.

Sebastes, a highly speciose genus of rockfish, underwent rapid 
speciation in the Pacific Ocean (Mangel et al., 2007). Among north-
west Pacific rockfish, three species have been found to possess a 
duplicated amh, acting as an MSD gene (Song et al., 2021). The re-
dundancy conferred by a gene duplication is a prime candidate for 
neofunctionalization (Edgecombe et al.,  2021). Several indepen-
dent duplications of amh among teleost fish have indeed acquired 
sex-determining functions (Hattori et al.,  2013), examples include 
tilapia (Liu et al.,  2022), stickleback (Jeffries et al.,  2022), and ayu 
(Nakamoto et al.,  2021). The study by Song et al.  (2021) notably 
failed to attribute the same MSD mechanism to a handful of north-
east Pacific rockfish, indicative of variable SD systems within a sin-
gle, recently speciated genus.

Recent genome sequencing of over 80 species of Pacific rock-
fishes (Kolora et al., 2021) permits chromosome mapping and analy-
sis of previously published sequence data. While previous analysis of 
this work identified sex-linked markers, without the genomic context 
they could not identify the size of the sex determining regions, or 
the relative position between species (Fowler & Buonaccorsi, 2016; 
Vaux et al., 2019). This work is also applicable to fisheries biologists 
who require non-invasive sex determination methods for rockfish. 
If sex determining regions were conserved across Sebastes, this 
would suggest the potential for a single cross-species sex marker. 
Conversely, highly variable sex determining regions suggests the 
need for species specific markers.

Here, we leverage previously published Restriction site 
Associated DNA sequencing (RADseq) data for eight species of 
Pacific rockfish to identify putative regions responsible for SD. We 

make use of a novel high throughput approach, as well as traditional 
variant calling methods, to identify genomic variation associated 
with sex. Additionally, we assemble a phylogeny of whole gene se-
quences for amh in Pacific rockfish including 78 Sebastes spp. and 
close relatives, to place the duplication in evolutionary context and 
identify species for further investigation of amh as the MSD gene.

2  |  MATERIAL S AND METHODS

2.1  |  Data acquisition

Previously published RADseq data were publicly available from 
NCBI for eight species of Sebastes (Table 1). These included the go-
pher (S. carnatus) and black-and-yellow (S. chrysomelas) rockfishes 
(Fowler & Buonaccorsi,  2016), sunset (S. crocotulus) and vermillion 
(S. miniatus) rockfishes (Longo et al., 2022), bocaccio (S. paucispinis), 
canary (S. pinniger) and yelloweye (S. ruberrimus) rockfishes (Andrews 
et al., 2018) and deacon (S. diaconus) rockfish (Vaux et al., 2019). All 
samples of gopher, black-and-yellow, sunset, vermilion and deacon 
rockfish were sexed by dissection. Canary, bocaccio, and yelloweye 
samples were sampled using non-lethal methods and sexed visually 
when distinguishable by collectors. As our analyses relied on sexed 
sequence data, unsexed samples were omitted. Additionally, the ad-
mixture analysis of sunset and vermillion rockfish, from which our 
data was sourced, found evidence of several putative hybrid indi-
viduals in their dataset, which were also omitted from our analysis. 
Files containing the accession numbers and sexes of all samples used 
in this study may be found on the github repository for this paper 
(github.com/ntbsy​kes/rockf​ish_sex).

Species Males Females Total
NCBI 
Accession #

Gopher rockfish (Sebastes 
carnatus)

10 10 20 PRJNA307574

Black-and-yellow rockfish 
(Sebastes chrysomelas)

13 7 20 PRJNA307574

Sunset rockfish (Sebastes 
crocotulus)

39 44 83 PRJNA721730

Deacon rockfish (Sebastes 
diaconus)

29 74 103 PRJNA560239

Vermilion rockfish (Sebastes 
miniatus)

42 32 74 PRJNA721730

Bocaccio rockfish (Sebastes 
paucispinis)

9 4 13 PRJNA451040

Canary rockfish (Sebastes 
pinniger)

24 30 54 PRJNA451040

Yelloweye rockfish (Sebastes 
ruberrimus)

79 62 141 PRJNA451040

Note: Our study comprises eight total species from four previously published datasets. Sample 
sizes and sex ratios varied between species. Lists of the sexed samples used in this study may be 
found at github.com/ntbsy​kes/rockf​ish_sex.

