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cold-water-adapted Arctic cod and Polar cod in the
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Abstract

As marine ecosystems respond to climate change and other stressors, it is necessary to evaluate current and past hybridiza-
tion events to gain insight on the outcomes and drivers of such events. Ancestral introgression within the gadids has been
suggested to allow cod to inhabit a variety of habitats. Little attention has been given to contemporary hybridization, especially
within cold-water-adapted cod (Boreogadus saida Lepechin, 1774 and Arctogadus glacialis Peters, 1872). We used whole-genome,
restriction-site associated, and mitochondrial sequence data to explore the degree and direction of hybridization between
these species where previous hybridization had not been reported. Although nearly identical morphologically at certain life
stages, we detected very distinct nuclear and mitochondrial lineages. We detected one potential hybrid with a Arctogadus mi-
tochondrial haplotype and Boreogadus nuclear genotype, but no early generational hybrids. The presence of a late generation
hybrid suggests that at least some hybrids survive to maturity and reproduce. However, a historical introgression event could
not be excluded. Contemporary gene flow appears asymmetrical from Arctogadus into Boreogadus, which may be due to overlap
in timing of spawning, environmental heterogeneity, or differences in population size. This study provides important baseline
information for the degree of potential hybridization between these species within Alaska marine environments.

Key words: Arctic, Arctogadus glacialis, Boreogadus saida, hybridization, species-specific markers

Résumé

Alors que les écosystemes marins réagissent aux changements climatiques et a d’autres facteurs de stress, il est nécessaire
d’évaluer les événements d’hybridation actuels et passés afin de mieux comprendre les résultats et les éléments moteurs de
ces événements. L’introgression ancestrale au sein des gadidés a été suggérée pour permettre a la morue d’habiter une variété
d’habitats. Peu d’attention a été prétée a I’hybridation contemporaine, en particulier chez les morues adaptées aux eaux
froides (Boreogadus saida Lepechin, 1774 et Arctogadus glacialis Peters, 1872). Les auteurs ont utilisé les données de séquences
du génome entier, associées aux sites de restriction, et les données de séquences mitochondriales pour explorer le degré et la
direction de I'hybridation entre ces espéces ou aucune hybridation précédente n’avait été signalée. Bien que presque identiques
morphologiquement a certains stades du cycle de vie, ils ont détecté des lignées nucléaires et mitochondriales trés distinctes. Ils
ont détecté un hybride potentiel possédant un haplotype mitochondrial Arctogadus et un génotype nucléaire Boreogadus, mais
aucun hybride générationnel précoce. La présence d’un hybride générationnel tardif suggere qu’au moins certains hybrides
survivent jusqu’a maturité et se reproduisent. Cependant, un événement d’introgression historique ne peut étre exclu. Le flux
génétique contemporain semble asymétrique d’Arctogadus vers Boreogadus, ce qui peut étre dit au chevauchement des périodes
de frai, a ’'hétérogénéité environnementale ou aux différences de taille des populations. Cette étude fournit des informations
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de base importantes sur le degré d’hybridation potentielle entre ces espéces dans les environnements marins de 1’Alaska.

[Traduit par la Rédaction]

Mots-clés : Arctique, Arctogadus glacialis, Boreogadus saida, hybridation, marqueurs spécifiques aux espéces

Introduction

Hybridization is a common occurrence among animal
species (Mallet 2005). Weak isolating mechanisms and char-
acteristics of fish biology such as external fertilization
(Campton 1987; Leary et al. 1995), rarity of one or both
parental species (Frisch and van Herweden 2006; Montanari
et al. 2012), and habitat overlap of parental species (Marie
et al. 2007; Yaakub et al. 2007) are likely causes of the high
incidence in fishes. Hybridization is often viewed as having
negative consequences on biodiversity (Edmands 2007), given
its potential to break up coadapted gene complexes for lo-
cal adaptations (Barton and Hewitt 1989); however, introgres-
sion can also provide benefits by creating genetic and pheno-
typic variation that may give individuals a fitness advantage
(Pardo-Diaz et al. 2012; Dowling et al. 2016; Hanemaaijer et
al. 2018). Such benefits become especially relevant in regions
such as the Arctic Ocean, which are facing wide-scale habitat
modifications (Cronin and Cronin 2015) that are expected to
change reproductive interactions among species (Garroway
et al. 2010; Chunco 2014) and ultimately impact community-
wide dynamics (Farkas et al. 2015; Canestrelli et al. 2017).
However, predicting the outcomes and attributing drivers
of hybridization (e.g., ocean warming) is difficult (Potts et
al. 2014), primarily due to the lack of baseline assessments.
Therefore, evaluating levels of current genetic exchange is
a necessary first step toward understanding potential future
outcomes, not only in terms of genomic vulnerability for
species but also its potential community and ecosystem-wide
impacts.

