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Abstract 

Sablefish ( Anoplopoma fimbria ) are a highly mobile species that suppor t impor tant commercial fisheries in the North Pacific Ocean. 
Information on the genetic stock structure of sablefish is vital for constructing management strategies that ensure the long-term viability 
of the species. Most previous genetic studies on sablefish have found panmixia throughout the majority of their range, but a recent 
study suggested that a population structure may exist. Here, we use low-coverage whole genome resequencing to in vestig ate genetic 
structure in the northern end of the species’ range (from Washington State, USA to the Bering Sea and Aleutian Islands, AK, USA). 
Additionally, we reanalyzed an existing genomic dataset containing 2661 mark er s to test specific hypotheses about genetic structure 
by sex. Genome resequencing data from 119 individuals screened at 7 110 228 mark er s revealed no evidence of population structure, 
and reanalysis of the existing genomic dataset supported the same conclusion. Differentiation across the genome was largely driven 

by variation at two putative inversions located ∼1 megabase apart, which did not display any signals of geographic differentiation. Our 
study further supports the conclusion of genetic panmixia in sablefish throughout its northern range. 

Keywords: population genomics; low coverage whole genome resequencing; Anoplopoma fimbria ; inversion; black cod; DAPC; fisheries management 
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Introduction 

Understanding the geographic distribution of genetic varia- 
tion in exploited populations is critical for informing manage- 
ment because it provides the information necessary to con- 
struct spatially discrete management units (Allendorf et al.
1987 ). These units represent genetically, and therefore de- 
mographically distinct population segments that should be 
managed separately to ensure that they are not overexploited 

(Carvalho & Hauser 1994 , Moritz 1994 ). However, defining 
genetically distinct management units can be difficult, espe- 
cially in marine fish, which are often characterized by low 

genetic structure due to large population sizes, long-distance 
dispersal, and migration in larvae and adults, respectively,
and a lack of physical barriers to prevent or reduce migra- 
tion (Waples 1998 , Nielsen & Kenchington 2001 , Cowen & 

Sponaugle 2009 ). Genomic tools represent a potential way 
to improve delineation of management units in marine fish 

species because these tools increase resolution to detect sub- 
tle genetic structure and may identify putatively adaptive loci 
that can be leveraged to conserve important adaptive varia- 
tion (Nielsen et al. 2009 , Funk et al. 2012 , Hemmer-Hansen 

et al. 2014 ). Current genomic tools, like low-coverage whole 
genome resequencing (lcWGS), represent a substantial ad- 
vance over earlier genomic approaches such as restriction site- 
associated DNA (RAD) sequencing (Lou et al. 2021 ). lcWGS 
Published by Oxford University Press on behalf of International Council for the E
employee(s) and is in the public domain in the US. 
acilitates the genotyping of orders of magnitude more mark- 
rs than RAD (millions vs thousands), increasing resolution 

or detecting population structure and loci that may be un-
er selection (Lou et al. 2021 ). lcWGS can also be used to
dentify important features of an organism’s genome, such as
ex-determining regions and structural variants (Mérot et al.
020 , Lou et al. 2021 , Hansen et al. 2022 ). 
Here, we use lcWGS to investigate the genetic structure of

ablefish ( Anoplopoma fimbria ; also referred to as black cod)
cross the northern end of its range and characterize structural
enomic variation. Sablefish inhabit mesopelagic waters (200–
500 m) across the continental shelf of the Pacific Ocean, from
entral Baja California to the Aleutian Islands in the eastern
acific, northwards and across the Bering Sea to the Kam-
hatka Peninsula, extending to southern Japan in the western 

acific (Allen & Smith 1988 ). Sablefish are prized for their
elicate meat and support high-value fisheries, especially in 

laska, which supports the largest fishery for sablefish with 

n ex-vessel value often exceeding US$100 million (Huppert 
 Best 2004 , Hanselman et al. 2015 ). Adult sablefish spawn

long the continental shelf and fertilized eggs remain at depth
200–800 m; Thompson 1941 , Kodolov 1968 , Moser et al.
994 ) before juveniles migrate to the surface during the larval
hase (McFarlane & Beamish 1992 ). Juveniles then settle in
earshore benthic habitats and move offshore as they mature 
xploration of the Sea 2024. This work is written by (a) US Government 

https://orcid.org/0000-0002-7285-0261
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Table 1. Information associated with each geographic region in the ana- 
lyzed dataset, including the geographic region (and code) from which sam- 
ples were collected, the sample size ( N ), and the years in which samples 
were collected. 

Region (code) N Collection years 

Bering Sea and Aleutian Islands (BSAI) 25 2006–2018 
Western Gulf of Alaska (wGOA) 18 2011–2013 
Eastern Gulf of Alaska (eGOA) 29 2011–2013 
Coast of Washington State, USA (south) 49 2017–2018 
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Krieger et al. 2020 ). Sablefish reach maturity at ∼6 years of
ge and can live more than 90 years (Echave et al. 2012 ). A
efining feature of sablefish biology is their high propensity
o move long distances at all life stages. For example, exten-
ive tagging studies have documented that adult sablefish can
ove > 2000 km over their lifetime and that, in general, adult

ablefish are highly mobile (Hanselman et al. 2015 ). 
Sablefish have traditionally been considered two stocks: a

orthern stock, which inhabits waters from northern British
olumbia north, and a southern stock, which is found from

outhern British Columbia south (Kimura et al. 1998 , Head
t al. 2014 ). These putative stocks show differences in growth
nd maturity, with fish from north of the northern border of
ritish Columbia growing to larger sizes (Head et al. 2014 ).
ore recently, Kapur et al. (2020) analyzed spatial growth

atterns and found evidence of additional zonation associated
ith oceanographic features. Sablefish are currently managed
ased on four primary spatial management zones that largely
orrespond with political boundaries: (i) Alaska Federal (off-
hore) Waters, (ii) Alaska State (inshore) Waters, (iii) British
olumbia, and (iv) West Coast United States. Genetic struc-

ure in sablefish has been analyzed with multiple genetic mark-
rs, including allozymes (Tsuyuki & Roberts 1969 , Gharrett et
l. 1982 ), mitochondrial DNA (mtDNA) (Orlova et al. 2019 ,
rozco-Ruiz et al. 2023 ), microsatellites (Tripp-Valdez et al.
012 , Orozco-Ruiz et al. 2023 ), and single-nucleotide poly-
orphisms (SNPs) derived from RAD sequencing (Jasonow-

cz et al. 2017 ). Nearly all previous studies have documented
ither no population structure or weak population structure
etween samples taken from the extreme southern end of the
ange (Mexico) and collections taken from primary areas of
he species distribution. However, the two most recent and
ost comprehensive genetic studies in sablefish (Jasonowicz

t al. 2017 , Orozco-Ruiz et al. 2023 ) documented different
atterns of population structure, with some differences in the
eographic ranges covered. 