TA B L E  1  Summary of sample species.
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2.2  |  Identification of sex biased genomic regions

To identify sex-biased markers, we first used RADSex (Feron 
et al.,  2021; RADSex version 1.2.0). RADSex compares identical 
RADseq reads to assess presence or absence of markers in each 
individual and calculates the number and distribution of markers 
based on read depth. Unaligned sequences in FASTQ format were 
fed into RADSex alongside a table containing sample accession 
numbers and sex, with Bonferroni statistical correction disabled. 
Yates' correction for continuity was left in place for all analyses, 
as some species had low sample numbers (n < 30). After identifica-
tion, markers were mapped to species-specific reference genomes, 
when available (Kolora et al.,  2021). In the cases of S. crocotulus 
and S. chrysomelas, for whom genomes were unavailable, markers 
were mapped to those of their sibling species, S. miniatus (diverged 
<5Mya) and S. carnatus (diverged <2.5 Mya), respectively. All refer-
ence genomes used were generated using Illumina sequence data 
and scaffolded against the chromosome-level S. aleutianus genome 
using RagTag (Alonge et al., 2021). This common scaffolding means 
that positions are roughly syntenic between the genomes and allows 
for easy comparison.

For use in a traditional variant calling pipeline, the se-
quences were mapped to the above reference genomes with the 
Burrows-Wheeler aligner (Vasimuddin et al.,  2019; bwa-mem2 
version 2.2.1), read groups were appended with Picard (Broad 
Institute,  2019; Picard Toolkit version 2.26.3), converted to 
BAM and sorted with samtools (Danecek et al.,  2021; samtools 
version 1.13).

We then used freebayes (Garrison & Marth,  2012; freebayes 
version 1.3.5) to call variants individually, producing a separate VCF 
(variant call file) for each scaffold, parallelized with GNU parallel 
(Tange, 2011). When calling S. diaconus variants, spikes in computa-
tional resource allocation required further separation of scaffolds 
for chromosomes 13, 19 and 20 into 5 Mbp subsections. All inter-
mediate VCFs were then sequentially combined into a single file for 
each species.

Custom Perl scripts were used to compute variation between 
the sexes using three metrics: (1) presence/absence of individual 
loci (missing data), (2) allele frequency and (3) heterozygosity at each 
locus. Our scripts included Pearson's chi-square test of indepen-
dence with Yates' correction for continuity, for a likewise comparison 
with RADSex outputs. All scripts used in analysis are included in a git 
repository (github.com/ntbsy​kes/rockf​ish_sex).

To visualize the results, we calculated the proportion of mark-
ers with a p-value < 0.005 for all test statistics across a sliding 250 
SNP window (Figure  1; Figures  S1–S8). Given our relatively small 
sample size and high marker number, it is unlikely for any individ-
ual marker, in some species, to reach statistical significance using 
traditional genome-wide association (GWA) thresholds. With the 
sliding window, we instead identified regions with unusually high 
concentrations of near-significant markers, which is indicative of sex 
differentiation.

For further investigation of two sex-determining regions in S. di-
aconus, we compiled a list of the most significant loci with a higher al-
lele frequency in males (−log(P) ≥ 20). After isolating these sites using 
vcftools (vcftools version 1.13; Danecek et al., 2021), we used R (R 
version 4.1; R Core Team, 2021) to plot the genotype at each locus 
and mean number of male-biased alleles for all samples (Figure 2).

2.3  |  Mapping canary, sunset and vermillion 
rockfish data to higher quality genomes

The initial Illumina-sequenced and RagTag-assembled genomes 
used for alignment provide a common order for identifying shared 
regions but are lower quality than de novo assembled long-read 
genomes. We leveraged two high quality reference genomes 
for more accurate alignment of three species' datasets: S. pinni-
ger (GCA_916701065.2), S. miniatus and S. crocotulus (the latter 
two both aligned to the S. miniatus genome GCA_916701275.1). 
We then used NCBI blastn (Camacho et al., 2009; blast+ version 
2.12.0) to compare the nucleotide sequence of observed peaks 
detected by the previous alignment. Finally, to characterize the 
extent of differentiation at these loci, we applied a similar ap-
proach to our isolation of sex-biased loci in S. diaconus (this time-
log(P) ≥ 7; Figure  3b), extracted read depth at each locus using 
bcftools (Danecek et al.,  2021; bcftools version 1.13) and aver-
aged the read depth by sex across the entire unplaced contig, tak-
ing the difference (Figure 3c).