Gadids (cod; Gadidae) are a diverse group of teleost fish that
inhabit a variety of marine ecosystems. This group’s ability
to successfully flourish in a broad range of habitats may be
due to the acquisition of genetic material through adaptive
introgression or hybrid speciation (Arnason and Halld6rsd6t-
tir 2019). However, apart from Atlantic cod (Gadus morhua,
e.g., Bradbury et al. 2014; Weist et al. 2019), little attention
has been focused on estimating the influence of contempo-
rary hybridization on genetic diversity within gadids at the
population level. In the Arctic Ocean, the Polar cod (Botre-
ogadus saida Lepechin, 1774; hereafter referred as Boreogadus)
and Arctic cod (Arctogadus glacialis Peters, 1872; hereafter re-
ferred as Arctogadus) play an essential role in the Arctic food
web (Finley and Gibb 1982; Welch et al. 1992) as they provide
an energy-rich food source upon which many upper trophic
level predators rely (Harwood et al. 2015). Both species have
a pan-Arctic distribution and are often associated with sea-
ice as both are well-adapted to cold-water environments. As-
suming both species are stenothermic (evident in Boreogadus;
Laurel et al. 2016), warming temperatures will likely nega-
tively impact these species, in particular at early life stages,
and their ability to compete with invading temperate species
such as the eurythermal walleye pollock (Gadus chalcogram-
mus Pallas, 1814) (Bouchard et al. 2017; Majewski et al. 2017;
LeBlanc et al. 2020; Marsh and Mueter 2020). Although Bore-
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ogadus has been extensively studied, many information gaps
remain unanswered (Mueter et al. 2016). Understanding the
genetic and phenotypic composition of these Arctic dwelling
species and levels of interspecies genetic exchange can pro-
vide valuable insight into factors, such as habitat use and
other life-history characteristics, influencing population dy-
namics.

Local segregation, either through temporal or ecological
separation (i.e., microhabitat isolation), is thought to limit
hybridization opportunities in some species. Despite a gen-
eral lack of data on both species about many life-history char-
acteristics, there appears to be some spatial segregation on
the summer feeding grounds at the adult life stage. For in-
stance, Boreogadus is more associated with the pelagic and Arc-
togadus with the benthic food web (Christiansen et al. 2012).
However, the trophic relationships (e.g., pelagic or benthic)
of these species may change markedly across seasons with
shifts in sea-ice concentrating common prey in certain ar-
eas (Christiansen et al. 2012), potentially increasing oppor-
tunities for species interactions during fall and winter, when
spawning most likely occurs (Craig et al. 1982; Siifke et al.
1998). Despite spatial segregation of adults during summer,
there is considerable overlap in ecological niche and local
distribution during early life stages (Bouchard et al. 2016).
Notwithstanding, the potential sympatry on reproduction
sites, there are no current reports of hybridization between
these two species. However, spawning locality and behavior
are not well known (Jordan et al. 2003). Regardless, Arctic
marine environments are rapidly changing and may lead to
changes in community-wide species interactions. Habitat dis-
turbance is a main driving force for hybridization (Ma et al.
2019), but changes in local distributions for these two species
may also result in the formation of new areas of secondary
contact or the breakdown of local spatial structure, which
may currently restrict hybridization events.

To assess changes in distribution and level of genetic ex-
change, accurate species determination is needed as this
may contribute to the lack of hybridization reports. For in-
stance, Arctogadus and Boreogadus are often misidentified, as
larval and juvenile stages are almost phenotypically indis-
tinguishable (Teletcha et al. 2006). Misidentification during
field observations has likely led to the less abundant Arc-
togadus being mistaken for the numerically dominant Bore-
ogadus. Thus, a suite of genetic markers that aids in the accu-
rate determination of species is needed to monitor changes
in species abundances, distributions and frequency of hy-
bridization. Although mitochondrial DNA is sufficiently dis-
tinct, assessments of hybridization require markers located
in the nuclear genome—relatively lacking for Arctogadus—
since mitochondrial DNA is solely passed through the mater-
nal lineage. To date, only a single genetic marker located in
the nuclear genome (a microsatellite GMOS8) has been pro-
posed to distinguish these two species with high accuracy
(Madsen et al. 2009). However, the allele size distribution of
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Fig. 1. Map of general sample localities and sample sizes for Boreogadus saida and Arctogadus glacialis. Exact sample locations
are listed in Wilson et al. (2018). Map created using ESRI Arcview 8.2 software (https://support.esri.com/en/download/768) and
free vector and raster map data from Natural Earth (https://www.naturalearthdata.com).
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this microsatellite is not mutually exclusive as both species
possess alleles in the lower size range, limiting its use in
the detection of hybridization and restricting species iden-
tification to only those individuals that possess alleles in the
higher fragment size range. Using double digest restriction
site-associated (ddRAD) sequences from Boreogadus and Arcto-
gadus sampled from the Alaska and western Canada Beaufort
Sea and adjacent seas, we aimed to discover a set of species-
specific loci to investigate the degree of genetic divergence
and the current level of potential genetic exchange across
species in an area of sympatry. Further for a single hybrid
individual, we used whole-genome sequences to explore its
genomic composition using previously published genomic
data from other gadid species (Atlantic cod; Pacific cod, Gadus
macrocephalus; and walleye pollock; Arnason and Halldérsdot-
tir 2019). As Boreogadus and Arctogadus are often found within
the remote waters of the Arctic region, genetic information
can provide valuable insight into reproductive segregation
that may not be easily obtained through direct observations.