The only study that has used genomic approaches to in-
estigate population structure in sablefish to date was con-
ucted by Jasonowicz et al. ( 2017 ), who genotyped 2661
NPs with RAD sequencing in 404 individuals distributed
early continuously from southern California to the Aleutian
slands (no samples from British Columbia). Jasonowicz et al.
2017) found low and insignificant levels of population struc-
ure and concluded that sablefish are likely panmictic across
his range. Contrastingly, Orozco-Ruiz et al. (2023) geno-
yped individuals from Mexico to the Kamchatka Peninsula
sing microsatellites (11 microsatellites in 252 individuals)
nd mtDNA (D-loop in 121 individuals) and concluded that
ignificant population structure exists in the species. Orozco-
uiz et al. (2023) found evidence of genetic structure between

heir southernmost site (Mexico) and the rest of the species
ange with microsatellites and also found evidence of genetic
tructure between some northern sites (Russian waters off the
amchatka Peninsula) and the rest of the geographic range
ith mtDNA. Additionally, Orozco-Ruiz et al. (2023) ana-

yzed patterns of genetic structure in the microsatellite dataset
ith discriminant analysis of principal components (DAPC)

Jombart et al. 2010 ) for males, females, and both sexes com-
ined, in the Bering Sea (Russian waters off Kamchatka not
ncluded) and Gulf of Alaska. This analysis suggested genetic
tructure among some sites in this region when both sexes
ere combined and in the male-specific dataset, but not the

emale-specific dataset. However, this genetic structure was
ot detected with the program STRUCTURE (Pritchard et al.
000 ). 
The primary goal of our study was to use a high-resolution

enetic approach to enhance understanding of the genetic
tructure of sablefish in Alaska. Our study represents a
ethodological improvement over past studies in two impor-

ant ways: (i) we use lcWGS to genotype orders of magnitude
ore genetic markers than past studies, and (ii) we focus our

nalysis on juvenile samples, which have likely had much less
pportunity to move than adults. All previous genetic studies
n sablefish focused on non-spawning adults because spawn-
ng aggregations are difficult to locate and few genetic samples
ave been collected during the spawning season. However, an-
lyzing individuals that are not actively spawning can obscure
ignals of population structure if individuals from multiple
opulations mix outside the spawning season. Juvenile sable-
sh can still move relatively large distances through larval dis-
ersal, but these distances should be smaller than the 1000 s of
m movements documented in adults (Hanselman et al. 2015 ).
e therefore hypothesize that the juvenile samples analyzed

n our study represent the closest approximation to individu-
ls associated with spawning events to date. In addition to the
cWGS data, including separate analysis of the nuclear and mi-
ochondrial genomes, we also reanalyze data from Jasonow-
cz et al. (2017) , grouped by sex and with similar methods
o Orozco-Ruiz et al. (2023) , to determine if we can recover
he same patterns of population structure found in Orozco-
uiz et al. (2023) . Finally, we leverage the recently published

ablefish genome (Flores et al. 2023 ) to identify large putative
tructural variants. 

ethods 

ample collection 

ow-coverage whole genome resequencing (lcWGS) was con-
ucted on 123 sablefish collected between 2006 and 2019.
ollection sites were grouped into four geographic regions

hat contained sufficient sample sizes for analysis: the Bering
ea and Aleutian Islands (BSAI, n = 27), the western Gulf of
laska (wGOA, n = 18), the eastern Gulf of Alaska (eGOA,
 = 29), and the coast of Washington State, USA (south,
 = 49) ( Table 1 ; Fig. 1 ). Samples from all areas except
ashington State were young-of-year and were < 10 g. These

amples were either collected from larval surveys conducted
y the Ecosystems and Fisheries–Oceanography Coordinated
nvestigations (ECO–FOCI) group at the National Oceano-
raphic and Atmospheric Administration (NOAA) Alaska
isheries Science Center or collected from beak loads from
ird surveys conducted by the US Fish and Wildlife Ser-
ice on Buldir Island, AK, USA. Samples from Washington
tate were adults ( ∼3.8 kg) that were as close to maturity
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Figure 1. Map of sampling locations for individuals included in the final dataset ( n = 119). Geographic region is denoted by color: the Bering Sea and 
Aleutian Islands (BSAI) in green, the western Gulf of Alaska (wGOA) in pink, the eastern Gulf of Alaska (eGOA) in orange, and the coast of Washington 
State, USA (south) in purple. Sample size ( n ) is represented by marker size. 
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as possible, collected by the NOAA Northwest Fisheries Sci- 
ence Center as broodstock for sablefish aquaculture experi- 
ments. Phenotypic sex was identified in these adult samples 
by examining gametes prior to spawning for aquaculture. All 
samples were preserved in ethanol and DNA was extracted 

with Qiagen DNeasy blood and tissue kits (Hilden, Ger- 
many) using manufacturer’s protocols. Collection metadata 
for every sequenced individual is reported in Supplementary 
Table S1 . 

Some analyses and all plotting were conducted in R v4.2.0 

(R Core Team 2022 ), utilizing a number of libraries: dplyr 
v1.1.2 (Wickham et al. 2023 ), ggOceanMaps v1.3.4 (Vih- 
takari 2023 ), ggplot2 v3.4.4 (Wickham 2016 ), ggpubr v0.4.0 

(Kassambara 2020 ), gtools v3.9.2 (Warnes et al. 2021 ), RCol- 
orBrewer v1.1.3 (Neuwirth 2022 ), readxl v1.4.3 (Wickham 

& Bryan 2023 ), reshape2 v1.4.4 (Wickham 2007 ), runner 
v0.4.3 (Kałędkowski 2023 ), stringr v1.5.0 (Wickham 2022 ),
and tidyv er se v2.0.0 (Wickham et al. 2019 ). All figures were 
finalized in GIMP (GNU Image Manipulation Program). For 
detailed information regarding data assembly, analysis, and vi- 
sualization, see https:// github.com/ letimm/ sablefish _ lcWGS . 