2.4  |  Assembly of amh phylogeny in 
Sebastes and their relatives

Coding sequences for S. schlegelii amha and amhy were acquired 
from NCBI (MW591742, MW591743) (Song et al., 2021) and queried 
against 88 rockfish genomes (Kolora et al.,  2021) and three-spine 
stickleback (GAculeatus UGA version5) using blastn in command-
line, yielding matches on exons. We parsed the BLAST results in R to 
determine gene start and end position, as well as coding strand. We 
then used samtools faidx to extract the whole gene sequence for all 
copies of amh in each species.

These were aligned with MUSCLE multiple sequence alignment 
tool (Edgar, 2004). The alignments were manually checked in BioEdit 
7.2.5 (Hall,  1999). Finally, a maximum likelihood phylogeny of all 
gene copies was produced in iqtree 1.6.2 (Nguyen et al., 2015) using 
default parameters and 1000 bootstrapping replicates. The result-
ing gene phylogeny was visualized in Figtree 1.4.4 (Rambaut, 2018; 
Figure 4). Given the expected sex-linkage of amhy, we would not ex-
pect to detect its sequence in genomes assembled from female sam-
ples. A majority of the genomes used were not sexed, so we cannot 
tell if the lack of an amhy gene indicates that it is not present in the 
species or if the sample was female. We emphasize that this exercise 
was undertaken to identify the timing of the duplication and not to 
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exhaustively document the persistence of amh/amhy orthologs in 
Sebastes lineages.

2.5  |  BLAST queries for ‘usual suspect’ sex 
determination genes

We wanted to determine the location of ‘usual suspect’ SD genes 
in our study species and assess whether these genes occurred near 
any sex-biased regions. To accomplish this, we used command-line 
BLAST to query FASTA sequences for ar, dmrt1 and sox-3/SRY genes 
from three-spined stickleback, and gsdf from Sebastes umbrosus 
against all available Sebastes genomes.

3  |  RESULTS

3.1  |  Genome- wide association study (GWAS) for 
sex bias

Three species display significant enrichment of sex bias across large 
portions of one or more chromosomes: S. carnatus, S. chrysome-
las and S. diaconus (Figure 1). These regions contain high enough 
concentrations of significant markers to be easily detected by our 
rolling mean of significance. Sebastes carnatus and S. chrysome-
las have a similar concentration of low p-values on chromosome 
19, between 0 and ~8 Mbp. The signal across this region was 
detected by RADSex as well as our test of allele frequency and 

F I G U R E  1  Whole genome rolling mean of significant SNPs. Markers were characterized as significant or not based on a probability 
threshold of association with sex (p < 0.005). Significant markers were given a value of 1, while insignificant markers were zero and a rolling 
mean was calculated across windows of 250 SNPs for the whole genome. For clarity, markers from the comparative metrics with the clearest 
signal in each species were used for visualization: gopher and black-and-yellow (S. carnatus and S. chrysomelas)—heterozygosity; sunset and 
vermilion (S. crocotulus and S. miniatus)—missing data; boccacio, canary, yelloweye and deacon (S. paucispinis, S. pinniger, S. ruberrimus and 
S. diaconus)—RADSex. All metrics for each species are contained within the supplement, as Figures S1–S8.
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heterozygosity differences (Figures S1, S2, S9, S10). Sebastes di-
aconus has a very high concentration of sex-biased SNPs on both 
chromosomes 2 and 12 (Figure 1). On chromosome 2, significant 
sex-bias extends from ~5 Mbp to the end of the chromosome at 
just over 40 Mbp and is detectable by RADSex and our allele fre-
quency and heterozygosity metrics (Figure  S11). Similar enrich-
ment of significant sex-bias on chromosome 12 was observed in 
a region spanning 0 to ~20 Mbp (Figure S12). This unique pattern 
male-biased alleles across two chromosomes warranted further 
investigation. While most S. diaconus males possess the full suite 
of significantly male-biased alleles on both chromosomes 2 and 
12, a single male sample, SRR9968840, lacks these male alleles on 
the majority of chromosome 2, but still has more male alleles than 
any identified female (Figure 2a). Figure 2b reveals that there is 
variation in the proportion of male biased alleles between individ-
uals. Alignment to the commonly scaffolded S. miniatus genome 
suggests that sibling species S. crocotulus and S. miniatus share 
three narrow regions of sex-bias: ~33.9 Mbp on chromosome 6, 
~8.25 Mbp on chromosome 13, and ~7.30 Mbp on chromosome 17 
(Figure 1). A comparison of mean sample depth between sexes in 
this region revealed significant male bias (Figure S13).