Methods

Sampling and DNA extraction

Genomic DNA was extracted using a DNeasy Blood and
Tissue kit and following the manufacturer’s protocols (Qia-
gen, Valencia, CA, USA) from fin clips or tissue of 127 fish
morphologically identified as Boreogadus (n = 115) and Arcto-
gadus (n = 12; Fig. 1). Boreogadus samples collected from the
Beaufort and Chukchi seas were provided by researchers con-
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ducting other research projects and samples from Bering Sea
were provided by University of Washington Burke Museum
Fish Collection (Wilson et al. 2018). Arctogadus samples from
western Canadian Beaufort Sea were obtained from Fisheries
and Oceans Canada Specimen Collection. As species determi-
nation based on morphology can be difficult, initial species
identity based on mouth and general body morphology in
the field was verified using mtDNA (Wilson et al. 2017). Ex-
tractions were quantified using a Modulus Microplate (Turner
BioSystems, Inc.) using a Broad Range Quant-iT dsDNA Assay
Kit (Thermo Fisher Scientific, Inc.) to ensure a minimum con-
centration of 4 ng/uL. Detailed sample information including
GPS coordinates is in Wilson et al. (2018).

ddRAD library preparation and bioinformatics
Sample preparation for ddRAD sequencing followed the
double-digest protocol outlined in DaCosta and Sorenson
(2014). Genomic DNA (up to 1 pg) was digested with high
fidelity versions of Sbfl and Mspl restriction enzymes (New
England Biolabs, Ipswich, MA, USA). Amplification and se-
quencing adapters containing unique barcode or index se-
quences were ligated to the sticky ends generated by the re-
striction enzymes. The products were then electrophoresed
on 2% low-melt agarose gel and DNA fragments of size be-
tween 300 and 450 base pair (178-328 base pair (bp), exclud-
ing adapters) were selected. DNA was extracted from the gel
using a MinElute Gel Extraction Kit (Qiagen) following the
manufacturer’s protocol. Size-selected fragments were then
PCR-amplified with Phusion high-fidelity DNA polymerase

Arctic Science 8: 1082—1093 (2022) | dx.doi.org/10.1139/AS-2021-0030
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(Thermo Scientific, Pittsburgh, PA, USA) for 24 cycles, and
amplified products were cleaned using magnetic AMPure XP
beads (Beckman Coulter, Inc., Indianapolis, IN, USA). Quanti-
tative PCR using an [llumina library quantification kit (KAPA
Biosystems, Wilmington, MA, USA) was used to measure the
concentration of purified PCR products, and samples were
pooled in equimolar concentrations. A multiplexed library
was sequenced as a single-end 150-bp run on an Illumina
HiSeq 2500 at the Tufts University Core Genomics Facility.
Raw Illumina reads have been accessioned on NCBI’s Se-
quence Read Archive (SRA; Bioproject: PRJNA436585; Biosam-
ple: SAMN18039800-SAMN18039926).