Whole genome library preparation and low 

coverage sequencing 

Whole genome resequencing library preparation was con- 
ducted using methods similar to Baym et al. (2015) , Therk- 
ildsen & Palumbi (2017) , and Euclide et al. (2023) . For each 

individual, genomic DNA input was normalized to 10 ng. As 
in Euclide et al. (2023) , sample purification, product normal- 
ization, and pooling were conducted with SequalPrep plates 
(ThermoFisher Scientific: Waltham, MA, USA) in lieu of AM- 
Pure XP beads (Beckman Coulter: Brea, C A, US A). Following 
Therkildsen & Palumbi (2017) , AMPure XP beads were used 

for a 0.6 × size selection, clean-up, and concentration of the 
normalized, pooled library. Prior to sending for sequencing,
the final pooled library was visualized on a 2% agarose E-gel 
(ThermoFisher Scientific) and quantified with the Qubit HS 
dsDNA Assay Kit (ThermoFisher Scientific). Sequencing oc- 
urred at Novogene (Sacramento, C A, US A) on ∼ 2 
3 of a No-

aSeq S4 lane. 

ata filtering, alignment, and genotype likelihood 

stimation 

ur workflow for quality filtering and obtaining genotype 
ikelihoods was similar to that of Clucas et al. (2019) .

e used FastQC (Andrews 2010 ) and multiQC (Ewels et
l. 2016 ) to aggregate sequence QC results. The ILLU-
INACLIP tool in TRIMMOMATIC v0.39 (Bolger et al.

014 ) was used to cut adapters and Illumina-specific se-
uences. Two seed mismatches were allowed, the palin- 
rome and simple clip thresholds were set to 30 and 10,
espectively; the minimum adapter length was set to 1 bp;
nd both reads were kept ( 2:30:10:1: true ). Finally, we dis-
arded reads < 40 bp after trimming ( MINLEN:40 ). Trimmed,
aired reads were aligned to the Anoplopoma fimbria genome 
GCF_027596085.1; Flores et al. 2023 ) with the mem algo-
ithm in BWA v0.7.17 (Li & Durbin 2009 ). To enable compat-
bility with downstream filtering programs, reads that mapped 

o two different genomic regions were marked as dupli- 
ates ( -M ). After alignment, reads were sorted by coordinates
ith the sort tool in Samtools v1.11 (Danecek et al. 2021 ).
e removed PCR duplicated reads with MarkDuplicates 

n Picard v2.23.9 ( http:// broadinstitute.github.io/ picard/ ), al-
owing variable length reads to remain coded ( VALIDA- 
ION_STRINGENCY SILENT ), clipped overlapping se- 
uence termini for each mapped read pair with clipOverlap in
amutil v1.0.5 ( https:// genome.sph.umich.edu/ wiki/ BamUtil ),
nd calculated coverage statistics for each individual with the 
epth tool in samtools. Individuals with a mean depth of < 1 ×
ere removed from downstream analyses. 
Single nucleotide polymorphisms (SNPs) were called and 

enotype likelihoods were estimated in ANGSD v0.933 

Korneliussen et al. 2014 ) with the Samtools model (- GL
 ). To call a SNP, the minimum and maximum total depth
hresholds were 119 (the number of samples in the dataset;
setMinDepth 119 ) and 2380 (20 × the number of samples in
he dataset; -setMaxDepth 2380 ), respectively. The minimum 

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae070#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae070#supplementary-data
https://github.com/letimm/sablefish_lcWGS
http://broadinstitute.github.io/picard/
https://genome.sph.umich.edu/wiki/BamUtil
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epth threshold reflected the 1 × coverage filter applied prior
o estimating genotype likelihoods and the maximum depth
lter was set to remove repetitive regions, as it was much
igher than the average mean individual coverage observed in
he dataset. Sites were excluded from consideration as SNPs
f their mapping quality score was < 15 ( -minMapQ 15 ) or
f the P -value for the site being polymorphic was > 10 

−10 

 -SNP_pval 1e-10 ). Finally, SNPs were only retained if the mi-
or global allele frequency was ≥5% ( -minMaf 0.05 ). Geno-
ype likelihoods across all individuals were used to infer major
nd minor alleles for polymorphic sites ( -doMajorMinor 1 ). 

opulation structure with whole genome data 

enetic distances between individuals were explored with
rincipal components analysis (PC A) in PC Angsd v0.99
Meisner & Albrechtsen 2018 ). A covariance matrix was cal-
ulated among individuals in PCAngsd, and we decomposed
his matrix to eigenvectors with the eigen function, as imple-
ented in R. The number of eigenvalues retained ( - e param-

ter) was determined with a minimum average partial (MAP)
est, the default method in PCAnsgd. Principal component
nalyses were conducted for SNPs across the full genome and
or the full genome without chromosome 22, which contains
wo large putative inversions (see results). The latter dataset
as also used to estimate individual admixture proportions
ith NGSadmix v32 (Skotte et al. 2013 ), testing K = 1–4 with
 replicates. Optimal K was determined as having the highest
og likelihood. 

The weighted population differentiation metric, F ST , was
stimated between all pairs of sampling regions in ANGSD.
ite allele frequency (SAF) likelihood for each region was es-
imated ( -doSaf 1 ) prior to calculating the 2D site frequency
pectrum for each region pair ( -realSFS ) and the weighted F ST 

 realSFS fst ). The SAF calculation utilized the same thresholds
s set in the genotype likelihood calculation for SNPs, where
he minimum depth and maximum depth were set to 1 × and
0 × the number of individuals representing the region. Ad-
itionally, the sablefish reference genome was supplied as an
ncestral genome ( -anc was the same as -ref ), as no ancestral
enome was available. 

To determine whether weighted F ST values were statisti-
ally significant, we conducted an individual-based permuta-
ion test. Population number and sample sizes matched em-
irical data and every individual was randomly assigned to a
opulation, without replacement, for each permutation. Once
ll individuals had been sampled, a weighted F ST was calcu-
ated for all population pairs. A distribution of F ST values was
uilt from 50 permutations for every population pair. We then
alculated the mean of each distribution and used it to esti-
ate the cumulative distribution function (CDF) of the F ST 

alues for the population pair under an exponential distribu-
ion (Elhaik 2012 ), where P -value = 1–CDF. 