Only two significant markers in S. ruberrimus align to 
chromosome-level contigs, on chromosomes 4 (36.54 Mbp) and 5 
(17.35 Mbp), while four more map to unplaced contigs. These mark-
ers are significantly biased toward males; their distribution between 
sexes, as revealed by RADSex, is visible in Figure S14. Since these 
markers are not neighboured by other significant markers, as would 
be expected by a sex determining region, these may represent mis-
placed reference sequence. No significant sex bias was detected in 
either S. pinniger or S. paucispinis.

3.2  |  Mapping canary, sunset and vermillion 
rockfish data to higher quality genomes

While this analysis yielded no novel insight into sex-bias in S. pinniger, 
narrow peaks on an unplaced contig (CAKALS010000047.1) were 
shared by S. miniatus and S. crocotulus (Figure 3a). BLAST results in-
dicate that these are homologous to the peaks previously mapped 
to RagTag assembly chromosomes 6, 13 and 17. Males had con-
sistently higher read depth along this contig (Figure 3c; Figure S5). 
Another region of sex bias was detected in S. crocotulus, along the 
first megabase of chromosome 24. We found that this differentia-
tion is due to large swathes of missing data in S. crocotulus females 
(Figure  3b; Figure  S15) Although some missing data in this region 
was found in S. miniatus, it was not sex biased.

3.3  |  Assembly of amh phylogeny in Sebastes  
and their relatives

We found that the amhy gene in S. schlegelii forms a monophyl-
etic group with copies of amh found primarily on chromosome 4, 
and includes representatives from Sebastes sister genus, Hozukius. 
This supports an early origin of amhy prior to the split of Sebastes-
Hozukius. (Figure  4a). Additionally, we do not detect a duplicated 
amhy in all Sebastes species; notably not in any of our study species. 
We note this fact with the caveat that this observation is much more 
likely due to the unknown sex of our genomes than to the conspicu-
ous loss of amhy in so many species.

The initial characterization of amhy identified two insertions in 
intron 4 and used them as markers to separate the gene copies (Song 

F I G U R E  2  (a) Comparison of per-sample male-biased alleles in Deacon rockfish (S. diaconus). Significantly male-biased alleles (−log(P) ≥ 20; 
each locus represented by one square and arranged by their position on the chromosome) are present on both chromosomes 2 and 12 
for nearly all samples. The sex-determining locus likely lies in a region with alleles shared by all males. (b) Per-sample mean number of 
significantly male-biased alleles on both sex chromosomes. Females, shown in blue, possess significantly fewer male alleles at these sites on 
average.
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et al., 2021). By comparing the outgroup sequence in Sebastolobus, 
we found that these are instead deletions in amh, rather than inser-
tions in amhy. We also found that the presence or absence of these 
deletions are inconsistent with the phylogenetic clustering of amh, 
and that an individual may possess one, both or neither deletion 
(Figure 4b).

Our BLAST search for common SD genes found that none over-
lapped with our identified putative SD regions (Table  S1). We do 
note that we are limited by the nature of the unknown sex reference 

genome. Male-specific genes in sex-biased regions would not be 
found if our reference genomes were from a female sample.

4  |  DISCUSSION

By employing an array of analytical approaches, we find evidence of 
a wide diversity of sex determining mechanisms within just a handful 
of Sebastes species in the Pacific Ocean. Further, the varied metrics 

F I G U R E  3  (a) High quality genome alignment of vermilion and sunset rockfishes (S. miniatus and S. crocotulus, respectively) reveals regions 
significantly associated with maleness. Both species' data were mapped against the S. miniatus genome. One sex-biased region, shared by 
both species, maps to an unplaced contig. Significant sex bias was detected in S. crocotulus along the first megabase of chromosome 24. (b) 
More missing data among S. crocotulus females leads to significant sex bias on chromosome 24. Distinct sample groupings may represent 
patterns of recombination. (c) Difference in mean read depth between the sexes along the entirety of a sex-biased, unplaced contig. Loci are 
homologous to those on chromosomes 6, 13, and 17 in the Figure 1 ragtag assemblies.
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permit characterization of the type and degree of differentiation 
within sex-determining regions. Diversity among SD regions, origins 
and mechanisms within a dataset comprising only eight species ex-
emplifies the lability of SD systems in the recently speciated genus 
(Figure 5).