Raw Illumina reads were processed using a computational
pipeline described by DaCosta and Sorenson (2014; http://gi
thub.com/BU-RAD-seq/ddRAD-seq-Pipeline). First, reads were
assigned to individual samples based on barcode/index se-
quences using bcl2fastq-1.8.4 software (Illumina Inc.) by Tufts
University Core Genomics facility. Preprocessing of reads was
done using a custom python script (ddRAD_fastq_qc.py, Jeff
DaCosta, Boston College) that removed chimera sequences
(SbfI-Sbfl or MspI-Mspl) or reads containing two or more mis-
matches in Sbfl recognition site and trimmed reads to ei-
ther Mspl concatemer or P2 adapter. Reads per sample then
were collapsed into identical clusters using the CondenseSe-
quences.py script with low-quality reads (i.e., sequences that
failed to cluster with any other reads (—id setting of 0.90)
and an average per-base Phred score (<20) filtered out with
the FilterSequences.py script and the ucLusT function in USE-
ARCH V.5 (Edgar 2010). Condensed and filtered reads from all
samples were then concatenated and clustered with an —id
setting of 0.85 in ucLusT as well as clusters with identi-
cal or nearly identical BLAST hit to reference genome of
G. morhua (Terresen et al. 2017) were combined. MUSCLE v.3
(Edgar 2004) was used to align reads within each cluster, and
samples within each aligned cluster were genotyped using
the RADGenotypes.py script. Homozygotes and heterozygotes
were identified based on thresholds outlined in DaCosta and
Sorenson (2014), with individual genotypes falling into three
categories: “missing” (no data), “good” (unambiguously geno-
typed), and “flagged” (recovered heterozygous genotype, but
with haplotype counts outside of acceptable thresholds or
with >2 alleles detected). Clusters were also “flagged” if the
number of single-nucleotide polymorphisms (SNPs) were >8
and if >3 SNPs showed strong linkage from output produced
in the genotyping step (“clustersummary.out” file). We used
Geneious v10 (Biomaters Inc., San Francisco, CA, USA) to man-
ually check and edit loci. To limit any biases due to sequenc-
ing error and (or) allelic dropout, alleles with less than five
times coverage were scored as missing, such that a minimum
of ten reads was required to score a locus as heterozygous. Fi-
nal output files were generated with custom python scripts
(available at https://github.com/BU-RAD-seq/Out-Conversions
and see Lavretksky et al. 2016).

Whole-genome sequencing and bioinformatics
Whole-genome sequencing, conducted independently of

the ddRAD-seq analyses, followed Arnason and Halldérsdot-

tir (2019). Briefly, genomic DNA was isolated from the tissue
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samples from the Arnason and Halldérsdéttir DNAfish col-
lection using the E-Z 96 Tissue DNA Kit (Omega469Biotek),
according to the manufacturer’s recommendation. The DNA
was normalized with elution buffer to 10 ng/uL. The normal-
ized DNA was analyzed at the Bauer Core of Harvard Univer-
sity. The Bauer Core used the Kapa HyperPrep Plus kit (Kapa
Biosystems) for enzymatic DNA fragmentation and adapter
ligation according to the manufacturer’s recommendation
except that the reaction volume was one-fourth of the rec-
ommended volume. The target insert size was 350 bp with a
resulting average of 487 bp. The libraries were indexed using
IDT (Integrated DNA Technologies) unique dual 8 bp indexes
for Nlumina. The Core uses Tapestation (Agilent Technolo-
gies) and Picogreen qPCR for sizing and quality checks. Mul-
tiplexed libraries were sequenced on NovaSeq (Illumina) S4
lanes at the Broad Institute with a 2 x 150 bp read format, and
demultiplexed fastq files of each individual were returned.
Data processing followed the Genome Analysis Toolkit (GATK)
best practices () as implemented in the fastq_to_vcf pipeline
of Alison Shultz (github.com/ajshultz/comp-pop-gen). Using
the pipeline, the raw reads were adapter trimmed using
Ngmerge (Gaspar 2018), the trimmed fastq files aligned to
the gadMor3.0 chromosome-level reference genome assem-
bly (NCBI accession ID: GCF_902 167 405.1) using bwa mem
(Li and Durbin 2009), and the resulting bam files dedupli-
cated, sorted, and indexed with gatk (). The deduplicated bam
files were used for population genetic analysis with ANGSD
(Korneliussen et al. 2014) using filtering flags [-uniqueOnly
1 -remove_bads 1 -only_proper_pairs 1 -trim 0 -C 50 -baq 1
-minMapQ 20 -minQ 20 -skipTriallelic 1 -SNP_pval 1e-3].
Genotype calling and covariance matrix was done with
Angsd (Korneliussen et al. 2014) and its relative ngsTools
(Fumagalli et al. 2014), using two to three individuals of the
species Atlantic cod, Pacific cod, walleye pollock, Polar cod,
Arctic cod, and our hybrid. Positions where all individuals
had at least one in coverage depth were included and cut-off
where coverage depth of the combined individuals was more
than 500 (e.g., if all individuals had ca. 30 in coverage depth).

mtDNA sequencing

We leveraged previously published cytochrome b and mi-
togenome sequences for Boreogadus (Wilson et al. 2017, 2019,
2020). For the 12 Artogadus samples, we amplified either an
818 or 1,266 bp fragment of cytochrome b using primers and
protocols listed in Wilson et al. (2017 and 2019). All new (Gen-
Bank accession numbers: OK143300-OK143312) and publicly
available sequences (see Wilson et al. 2018 for GenBank acces-
sion numbers) were trimmed to a common length of 707 bp.