To investigate the genomic landscape of differentiation
mong regions, pairwise F ST for each regional comparison
as estimated for every polymorphic site in the genome with
NGSD ( realSFS fst stats2 ) and Manhattan plots were con-

tructed. 

opulation structure with mitochondrial data 

e analyzed the mitochondrial genome from the lcWGS
ataset separately to facilitate comparisons between our data
nd Orozco-Ruiz et al. (2023) . Raw reads were trimmed,
ligned to the reference genome (GCF_027596085.1) and the
itochondrial genome (NC_018119.1; Rondeau et al. 2013 ),

nd filtered. Genotype likelihoods were calculated at poly-
orphic sites across the mitochondrial genome as described

bove, and the resulting beagle file was converted to a fasta
le with a custom Python script that coded heterozygous
ites as N s ( https:// github.com/ letimm/ sablefish _ lcWGS/ blob/
ain/ scripts/ beagle2fasta.py ). The multiple sequence align-
ent was edited manually to remove any sites where all in-
ividuals were genotyped as N . 
Analysis of the Fasta file occurred in R. A haplotype net-

ork was built from the fasta with haploNet in pegas v1.1
Paradis 2010 ). We conducted an Analysis of Molecular Vari-
nce (AMOVA) with poppr v2.9.3 (Kamvar et al. 2014 , 2015 ).
inally, we calculated pairwise F ST with hierfstat v0.5–10
Goudet 2005 ), testing for significance with an individual-
ased permutation test similar to that described above: indi-
iduals were randomly assigned to populations for each per-
utation, maintaining original population sizes, and pairwise
 ST values were calculated. The observed F ST values were com-
ared to distributions constructed from randomly sampled in-
ividuals with a permutation test ( N = 1000 permutations) in
de4 v1.7.19 (Chessel et al. 2004 , Dray & Dufour 2007 , Dray
t al. 2007 , Bougeard & Dray 2018 , Thioulouse et al. 2018 ). 

opulation structure by sex with published RAD 

ataset 

e used genotypes from the RAD dataset published in Ja-
onowicz et al. (2017) (Genbank Bioproject PRJNA279314)
o investigate whether we could recover the same patterns
f population structure documented in Orozco-Ruiz et al.
2023) . This dataset includes 404 individuals (198 males and
06 females) genotyped at 2661 SNPs. Individuals were par-
itioned into groups denoted in Fig. 1 of Jasonowicz et al.
2017) : northern Bering Sea, southern Bering Sea, Aleutian Is-
ands, western Gulf of Alaska, central Gulf of Alaska, West
 akutat, East Y akuat, Washington, Oregon, northern Cal-

fornia, and southern California. These groups correspond
losely to those in Orozco-Ruiz et al. (2023) , with the im-
ortant exception that Jasonowicz et al. (2017) did not in-
lude any samples from Mexico or Russia. Therefore, we fo-
us on comparing the dataset from Jasonowicz et al. (2017) ,
oth with sexes combined and separated, to the Alaska-wide
atasets presented in Orozco-Ruiz et al. (2023) . This Alaska-
ide dataset contains samples from the northern Bering Sea,

outhern Bering Sea, Aleutian Islands, western Gulf of Alaska,
entral Gulf of Alaska, and eastern Gulf of Alaska. Jasonowicz
t al. (2017) conducted a PCA that indicated no genetic struc-
ure across their full dataset; however, they did not analyze the
ata by sex. We therefore conducted separate PCAs for each
ex using the dudi.pca function in the ade4 v1.7.22 package in
 (v4.3.1). This is the same PCA function that adegenet uses

or the current implementation of DAPC. 
As DAPC results were the primary evidence for popula-

ion structure in sablefish in Orozco-Ruiz et al. (2023) , we
lso conducted DAPC using adegenet (v2.1.10). DAPC is a
requently applied analysis for investigating population struc-
ure, but recent papers have suggested that incorrect conclu-
ions can be drawn if caution is not taken when conducting
his analysis and interpreting the results (Miller et al. 2020 ,
hia 2023 ). In particular, the number of principal compo-
ents (PCs) retained can substantially influence DAPC results,

https://github.com/letimm/sablefish_lcWGS/blob/main/scripts/beagle2fasta.py
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and retaining too many PCs can lead to overfitting (Miller 
et al. 2020 , Thia 2023 ). Recently, Thia (2023) used simula- 
tions to demonstrate that no more than K -1 PCs should be 
retained, where K is the number of effective populations in a 
dataset. However, many frequently used methods for choosing 
the number of PCs suggest retaining many more than K effec- 
tive populations (Thia 2023 ). This includes cross-validation,
a popular method for choosing the number of PCs to re- 
tain, which employs a training-holdout approach to compare 
DAPC results with different subsets of a dataset and select the 
number of PCs that maximize re-assignment accuracy (Jom- 
bart et al. 2010 ). 

It is important to note that Orozco-Ruiz et al. (2023) used 

sampling locations as a priori groups and determined the opti- 
mal number of PCs to retain with a cross-validation approach 

implemented in poppr (Kamvar et al. 2014 , 2015 ), resulting 
in the retention of 60 PCs for the male and combined sexes 
datasets and 10 for the female dataset. We used the follow- 
ing three approaches to choose the number of PCs to retain 

for DAPCs conducted with the data from Jasonowicz et al.
(2017) : the K -1 approach described in Thia (2023) , retain- 
ing 60 PCs similar to Orozco-Ruiz et al. (2023) , and cross- 
validation. We believe K = 1 is the most appropriate value 
for sablefish in the (Jasonowicz et al. 2017 ) dataset given 

their finding of panmixia. However, this K cannot be used for 
DAPC, so we decided to use 2 K -values: K = 11, the number 
of fine-scale regions defined in Jasonowicz et al. ( 2017 ) result- 
ing in 10 retained PCs; and K = 3, the number of broad-scale 
groups defined in Jasonowicz et al. ( 2017 ) (Bering Sea, Gulf of 
Alaska, and West Coast) resulting in 2 retained PCs. We also 

conducted an additional DAPC, retaining a higher number of 
PCs (60 PCs), similar to Orozco-Ruiz et al. (2023) , in order 
to illustrate the sensitivity of DAPC to the number of PCs re- 
tained. Finally, we implemented cross-validation to select PCs.
For this approach, the xvalDapc function in adegenet was 
used with default argument values under the assumption that 
this is how Orozco-Ruiz et al. (2023) conducted their DAPC 

cross-validation since specific argument values were not de- 
tailed in their methods. 