4.1  |  Methods to study sex determination

Many different methodological approaches have been employed 
to identify genomic regions that differ between sexes (Grayson 
et al., 2022). Depending on the type and degree of differentiation, 
different analytical methods yield different results. For example, 
newly differentiating homomorphic sex chromosomes may retain 
much the same genomic backdrop, their differentiation limited to 
allele frequency, whereas sex-specific regions are easily recognized 
by a missing data bias or vast differences in sample read depth. We 
employ three metrics to cover these bases: site allele frequency and 
heterozygosity inform differentiation before degeneration, whereas 
a missing data comparison suggests a deletion in one sex or inser-
tion in the other. An important aspect of our method is the use of a 
rolling mean, which reduces the possibility that any false positives in 
our unfiltered genotype data are misinterpreted as significant out-
liers. Our comprehensive suite of genomic analyses provides both 

fine-scale resolution of sex-biased markers and in-depth characteri-
zation of sex chromosome differentiation.

New methods and programs are constantly in development to 
address this issue. Here, we compare the effectiveness of one such 
program (RADSex) to a traditional variant calling pipeline and our 
various genomic analyses. While RADSex did detect large scale 
genomic variation in S. carnatus, S. chrysomelas and S. diaconus, this 
high throughput method did not register significant differences at a 
finer scale in S. miniatus and S. crocotulus. Our missing data metric re-
vealed a much higher density of sex-specific markers at these sites, 
which, when analysed for mean sample depth reveal a highly differ-
entiated ~120 kbp contiguous segment of DNA, almost exclusive to 
males. This difference in resolution is likely due to the way RADSex 
requires identical reads. In traditional paired-read RADseq, the start 
of read one is anchored by a restriction digest site but read two are 
variable, due to random shearing of the other end of the fragment. 
This means the second reads are unlikely to start at the same posi-
tion, thus making them non-identical even if they do not have any 
genetic polymorphism. As a result, while RADSex only showed two 
differentiated markers, individually called variants showed that this 
difference was spread across a larger region, including three peaks 
in male read depth covered by second reads (Figure 3c). This gave us 
more confidence that this represented a true difference rather than 
an isolated mis-mapping of two reads.

F I G U R E  4  (a) Maximum likelihood phylogeny for amh and amhy in Sebastes, with outgroups. The amh-amhy duplication event is shown 
with a red circle and amhy copies are highlighted in red. Bootstrap values, highlighted in green, show confidence in sorting at nodes of 
particular interest. (b) Table of intron 4 deletions in amh. Both deletions are derived in the autosomal amh and are divided variously among 
clades of Sebastes.

F I G U R E  5  A graphical summary of our findings. Species examined in this study are bold and in colour. Sex-determining regions in 
Sebastes are highly variable in their location and degree of differentiation. The duplication of amh predates the Hozukius/Sebastes split but 
may not persist in all extant Sebastes. Cooption of the duplicated amhy as MSD appears to be monophyletic, specific to northwest Pacific 
species.
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One advantage of RADSex is the identification of sex biased 
markers is reference-free. Although in our study we have quality ref-
erence genomes for all species, that is not always the case. This also 
provides an advantage in cases where the reference genome is the 
homogametic sex. In this case, read mapping will be especially poor 
for reads from the sex determining region (e.g. Y chromosome) since 
the true mapping location is not present and may lead to spurious 
sex biased regions across the genome. In our study, the samples used 
to construct reference genomes were not sexed, therefore we do 
not know if sex determining regions are missing. From RADSex, we 
do not find a large number of unmapped sex biased markers, sug-
gesting that our reference-based analyses are not hampered by this 
issue.

The advent of streamlined programs to study sex chromosomes 
provides many useful tools. It is crucial to note, however, that 
each analytical method comes with a specific set of strengths and 
weaknesses.

4.2  |  Two putative sex chromosomes in 
deacon rockfish

We have identified two putative sex chromosomes in deacon rock-
fish (S. diaconus): chromosomes 2 and 12. The breadth of these sex-
biased regions indicate that the differentiation is in a mature stage. 
However, many of these markers are still present in some proportion 
of females (Figure S14). Indeed, the sex-bias on both chromosomes 
is in allele frequency and heterozygosity, with very few sites specific 
to one sex (Figures S8, S11, S12).

According to theory on sex chromosome evolution, recombina-
tion suppression evolves over time and can result in evolutionary 
strata along the Y-chromosome (Bergero & Charlesworth,  2009). 
This gradual accumulation is somewhat in contrast to the large sex 
chromosome size in S. diaconus. Considering this sex determining re-
gion is not shared with any of our other tested species, it is likely 
to have evolved after the origin of Sebastes and is perhaps much 
younger. This raises an interesting question about how a region of 
this size can evolve in such a short period of time.