Levels of divergence

Pair-wise levels of divergence (¢sr)and nucleotide diversity
() for each ddRAD-seq loci and overall were calculated us-
ing the custom script out2phistA.py (available at https://github
.com/BU-RAD-seq/Out-Conversions). For mtDNA cytb, we cal-
culated the number of fixed differences and genetic distance
(Dxy) between species and nucleotide diversity within species
in DnaSP v5.1 (Librado and Rozas 2009).
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Genetic admixture

We used three approaches to assess the level of genetic ad-
mixture and infer the presence of gene flow between species.
First, we performed a Principal Component Analysis (PCA)
using allelic states extracted with a custom Python script
(out2structureA.py; available at https://github.com/BU-RAD-
seq/Out-Conversions) implemented in the adegenet R pack-
age (i.e., “dudi.pca”; Dray and Dufour 2007; Jombart 2008).
For PCAs, we plotted the first two principal components. Sec-
ond, we obtained maximum likelihood estimates of popula-
tion assignments across individuals using ADMIXTURE v.1.3
(Alexander et al. 2009; Alexander and Lange 2011). We used
biallelic SNPs, with singletons (i.e., rare SNPs observed in only
one individual) excluded and without a priori assignment of
individuals to populations or species. SNPs were first format-
ted for analyses using plink (Purcell et al. 2007), following
steps outlined in Alexander et al. (2012). ADMIXTURE analy-
sis was run with a ten-fold cross-validation (CV), and a quasi-
Newton algorithm employed to accelerate convergence (Zhou
et al. 2011). To limit any possible stochastic effects from sin-
gle analyses, we ran 100 iterations for each value of K (num-
ber of groups; from K of 1-10). Each analysis used a block re-
laxation algorithm for point estimation and terminated once
the change (i.e., delta) in the log-likelihood of the point es-
timations increased by <0.0001. The optimum K was based
on the average of CV errors across the 100 analyses per K;
however, additional Ks were analyzed for further population
structure resolution. We then used the program CLUMPP v.1.1
(Jakobsson and Rosenberg 2007) to determine the robustness
of the assignments of individuals to populations at each K.
The R program PopHelper (Francis 2017) was first used to effi-
ciently convert ADMIXTURE outputs into CLUMPP input files
at each K. In CLUMPP, we employed the Large Greedy algo-
rithm and 1000 random permutations. Final admixture pro-
portions for each K and per sample assignment probabilities
(Q estimates; the log likelihood of group assignment) were
based on CLUMPP analyses of all 100 replicates per K.

Third, we used the program fineRADstructure (Malinsky et
al. 2018) to infer population structure via shared ancestry.
FineRADstructure differs from ADMIXTURE in that it focuses
on the most recent coalescent events to provide information
on recent relatedness, which is informative in situations of
contemporary gene flow between species. Due to the vast dif-
ferences in sample sizes between species, we ran fineRAD-
structure using the entire data set as well as randomly se-
lected 15 Boreogadus, including sample ID 20015632, which
was designated as a potential hybrid (see results below). This
was repeated with three sets of 15 randomly chosen Bore-
ogadus samples. Samples were assigned to populations using
1000000 iterations sampled every 1000 steps with a burn-in
of 100 000. The tree was built using 1000 000 iterations and
output visualized using the R scripts fineradstructureplot.r
and finestructurelibrary.r (available at https://github.com/m
illanek/fineRADstructure; Malinsky et al. 2018).

Testing for generational hybrids
To better assess whether small interspecific admixture as-
signments reflect hybridization or retained ancestral vari-
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ation, we employed methods outlined in Lavretsky et al.
(2016) to simulate expected assignment probabilities for first-
generation hybrids (F1) and nine generations of backcrosses
(F2-F10) into either Arctogadus or Boreogadus for all ddRAD-
seq markers. In short, a total of ten F1 hybrids were first gen-
erated by randomly sampling an allele from Arctogadus and
Boreogadus gene pool across biallelic SNP positions—each po-
sition was randomly sampled based on a probability propor-
tional to the allelic frequency in each respective gene pool.
Five hybrids were then backcrossed to either the Arctogadus
or Boreagadus for nine generations. To limit potential biases
in simulations, hybrid indices were reconstructed using only
individuals with ADMIXTURE-based probabilities of >95% as-
signment to either Arctogadus or Boreogadus. We ran a total
of ten independent simulations, with data subsequently in-
putted into ADMIXTURE to estimate assignment probabilities
for a K of 2. At each K, 25 iterations were run per simulation
for a total of 250 ADMIXTURE outputs generated per K, which
were then combined and converted in PopHelper (Francis
2017) into CLUMPP input files. We employed the Large Greedy
algorithm and 1000 random permutations with final admix-
ture proportions for each K and per sample assignment prob-
abilities based on CLUMPP analyses of all 250 replicates per K.
Per generation expected assignment probabilities were based
on the average of either all ten (F1) or each of the five (F2-F10)
backcrosses, along with each lower and upper limit.