Identification of putative structural variants 

Genotype patterns at large structural variants such as chromo- 
somal inversions can drive patterns in genome-wide PCA anal- 
yses, especially when population structure is low (Nowling et 
al. 2020 , Kess et al. 2021 ). This was the case in our lcWGS 
data, where the initial PCA we constructed contained six dis- 
crete clusters unassociated with specific populations, which 

we labeled A–F from left-to-right along PC1, indicating po- 
tential structural variation. Manhattan plots of F ST across the 
genome with each discrete PCA cluster coded as a popula- 
tion revealed that differentiation among groups was found on 

chromosome 22 in two discrete regions separated by a small 
( ∼1 MB) area of low differentiation. To investigate this vari- 
ation further, we constructed separate PCAs for each region 

containing loci with F ST > 0.3. We also constructed genotype 
heatmaps in R using a custom script that summarized each 

set of three genotype likelihood values into a single estimate 
of allele dosage for each individual at each SNP. Finally, link- 
age disequilibrium (LD) was estimated with ngsLD (Fox et al.
2019 ) for each region, including 500 bp upstream and down- 
stream, with SNPs subsampled by 200 × for computational 
tractability. 
Based on these analyses, we were able to assign genotypes
or individuals in each region. We then calculated observed 

enotype frequencies and expected genotype frequencies for 
ach region based on Hardy–Weinberg equilibrium. We cal- 
ulated these frequencies in three ways: (i) assuming the two
nversions were unlinked; (ii) assuming the inversions were 
ully linked; and (iii) assuming that the inversions were un-
inked but a certain haplotype that was not found in the ob-
erved data was deleterious. We tested for significant devia- 
ions from Hardy–Weinberg and linkage equilibrium using the 
nferred genotypes for each region with exact tests in Genepop
4 (Rousset 2008 ). We also calculated r 2 for inferred geno-

ypes to measure LD using NeEstimator v2.1 (Do et al. 2014 ).

esults 

equencing and genotype likelihood calculation 

equencing 123 individuals yielded 1 722 328 206 raw
aired sequences—∼14 002 668 paired sequences per indi- 
idual (Timm and Larson 2024 ). After aligning reads to the
eference genome, three individuals were removed for insuffi- 
ient coverage ( < 1 ×). Preliminary PCAs revealed two samples
ere duplicates, so one was removed. The resulting 119 indi-

iduals had a mean depth per individual of 4.1 ( SD = 1.20)
nd the final dataset contained 7 110 228 single nucleotide
olymorphisms (SNPs). 

opulation structure with whole genome data 

nitially, PCA revealed six clusters separating along PC1, rep- 
esenting 1.95% variance (PC2 represented 1.03% variance).
hese clusters were not associated with the geographic re- 
ion from which samples were collected ( Fig. 2 a). Manhat-
an plots of F ST among PCA clusters localized the signal to
hromosome 22. When this chromosome was removed from 

he dataset and PCA was rerun on the remaining 23 chro-
osomes, no population genetic structure was evident ( Fig.
 b). Specifically, most individuals grouped in a single cluster
ontaining samples from all collections, while a few individ- 
als from the southernmost population in Washington State 
south) were separated slightly on PC2. Analysis of individual 
dmixture proportions produced similar results to the PCA,
ith no signal of genetic structure associated with geography 

 Supplementary Fig. S1 ) and an optimal K value of one. Log
ikelihood values ranged from 16775.82 ( K = 4) to nearly in-
nite ( K = 1, optimal), increasing as K decreased. 
Pairwise F ST values were extremely low, ranging from 0.004 

eGOA vs south) to 0.007 (wGOA vs eGOA; wGOA vs south)
nd none were statistically significant ( Table 2 ). Weighted F ST 

alues never differed by > 0.001 from the average of the dis-
ribution built from 50 permutations (wGOA vs eGOA distri- 
ution average was 0.006) and P -values ranged from 0.888
wGO A vs eGO A) to 1.0 (BSAI vs wGOA). Manhattan plots
f genetic differentiation across the genome did not reveal any
bservable high- F ST regions or conspicuous signals of putative 
daptive divergence among regions ( Fig. 3 ). 

opulation structure with mitochondrial data 

he lcWGS data produced genotypes for 99 SNPs across the
itochondrial genome. The haplotype network visualized 

rom the mitochondrial data revealed extreme haplotypic 
iversity, with haplotypes grouped into three central hubs,
s well as a separate branch leading to seven individual

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae070#supplementary-data
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Figure 2. Principal component analyses (PCAs) of 119 sablefish from the Bering Sea and Aleutian Islands (BSAI), the western Gulf of Alaska (wGOA), the 
eastern Gulf of Alaska (eGOA), and the coast of Washington State, USA (south). Colors representing regions are consistent with those in the sampling 
map ( Fig. 1 ). (a) PCA includes variant sites from across the whole genome. The six clusters separated along PC1 are hereafter referred to as clusters 
A–F, from left to right. These clusters correspond to genotypes of two putative inversions identified on chromosome 22 (see Fig. 7 ). (b) PCA includes 
variant sites from across the whole genome, with the exception of chromosome 22. 
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Table 2. Pairwise F ST values for every pair of geographic regions [the 
Bering Sea and Aleutian Islands (BSAI), the western Gulf of Alaska (wGOA), 
the eastern Gulf of Alaska (eGOA), and the coast of Washington State, USA 

(south)]. 

BSAI wGOA eGOA South 

BSAI 0.006 | 0.006 0.005 | 0.000 0.005 | 0.001 
wGOA 1.0 | 1.0 0.007 | 0.008 0.007 | 0.008 
eGOA 0.9 | 1.0 0.9 | 1.0 0.004 | 0.001 
South 1.0 | 1.0 0.9 | 1.0 1.0 | 1.0 

F ST values are reported above the diagonal; P -values are reported below. 
The values represent those calculated from the nuclear genome and the mi- 
tochondrial genome (nuclear | mitochondrial), respectively. 