Based on the enrichment of male-biased loci (Figure 1), the S. di-
aconus sex chromosome spans most of chromosomes 2 and 12, but 
there is not a hard barrier on the edges of this region. This means 
that haplotypes in these neighbouring regions are slightly more 
likely in one sex or the other, but they are not as linked as the core 
region. This could because the sex associated region is expanding 
but has not perfectly suppressed recombination in these outlying 
regions. Alternatively, the sex associated region may have been in-
troduced as a large, differentiated haplotype and then has under-
gone some amount of erosion, reducing its size. This scenario has 
occurred in the ninespine stickleback which has a Y-chromosome 
derived through introgression with a close relative (Dixon 
et al., 2019). Most male S. diaconus possess at least one copy of the 
male allele at each of the loci of interest on both sex chromosomes, 
but one sample lacks these alleles at several sites on chromosome 

2. This suggests that the gene(s) most directly responsible for SD 
in S. diaconus reside either on chromosome 12 or in the terminal 
region of chromosome 2.

It is also interesting that the signal of sex differentiation is 
shared across two chromosomes. The fact that the sex association 
signal reaches one end of each chromosome supports that there 
is a chromosomal translocation that joins these regions. There are 
examples in nature of large-scale chromosomal rearrangements 
leading to novel sex chromosomes, including sex chromosome fu-
sions in stickleback (Sardell et al., 2021) and a reciprocal translo-
cation in common frogs, which resulted in two physically separate 
but coinherited sex chromosomes (Scott, 2019). Given the lack of 
a chromosome scale reference genome for this species, we cannot 
say if the translocation was involved in the formation of the sex 
chromosome or whether an ancestral translocation in this species 
was then co-opted by a sex determining region but we consider 
the first to be more parsimonious.

4.3  |  Chromosome 19 is the sex chromosome in 
gopher and black-and-yellow rockfishes

Our analysis identifies chromosome 19 as a putative sex chromo-
some in the sibling species gopher (S. carnatus) and black-and-yellow 
(S. chrysomelas) rockfishes. While the smaller sample sizes (n = 20 
in each species) used for study by the original authors somewhat 
hinder our statistical power, it appears that several markers on this 
chromosome are male-specific. The differences in missing data anal-
yses of both species indicate that S. carnatus has a higher degree of 
heteromorphism (Figures S9 and S10).

These species have a very recent common ancestor (Fowler & 
Buonaccorsi,  2016) and, since they have inherited the same sex 
chromosome, offer an opportunity to compare differentiation be-
tween the species. As in S. diaconus, allele frequency and hetero-
zygosity are the main signal of sex differences, indicative of a sex 
chromosome in the early stages of differentiation. In comparing 
the two species, we can see slightly more male-specific markers 
are present in S. carnatus than in S. chrysomelas (Figures  S9 and 
S10). This may indicate that S. carnatus is experiencing a faster 
rate of sex chromosome differentiation, in which males have ac-
quired insertions or females have undergone deletions of male-
associated loci.

The presence of a single sex-biased region restricted to a single 
chromosome lends support to the classic paradigm of differentiat-
ing sex chromosomes in these species. Indeed, the central peak of 
significant marker density which declines outward in both species is 
consistent with typical patterns of expanding linkage disequilibrium. 
Notably, a BLAST query of common SD genes against the S. carna-
tus and S. chrysomelas genomes did not provide any hits on chromo-
some 19, thus we do not know the actual genetic mechanism. This 
includes gsdf, a gene noted by Fowler and Buonaccorsi  (2016) as a 
candidate for cooption as MSD in gopher and black-and-yellow rock-
fish. Though gsdf does reside on chromosome 19 in these species, it 
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is well outside the differentiated region and is therefore not likely 
to be directly responsible for maleness. The sex of our reference 
genomes samples is not known: it is possible that the reference ge-
nomes for these species are female and so our BLAST query would 
not find any male-specific genes.

4.4  |  An unplaced sex-determining region in 
sunset and vermillion rockfishes

We have identified an unplaced, putative sex-determining region in 
the sibling species vermilion (S. miniatus) and sunset (S. crocotulus) 
rockfishes. Differences in mean sample depth reveal distinct peaks 
of sex differentiation in these species: four in S. miniatus and three 
in S. crocotulus. The shape of these peaks however, while suggestive 
that the degree of male bias tapers outward from a single locus, is 
an artefact of RADseq technology, where read depth is highest near 
the first read cut site. All peaks are on a single unplaced contig, and 
all RADtags on that region have a significant male bias, suggesting 
the entire contig is a male-specific haplotype.