Using the whole-genome data set, a PCA was done as
described with ngsTools (Fumagalli et al. 2013) and using
PCAngsd (Meisner and Albrechtsen 2018) to illustrate ge-
nomic affinity to other parental species. In addition, genetic
distance was calculated between the hybrid individual and
potential parental species using ngsDist (Vieira et al. 2015).

Results

We obtained 138 598 600 raw sequencing reads with a max-
imum 150 bp length using single-end sequencing on an Illu-
mina HiSeq 2500. The number of reads per individual ranged
from 484 801 to 3325291 with an average of 989 990. To se-
lect loci for analysis, we first retained loci with at least me-
dian depth of 10 within only the Arctogadus data set which
resulted in 3332 loci. From that set of 3332 loci, we further
filtered the data set by selecting loci with a depth of at least
10 and <15% missing genotypes per locus within the Bore-
ogadus sample set. This resulted in a final data set of 219
monomorphic and 2792 polymorphic loci (3011 total) used
for downstream analyses, of which each Arctogadus sample
had at least 90% good (i.e., met all filtering thresholds) geno-
types (range 90%-94%: average depth 58) and Boreogadus had
on average 92% portion of good genotypes (range 75%-95%;
average depth 56).

Species divergence—mtDNA

We found 46 fixed bp differences (6.5% of total 707) in
the mtDNA cytochrome b gene between Boreogadus and Arcto-
gadus, with an average of 0.074 nucleotide substitutions per
site per population (Dyy; see Fig. 2). Of those, 25 polymor-
phic sites within Boreogadus and three within Arctogadus were
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Fig. 2. Top panel—Simulated backcrossing between Arctogadus and Boreogadus with assignment probabilities for each simulated
backcross generation and ADMIXTURE assignment for each sample. All samples except one designated as hybrid had assign-
ment probability to other species of 0.00 001. Bottom left—Unrooted haplotypic network of mtDNA cytochrome. Sizes of circles
are proportional to the frequency of each haplotype observed. Bottom right—FineRADStructure coancestry matrix indicating
pairwise coancestry between individuals. Inferred populations are indicated by clustering in accompanying dendrogram and
species are indicated by color blocks (gray—Arctogadus n = 12; black—Boreogadus n = 15; white—hybrid n = 1).
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monomorphic in the other species. Nucleotide diversity was
higher in Boreogadus (0.0036) than in Arctogadus (0.0012).

Species divergence—ddRAD loci

Overall level of divergence was high (overall ¢sr = 0.902;
range 0.0-1.0, Table S1) across all linkage groups (LG0O1-LG23;
Fig. 3). Of the 3011 loci analyzed, at least 2219 had a ¢sr > 0.1,
1829 loci had a level of divergence nearing fixation (>0.75;
Fig. S1), and 401 loci essentially at fixation (between 0.99
and 1.0). This overall pattern of divergence was also reflected
when loci were separated by linkage groups based on At-
lantic cod genome (LG01-23; Fig. 3). Unlike mtDNA, overall
nucleotide diversity within each species was similar: 0.00 316
(range: 0.0-0.1592) for Boreogadus and 0.00292 (range: 0.0-
0.2168; Fig. S1 and Table S1) for Arctogadus. However, 1721 loci
were monomorphic within Arctogadus samples, compared to
422 within Boreogadus; 211 loci were monomorphic in both.

Genetic admixture
An interspecific mtDNA haplotype found in one individual
(sample 20015632) was recovered for one Boreogadus sampled
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from the Canadian Beaufort Sea (Arctogadus mtDNA haplo-
type and Boreogadus ddRAD genotype; Fig. 2). Based on PCA
and ADMIXTURE for ddRAD loci, all individuals were as-
signed to their respective species with >>99.9% posterior
probabilities (Fig. 2). However, the posterior probability for
sample 20015632 was slightly lower at 99.5%. The cluster
coancestry matrix and cladogram from the fineRADstruc-
ture analysis confirmed the ADMIXTURE results; the two
species formed distinct clusters. Additionally, we observed
more shared coancestry from Arctogadus into Boreogadus than
vice versa. Interestingly, sample 20015632 as well as sample
117268 in one subset from the Bering Sea had slightly higher
levels of shared coancestry in both directions, as donor and
recipient, than other samples, potentially indicating late-
generation hybridization event. All three subsampled data
sets of randomly selected individuals showed similar pat-
terns.