Figure 4. Haplotype network of the full mitochondrial genome 
constructed using data from 99 SNP loci. T he netw ork illustrates extreme 
haplot ypic diversit y, primarily centered around three major hubs (labeled 
1–3). 
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haplotypes ( Fig. 4 ). Each major hub contained haplotypes 
shared between geographic regions and the seven satellite 
haplotypes included individuals from all four regions. We 
observed 105 unique haplotypes and no haplotype was found 

in more than three individuals. AMOVA estimated �ST to be 
0.003, suggesting little molecular variance could be attributed 

to differences between geographic regions. This was further 
supported by analysis of pairwise F ST . Values ranged from 

0 (eGOA vs BSAI) to 0.008 (eGOA vs wGOA and wGOA 

vs south; Table 2 ). Permutation testing revealed none of the 
pairwise F ST values were statistically significant (all simulated 

P -values were = 1). 
Figure 3. Manhattan plots of FST values when comparing pairs of geographic re
Alaska (BSAI vs wGOA), the eastern Gulf of Alaska (BSAI vs eGOA), and the co
with the whole genome PCA (lo w er): A vs each of the other clusters. The 15 M
chromosome is labeled at the top of the plot. 
opulation structure by sex with published RAD 

ataset 

isual inspection of the top two PCs did not reveal any
lear patterns of spatial population structure when both sexes 
ere analyzed together or when males and females were ana-

yzed separately ( Fig. 5 ). The various PC selection approaches
gions (upper): the Bering Sea and Aleutian Islands to the western Gulf of 
ast of Washington State, USA (BSAI vs south); and clusters identified 
b position is marked along the bottom of each chromosome. Each 

dvance-article/doi/10.1093/icesjm
s/fsae070/7687945 by guest on 30 June 2024
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Figure 5. Principal components analysis of 2661 RADseq-derived SNP loci from sablefish collected in the northeast Pacific Ocean (originally published in 
J asono wicz et al. 2017 ). 

Table 3. Summary of the % variance explained when different numbers of 
PCs are retained for discriminant analysis of principal components runs us- 
ing 2661 RADseq-derived SNP loci in both sexes, females-only and males- 
only. 

2 PCs 10 PCs 60 PCs Cross-validation 

Both sexes 1.77% 6.14% 27.43% 79.38% (250) 
Females 2.39% 9.49% 42.64% 87.7% (160) 
Males 2.30% 8.90% 42.80% 64.13% (100) 

We included analyses when 2, 10, and 60 PCs were retained. When cross- 
validation was used to determine the number of PCs to retain, the number 
of PCs retained is reported in parentheses. 
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esulted in a wide range of % variance of the dataset be-
ng retained for the discriminant analysis portion of DAPC
 Table 3 ). This is especially dramatic in the case where cross-
alidation was used to select the number of PCs: 250 PCs ac-
ounted for 79.38% of the total variance when both sexes
ere analyzed together; however, when males and females
ere analyzed separately, 160 PCs were retained for the

emale-only dataset and 100 for the male-only dataset, result-
ng in 87.7 and 64.13% of the total variance retained in each,
espectively . Not surprisingly , as the number of PCs retained
ncreased (and % variance explained by the PCs retained), sep-
ration among the a priori specified groupings increased as
ell ( Fig. 6 ). 

dentification of putative structural variants 

anhattan plots of pairwise F ST calculated among the six
lusters found in the PCA containing all loci across the
enome ( Fig. 2 b) revealed two blocks of elevated divergence
n chromosome 22 ( Fig. 3 ): the first was ∼4Mbs in length
nd spanned positions 4.13e6-8.19e6 [hereafter referred to
s inversion 1 (inv1)]; the second was ∼3Mbs in length and
panned positions 8.97e6-11.90e6 [hereafter referred to as
nversion 2 (inv2)] ( Fig. 7 a). Sites within these regions with
 ST > 0.3 were targeted to generate a dataset for each block
16 802 and 7248 SNPs, respectively). PCAs of each block
evealed that each contained three clusters, which likely cor-
espond to alternate homozygotes with a heterozygote cluster
n the middle ( Fig. 7 b and c). The variation explained by PC
 was much higher than PC2 in both PCAs (inv1 PCA PC1
8%, PC2 1%; inv2 PCA PC1 56%, PC2 1%). There was ev-
dence of a small amount of additional sequence variation in
he PCAs based on the presence of multiple clusters on PC2
or homozygote (hom) 0 in inv1 and PC2 for hom2 in inv2.
eatmaps of LD revealed elevated LD within putative inver-

ion regions; average Pearson correlation coefficients within
locks were 0.056 for inv1 and 0.103 for inv2 ( Fig. 7 d and e).
Observed genotype frequencies within each inversion were

imilar to expected frequencies ( Table 4 ) and no evidence of
eviations from Hardy–Weinberg equilibrium was detected
 P -value = 0.85 for inv1 and 0.16 for inv2). However, ob-
erved genotype frequencies differed substantially from ex-
ected frequencies when inversions were treated as unlinked.
pecifically, genotypes containing the haplotypes inv1 allele
al) 0 inv2 al0 and inv1 al1 inv2 al1 were generally more com-
on than expected, while genotypes containing the inv1 al1

nv2 al0 haplotype were absent, even though genotypes con-
aining these haplotypes were expected at a frequency of 0.16.
dditionally, the expected proportion of the inv1 hom0 inv2
om1 genotype was found at a frequency 0.11 less than ex-
ected. When the loci were treated as fully linked, observed
enotype frequencies closely matched expected frequencies.
inally, when the inv1 al1 inv2 al0 haplotype is treated as
eleterious and any individual with this haplotype is not vi-
ble, observed genotypes deviate substantially from expecta-
ions. Deviations are generally similar to those observed when
he inversions were treated as unlinked, with the inv1 hom0
nv2 hom1 genotype showing the largest deviation from ex-
ectations (observed frequency = 0.16, expected = 0.06).
ignificant LD between the putative inversions was detected
ased on analysis of inversion genotypes ( P -value = 0,
2 = 0.42), providing further evidence that the inversions
re linked. 