Mapping of the sunset and vermillion rockfish data to a higher 
quality reference genome was critical in accurate characterization 
of the SD region; the RagTag-assembled alignment scattered the sig-
nal of sex differentiation onto different chromosomes. Although the 
reference genomes we used in our initial analyses are at the chro-
mosome level, they were assembled using Illumina short-read data 
and then scaffolded with a chromosome-scale relative. Under this 
scenario, it is more likely that individual contigs of a highly diverged 
SD region are randomly scaffolded due to a lack of obvious synteny.

The significant differentiation observed on chromosome 24 of 
S. crocotulus presents an intriguing possibility: that our unplaced 
sex-determining region could be at the start of chromosome 24. As 
we established, both the unplaced SD region and the differentia-
tion along the first megabase of chromosome 24 are characterized 
by missing data in females. At the start of chromosome 24, there 
are two distinct haplotypes, one of which is characterized by large 
amounts of missing data for some SNPs (the “deletion haplotype”). 
Interestingly, we see some evidence of limited recombination be-
tween the haplotypes, which suggests that the haplotypes can re-
combine, but also that recombination is uncommon (Figure 3b). We 
found that while the deletion haplotype is not sex-specific, it does 
exhibit significant female bias in S. crocotulus. Taken together, this 
supports a scenario where the deletion haplotype is older than the 
speciation of S. crocotulus and S. miniatus and has either become re-
cently linked or unlinked to the SDR in one species.

4.5  |  Weak support for GSD in yelloweye 
rockfish: no indication of GSD in boccacio and 
canary rockfish

Significant sex-biased markers are detected in yelloweye (S. ruber-
rimus) (Figure S6), but while the markers exhibit significant male bias, 

none are exclusive to males. Only a single marker could be mapped 
to chromosome 4, while the others are all on unplaced scaffolds. It 
is possible that, like vermilion (S. miniatus) and sunset (S. crocotulus) 
rockfishes, the seemingly disparate sex-biased markers all originate 
from the same region but were incorrectly scaffolded. Unfortunately, 
the small number and placement of these markers do not permit fur-
ther analysis without mapping to a higher quality genome.

No outlying sex-biased markers were detected by our analyses 
of S. paucispinis and S. pinniger. As S. paucispinis was the species with 
the fewest samples in this study (n = 13), we have limited confidence 
in this assessment pertaining to that species.

A lack of genetic markers associated with sex may result from 
two possibilities: (1) that visual identification of sex during sam-
pling was at least partly inaccurate or (2) that their sex is deter-
mined by environmental factors, or social sex ratio pressures. First, 
bocaccio and canary sample sizes were small, so any errors in sex 
identification would result in severe confusion of any sex-biased 
signal. However, a relatively small proportion of samples collected 
by Andrews et al.  (2018) were assigned sex, so we presume a high 
degree of confidence in the collector's assignment. Second, while 
temperature-induced ESD has been demonstrated in bony fishes 
(Yamamoto et al., 2019), instances in nature are rarely documented 
(Ospina-Álvarez & Piferrer, 2008). However, temperature has been 
shown to affect sex ratios in S. schlegelii (Omoto et al., 2009), who 
(as we mention above) otherwise exhibit demonstrable heteroga-
metic GSD (Song et al., 2021). Other abiotic factors, such as salin-
ity (Saillant et al., 2003) and pH (Reddon & Hurd, 2013) have also 
been shown to induce skewed sex ratios in fishes. This variety of 
SD systems within a recently speciated clade is not unprecedented; 
African cichlid fishes exhibit an enormous diversity of SD mecha-
nisms, including several independently evolved sex chromosomes (El 
Taher et al., 2021; Gammerdinger & Kocher, 2018), polygenic GSD 
(Roberts et al.,  2016), ESD (Renn & Hurd,  2021) and intraspecific 
variation in SD mechanisms (Lichilín et al., 2023). Given the possibil-
ity of inaccurate sex data and lack of genomic signal, further research 
is required to disentangle the roles of genotype and environment on 
sex in these species.

4.6  |  Duplication of amh before 
speciation of Sebastes

Our analysis found that the duplication of amh found by Song 
et al.  (2021) predates the Hozukius/Sebastes speciation event. 
Therefore, we expect this duplication to have the potential to be 
present in all extant Sebastes species. We also detected a duplicated 
amh in Sebastolobus alascanus (Figure 4a), which may suggest that 
the duplication took place before the Sebastolobus/Sebastiscus spe-
ciation. However, strong bootstrap support for the nodes in our tree 
and minimal divergence between amh copies in Sebastolobus, we ex-
pect that this is a more recent and independent duplication event.