Hybrid identification
Simulations identify an exponential decay in the num-
ber of generational backcrosses, and specifically, we can
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Fig 3. Distribution of species-level divergence (¢sr) at each locus (individual circles) across the 23 linkage groups of the Gadus

morhua genome.
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distinguish between F1 through F6 generations, with >F6 be-
ing genetically indistinguishable from the parental species
they backcross into (Fig. 2). In fact, hybrid indices follow
expected proportions for generational backcrosses (Table 1).
Given simulated results, we are unable to positively detect
hybrid or generational backcross individuals among Arcto-
gadus samples (but see above), and only a single Boreogadus
(20015632), which we categorize as a late-generational back-
cross into Boreogadus (F5 or F6 generation; Figs. 2 and 4).

Genetic distance based on whole-genome sequencing
between hybrid sample 20015632 and potential parental
species ranged from 0.137 (Arctogadus) to 0.250 (Greenland
Boreogadus; Fig. S2). Despite the closer genetic distance to Arc-
togadus, a PCA showed sample 20015632 does not cluster with
either Boreogadus or Arctogadus (Fig. 4), further indicating that
the sample is likely not a “pure” individual of either species
or any other gadid. However, Boreogadus could not be con-
firmed as a major parental species with whole-genome se-
quencing as it was with the ddRAD sequences.

Discussion

Although they are nearly morphologically identical dur-
ing certain life stages and partially sympatric, Beaufort Sea
Boreogadus and Arctogadus possess distinct nuclear genotypes.
These two species are thought to have diverged between 5
and 10 million years ago (Malmstrgm et al. 2016; Baalsrud et
al. 2017), which is reflected by the substantial number of loci
recovered (>50%) nearing fixation (¢sr > 0.750) and skewed
dst distribution with a more pronounced tail of higher ¢sr
values as well as loci with no differentiation (see Fig. 3). Both
of these characteristics are indicative of species that have
likely undergone allopatric speciation following established
reproductive isolation with little or no ongoing geneflow
(Via 2001; Savolainen et al. 2006). Therefore, and although
our sample size for Arctogadus is low, the absence of early
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generational hybrids (F1 or F2) is not surprising. The pres-
ence of the single-potential late-generational (F5 or F6) hy-
brid suggests some F1 hybrids could survive to maturity and
successfully reproduce. However, it is possible that the ge-
nomic signature of mixed ancestry in this one sample could
be due to a past introgression event as historical hybridiza-
tion has been shown to be important in the evolution of
gadids (Arnason and Halldérsdéttir 2019). We also showed
that introgression or gene flow may be asymmetric from Arc-
togadus into Boreogadus, perhaps resulting from numerous
factors such as differences in mating behavior and timing
(Konkle and Philipp 1992), environmental variables influenc-
ing fitness (Ostberg et al. 2004; Sotola et al. 2019), or relative
abundance of parental species (Lepais et al. 2009).

The single hybrid observed was sampled near the Macken-
zie River Delta, second largest Arctic delta, which discharges
freshwater that drives productivity on the Beaufort Shelf
(Emmerton et al. 2008). Our prior population genetics anal-
yses suggest that this area is an intermixing zone between
Boreogadus populations (Arctic and Pacific lineages), and at
the regional level, intermixing appears restricted to this area
(Wilson et al. 2019). The dynamic and heterogeneous envi-
ronment in this area, such as the large influx of freshwa-
ter discharge, and therefore warmer temperatures in this re-
gion, may increase the potential for hybridization to occur.
Bouchard and Fortier (2011) have shown that the hatching
dates of Boreogadus are correlated with freshwater input with
earlier hatching and prolonged hatching season associated
with large river discharge, such as the Mackenzie River, rel-
ative to other areas, such as the Canadian Archipelago. Al-
though the spawning season for Arctogadus remains uncertain
throughout much of the species’ range (Jordan et al. 2003),
there is significant overlap in hatching date between the
species within the Mackenzie River region, with Boreogadus
showing a more flexible and extended hatching season than
Arctogadus (Bouchard et al. 2016). If this hatching date overlap
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Table 1. Results of simulations and expected assignment probabilities of first generation (F1) and subsequent backcrosses

(F2-F10) into Arctogadus glacialis performed in ADMIXTURE.