iscussion 

ur study represents the first to use whole genome resequenc-
ng to investigate population structure in sablefish and pro-
ides strong evidence for panmixia in a large portion of the
orthern end of their range. We also reanalyzed a RAD-seq
ataset, which provided further evidence of panmixia in this
egion. Finally, we identified two putative chromosomal inver-
ions found near each other on chromosome 22 that appear to
e in strong LD. Our findings suggest that, since sablefish are
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Figure 6. Discriminant analysis of principal components of 2661 RADseq-derived SNP loci (originally published in Jasonowicz et al. 2017 ). Each panel 
represents a unique combination of sex (from left-to-right: both sexes, female-only and male-only) and number of retained PCs [from top-to-bottom: 2, 
10, 60, and a number inferred from cross-validation (number of retained PCs given in parentheses)]. 
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Figure 7. (a) A scan of FST values across sites on chromosome 22 identifies two putative inversions. The first is ∼4 Mbs (4.1 3e6-8.1 9e6) and the second 
is ∼3 Mbs (8.97e6-11.90e6). (b) PCA of the first block re v eals three genotypes: homozygous for the minor allele (clusters D, E, and F in the whole 
genome PCA), heterozygous (clusters B and C), and homozygous for the major allele (cluster A). (c) PCA of the second block also reveals three 
genotypes: homozygous for the minor allele (clusters A, B, and D in the whole genome PCA), heterozygous (clusters C and D), and homozygous for the 
major allele (cluster F). In both PCAs, individuals from cluster D in the whole genome PCA spread a w a y from the larger genotype cluster on PC2, 
indicating some sub-variation. (d) Linkage disequilibrium values, expressed as Pearson correlation coefficients for all SNP pairs in the first block. (e) 
Linkage disequilibrium values, expressed as Pearson correlation coefficients for all SNP pairs in the second block. 
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Table 4. In v erted genotype frequencies from chromosome 22. 

Cluster inv1_genotype inv2_genotype Observed proportion Unlinked expected Linked expected Deleterious expected 

A 1/1 1/1 0.15 0.07 0.16 0.09 
None 1/1 0/1 0.00 0.06 0.00 0.00 
None 1/1 0/0 0.00 0.02 0.00 0.00 
B 0/1 1/1 0.24 0.22 0.20 0.27 
C 0/1 0/1 0.25 0.20 0.29 0.15 
None 0/1 0/0 0.00 0.08 0.00 0.00 
D 0/0 1/1 0.05 0.16 0.06 0.20 
E 0/0 0/1 0.14 0.14 0.17 0.23 
F 0/0 0/0 0.16 0.06 0.13 0.06 

The cluster representing the combination, as well as the observed and expected frequencies and the observed and expected sample sizes (“obs” and “exp,”
respectively) for each inverted genotype pair under three situations: assuming the two inversions were unlinked (“unlinked”), assuming the inversions were 
fully linked (“linked”), and assuming that the inversions were unlinked but absent haplotypes are deleterious (“deleterious”). When a genotype combination 
is not seen in the data, the cluster is labeled “none.”
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highly mobile and panmictic in their northern range, manage- 
ment boundaries in this region do not need to consider genetic 
structure. 

Genetic evidence for panmixia from Washington 

State to the Bering Sea 

We did not document any evidence of genetic structure in 

sablefish using data from millions of SNPs genotyped in in- 
dividuals from Washington State, USA to the Bering Sea and 

Aleutian Islands, AK, USA. Our study is also the first to ana- 
lyze mostly juvenile samples, which should be more represen- 
tative of spawning groups than adults because they have had 

less time to disperse, and we still did not document evidence 
of genetic structure. In general, our findings are similar to Ja- 
sonowicz et al. (2017) , who used 2661 markers genotyped 

with RAD sequencing to investigate the genetic structure of 
adult sablefish from California to the Aleutian Islands and 

Bering Sea and also did not find any evidence of genetic struc- 
ture. Sablefish are extremely mobile based on tagging studies 
(Hanselman et al. 2015 ). Thus, not surprisingly, Jasonowicz 
et al. (2017) found that sablefish display similar values of ge- 
netic differentiation as two species that are known to be pan- 
mictic, European eels ( Anguilla anguilla ) and American eels 
( Anguilla rostrata ) (Côté et al. 2013 , Pujolar et al. 2014 ). No- 
tably, Ulmo-Diaz et al. ( 2023 ) recently found panmixia in the 
American eel extended into the tropical part of its range and,
similar to sablefish, identified two putative inversions, which 

occurred across the geographic sampling region. 
The conclusion of panmixia in our study and Jasonowicz et 

al. (2017) is not consistent with a recent study by Orozco-Ruiz 
et al. (2023) , who analyzed microsatellite data from Mexico to 

Russia and concluded that genetic structure exists in sablefish 

throughout this range as well as within the range of our study.
In particular, they documented genetic structure within Alaska 
with DAPC analysis in a male-only dataset and a dataset 
with both sexes combined, but not in a female-only dataset.
Structure was detected among nearly all of the six collections 
analyzed with the male-only dataset and between the Gulf 
of Alaska and the Bering Sea/Aleutian Islands with the full 
dataset. The number of PCs retained for these datasets were 
60, 60, and 10, respectively. We reanalyzed the RAD dataset 
presented in Jasonowicz et al. ( 2017 ), which consisted of adult 
individuals with known sex, to determine if we could recreate 
these patterns. PCAs of male-specific and female-specific data 
showed no clustering by region, supporting our conclusion of 
panmixia. We then constructed DAPCs using various meth- 
ds to select the number of PCs retained and found that when
he number of PCs retained was relatively small ( ≤10) and
ikely close to the K -1 threshold suggested by Thia (2023) , no
opulation structure was observed. However, when the num- 
er of PCs retained was larger ( > 100), populations began to
eparate, but no specific geographic pattern was observable.
nterestingly, population structure was still not visible with 

0 PCs retained in the RAD data, even though structure was
bservable when 60 PCs were retained in Orozco-Ruiz et al.
2023) . We hypothesize that this was because the RAD dataset
as more robust to variation in retained PCs due to increased
arker numbers. It is also possible that the characteristics 
f microsatellites (i.e. many alleles) may make microsatellite 
atasets more susceptible to finding artifacts with DAPC. Fi- 
ally, it is notable that the female-only microsatellite dataset 
n Orozco-Ruiz et al. (2023) was analyzed with 10 retained
Cs and did not show any structure, suggesting that retaining
 number of PCs closer to K -1 led to results in agreement with
ur own, namely no population structure. 
The DAPC analyses described above illustrate the potential 

itfalls associated with conducting DAPC in high gene flow 

pecies. Two recent simulation studies address this issue and 

oth highlight the fact that DAPC can create artifacts of pop-
lation structure in high-gene flow systems (Miller et al. 2020 ,
hia 2023 ). DAPC is designed to maximize among-group dif-

erentiation, and when groups are defined a priori as in the
nalyses conducted above, DAPC will often return a result 
hat suggests the groups are part of discrete clusters (Miller et
l. 2020 ). This problem is substantially exacerbated when the
umber of retained PCs is high, as is often supported by many
ethods used to choose the number of PCs to retain (Thia
023 ). If these results are taken as facts, they can lead to incor-
ect conclusions that could be integrated into management. In 

ur case, postulating that population structure exists in sable- 
sh throughout Alaska could lead to a re-evaluation of the
anagement paradigm for this species. We therefore encour- 

ge researchers to be extremely cautious about implementing 
APC in high-gene flow species and also recommend that con-
lusions of population structure be based on more than one
nalysis. 