Our phylogeny detects whole gene copies in only 28 Sebastes 
species, notably not in any of our eight study species. However, 
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as we note above, we expect that the duplication is male-specific 
and would not be detectable on genomes assembled from female 
samples. As Kolora et al.  (2021) did not sex their samples before 
assembly, we are unable to determine whether the absence of amhy 
from our analyses actually corresponds to its absence from the ge-
nome. Further, when the duplicated amhy in S. schlegelii may have 
acquired its SD function remains in question. Song et al.  (2021) 
showed that males and females differed in amh copy number in 
S. schlegelii, S. koreanus and the closely related S. pachycephalus, sug-
gesting perhaps that this function be shared among all northwest 
Pacific rockfish. This study also demonstrated that overexpression 
of amhy triggered testicular development in S. schlegelii. They posit 
that increased dosage of Amh protein could result in suppression 
of oestrogen synthase or activation of a testicular development 
pathway. While we do detect amhy orthologs in multiple Eastern 
Pacific rockfishes, we do not detect the duplication within any of 
our study species. Indeed, none of the sex-biased regions detected 
in our analyses contain amh or any other common SD gene. It is 
therefore difficult to determine whether mere inheritance of an 
amhy, or some lineage-specific mutations and/or regulation drive 
development of male gonads.

There are two duplications in Sebastes that stand out as evidence 
for the variability of amh genes in this genus. In S. reedi, the entire 
sequence of amh on chromosome 5 is found in an inverted dupli-
cation immediately adjacent to the original gene copy. Sebastes en-
sifer possesses two copies of amhy, one in the typical chromosome 
4 position and one on chromosome 5, the typical position for amh. 
This may suggest a translocation or gene conversion that overwrote 
the original amh, although we cannot rule out that is a bioinformatic 
artefact during assembly.

4.7  |  Areas for further research

We have demonstrated that SD among northeast Pacific Sebastes is 
highly diverse and, due to the relatively undifferentiated sex chro-
mosomes we uncovered, highly labile. However, as our study com-
prises only eight species, our evolutionary inferences are limited. 
Further studies involving sexed sequence data from geographically 
diverse Sebastes may shed light on the evolutionary trajectory of SD 
systems in this genus. This could reveal shared mechanisms of GSD, 
gain-of-function events, translocations, and other genomic rear-
rangements underpinning the lability of SD.

Deeper investigation into the genes underlying SD is required. 
While our study has discovered sex chromosomes in three species, 
and potential SD loci in two more, the precise genetic mechanisms 
at work are yet unknown. Until recently, most eukaryotic genomes 
sequences published were haploid representations of a diploid indi-
vidual. For species with partially differentiated SD regions, the SD 
region is often shunted to an unplaced scaffold. Fully phased ge-
nomes for the heterogametic sex allows for appropriate read map-
ping and an accurate assessment of gene level differences in the 
SD region (Carey et al.,  2022). Future studies providing complete 

chromosome-level reference assemblies of different rockfish spe-
cies will greatly aid in the identification of SD loci in the Sebastes 
clade.

In the meantime, this work provides a starting point for improved 
sex identification methods by fisheries managers and conservation 
biologists. Many species of Sebastes are regionally or globally threat-
ened (Fisheries and Oceans Canada, 2022) and exhibit informative 
demographic sex-biases (Hanson et al.,  2008). The development 
of non-lethal sex identification methods is then a cornerstone of 
sustainable management in this fishery. Further application of the 
methods and findings of this study can help in resolving individual 
sex from reduced representation sequence data (Vaux et al., 2019), 
which remains a challenge given the diversity of SD regions in this 
genus.

5  |  CONCLUSION

Sex determination systems in nature are myriad and dynamic, and 
often do not follow classic patterns of sex chromosome differen-
tiation. Here, we demonstrate that Sebastes rockfish exhibit a wide 
diversity of SD mechanisms of independent origins. In this recently 
speciated genus, we find evidence for multiple independently de-
rived genetic sex determination systems in only a handful of study 
species.

Further study into the diversity of SD in this highly speciose 
genus is essential to enhance our understanding of the selective and 
stochastic forces underlying the maintenance or turn-over in sex 
determination mechanisms. How and why novel sex determination 
mechanisms spread in species remains an open question but the 
number of changes within Sebastes suggests it is a powerful system 
for testing hypotheses.
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