Additionally, we did not detect genetic structure using data 
rom the full mitochondrial genome. Diversity was extremely 
igh, with no haplotype shared in more than three individ-
als, and no spatial clustering was present. Orozco-Ruiz et 
l. (2023) also found extremely high diversity at the D-loop
egion but concluded that structure did exist, with the most
tructure observed between the western Bering Sea and the 
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emaining samples. They also identified genetic discontinuities
etween locations in British Columbia and the Gulf of Alaska
sing genetic landscape shape interpolation analysis (Miller
005 ), but did not detect significant structure in this region
ased on �ST . Our study did not include samples from the
estern Bering Sea, but our finding of no significant structure
ased on �ST in the North Pacific and Gulf of Alaska is in ac-
ordance with that of Orozco-Ruiz et al. (2023) . We are un-
ure why the genetic landscape shape interpolation analysis
etected potential structure in the North Pacific in Orozco-
uiz et al. (2023) , but it is possible that this approach is not
ppropriate when structure is weak or non-existent. This dis-
ordance between analysis methods again stresses the impor-
ance of using multiple lines of evidence to support conclu-
ions of genetic structure, especially when structure is low
Waples 1998 ). 

utative structural variation on chromosome 22 

ur analyses identified two putative structural variants on
hromosome 22 that were relatively large (3–4 Mb) and sep-
rated by ∼1 Mb. We hypothesize that these are inversions
dentified by clustering patterns in local PCAs, high divergence
etween homozygous types, and high linkage (Huang et al.
020 , Mérot et al. 2020 ). Additional evidence for these in-
ersions in sablefish was documented by Flores et al. (2023) ,
ho found that recombination in both males and females
as highly suppressed in this region, including across the
 Mb region spanning the inversions. Proximate inversions
ave also been documented in Atlantic cod ( Gadus morhua ,
irubakaran et al. 2016 ). The inversions in cod appear to be
djacent, with no gap between them, whereas the inversions
e documented contained a small 1 Mb gap. 
We did not document regional differences in genotype fre-

uencies at inversions, suggesting that these regions are not
ndergoing divergent selection. Our finding of inversions not
nvolved in spatial divergence dominating overall patterns of
enetic structure is similar to Kess et al. (2021) , who docu-
ented a large inversion in another high gene flow marine

pecies, Atlantic halibut ( Hippoglossus hippoglossus ). Kess et
l. (2021) discuss the possibility that the inversion they dis-
overed may be related to phenotypic variation within geneti-
ally similar populations, and recommended that future stud-
es investigate potential connections between inversion geno-
ypes, behavior, and other phenotypes. We suggest a similar
pproach for sablefish. It is also important to note that our
tudy did not include the full species range of sablefish, so it
s possible the putative inversions we discovered are involved
n adaptive divergence in other geographic regions. 

Genotype patterns at the two putative inversions that we
ocumented indicated that both inversions are in Hardy–
einberg equilibrium when analyzed independently, and

nalysis of LD indicated that the two inversions are highly
inked. When both inversions were assumed to be indepen-
ent, observed genotype frequency differed substantially from
xpectations. Similar deviations were observed when the loci
ere assumed to be independent and the inv1 hom1 inv2
om0 haplotype (which was not observed) was assumed to be
eleterious. However, when the inversions were assumed to be
n LD, observed genotype patterns closely matched expecta-
ions. We hypothesize that linkage likely explains the patterns
e observed and the absence of the inv1 hom1 inv2 hom0
aplotype. For example, if the second inversion arose on a
NA strand containing the first inversion, and no recombi-
ation occurred, then the inv1 hom1 inv2 hom0 haplotype
ould never be present. Recent research suggests that recom-
ination can be suppressed outside of inversion breakpoints
ue to subtle changes in chromosomal pairing during meiosis
Li et al. 2023 ). It is possible that this or a similar mecha-
ism has reduced recombination to the point where these in-
ersions do not act independently even on long timescales, po-
entially explaining the absence of a specific haplotype. While
e cannot rule out the possibility that the combination of inv1
om1 inv2 hom0 is deleterious and is being selected against,
his hypothesis seems unlikely. Very little research has been
onducted to understand whether combinations of inversions
re the targets of selection rather than each inversion sepa-
ately, and the only paper that we could find investigating this
opic found no evidence of selection on inversion combina-
ions (Zivanovic et al. 2016 ). One potential avenue for future
esearch to understand these inversions could be to genotype
housands of individuals at the inversions using amplicon se-
uencing to determine if the absent haplotype is indeed ab-
ent, which would suggest that recombination does not occur
n this region. 

onclusions and management implications 

oth the genome resequencing and RAD-seq data analyzed in
his paper provide strong evidence of panmixia in sablefish in
heir northern range from the West Coast US to the Bering
ea and Aleutian Islands. This result is generally consistent
ith past genetic studies and with the life history of sablefish,
hich involves frequent and long-distance movements. Our

esults provide additional evidence that the current manage-
ent strategy for sablefish in the northern part of their range,
hich is based on high movement rates and genetic panmixia,

s appropriate. It is important to note that our study did not
nclude some areas of the sablefish range, such as Mexico,
ussia, and Japan. Previous studies (Tripp-Valdez et al. 2012 ,
rozco-Ruiz et al. 2023 ) have suggested that genetic structure

xists in these areas, and reevaluating those results with whole
enome sequencing could confirm their findings and shed light
n important adaptive variation in the species. 
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