F1 F2 E3 F4 F5 Fe6 F7 F8 Fo F10
Arctogadus glacialis 0.5093 0.7609 0.8873 0.9523 0.9878 0.9999 1.0000 1.0000 1.0000 1.0000
Boreogadus saida 0.5093 0.2514 0.1254 0.0608 0.0283 0.0114 0.0023 0.0000 0.0000 0.0000
MIN 0.5047 0.7539 0.8817 0.9462 0.9852 0.9996 1.0000 1.0000 1.0000 1.0000
MAX 0.5159 0.7703 0.8936 0.9560 0.9911 1.0000 1.0000 1.0000 1.0000 1.0000

Fig. 4. PCA plot of the first two principal components based on whole-genome sequencing with all potential parental species

(A) and ddRAD data set between Arctogadus and Boreogadus (B).
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equates to overlap in spawning season, this could provide an
avenue for greater frequency of hybridization in regions with
more environmental heterogeneity that allow for a more flex-
ible spawning/hatching season. Alternatively, although en-
vironmental heterogeneity may allow for a greater degree
of cross-species interaction, environmentally dependent se-
lection against hybrids in other regions may constrain gene
flow as observed between Arctic char (Salvelinus alpinus) and
Dolly varden (S. malma; May-McNally et al. 2015). Although
larval niches are similar, parental ecological niches of Bore-
ogadus and Arctogadus are quite different (Christiansen et al.
2012); this suggests the presumed low density of hybrids ob-
served could be due to that intermediate morphology per-
forms poorly in parental niches (e.g., Hatfield and Schulter
1999). This may explain the discrepancy between the whole-
genome sequencing and ddRAD results on which species are
the major parental species. Ecological selection on hybrids is
predicted to result in a pattern of biased ancestry, in particu-
larly around functionally important genomic regions (Moran
et al. 2021). The use of methylation-sensitive enzymes (Mspl
in this study) has been shown in plants to recover a high
proportion of SNPs located in or close to coding regions of
genes (Pootakham et al. 2016). Therefore, our ddRAD results
could be exhibiting a signature of the removal of the mi-
nor parental species (Arctogadus) and retention of the major
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parental species (Boreogadus) genomic legacy at functionally
important genes as we uncovered a high proportion of loci
near fixation. Further, the rate of removal of foreign ances-
try is not consistent across the neutral and coding regions
of the genome (Moran et al. 2021); therefore, this could also
explain why the whole-genome data still retain a higher pro-
portion of the genomic legacy of Arctogadus illustrated by the
smaller genetic distance with the hybrid individual. If the
whole-genome data contain a higher proportion of noncod-
ing regions, those regions would be purged at a slower rate. A
survey of hybridization frequency in other areas of sympatry
with no or little river discharge would be needed to test for
ecological selection against hybrids and more samples with
mixed ancestry would be needed to determine variability in
the rate of purging one parental legacy across the genome.
Skewed proportions of parental species could influence the
evolutionary outcome of hybridization events (i.e., “Hubb’s
effect”; Hubbs 1955). Boreogadus is one of the most abundant
fishes in the Arctic with population size estimates ranging
in the millions (Rand and Logerwell 2011; De Robertis et al.
2017), while Arctogadus is thought to be in much lower abun-
dance where species co-occur (Cobb et al. 2008, ~8%-9% of
catch Bouchard et al. 2016). Furthermore, there are few re-
ports of Arctogadus west of the Mackenzie River Delta into
the Alaska Beaufort Sea (Thorsteinson and Love 2016; Wilson
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et al. 2019), suggesting this area represents the western edge
the species’ range within the Beaufort Sea. If the ratio of pop-
ulation size is skewed as suggested, then hybrids would be
expected to mate more frequently with the locally abundant
species (Boreogadus in this case), resulting in asymmetric in-
trogression as observed in other fishes (e.g., pufferfish Tak-
ifugu; Takahashi et al. 2017). Indeed, our fineRADstructure
analysis, which shows a more contemporary genetic struc-
ture signature, uncovered a signature of asymmetric gene-
flow from Arctogadus into the more common Boreogadus. A
signature of asymmetric introgression can also explain dif-
ferences in within-species genetic diversity. Although overall
genetic diversity is similar between species, approximately
57% of loci were not variable within the less common Arc-
togadus. This difference could be due to the low sample of
Arctogadus; however, the lower level has been noted in other
studies using mitochondrial DNA (Pdlsson et al. 2009; Wilson
et al. 2020).

Conclusions

Seascape changes, whether naturally or anthropogenically
induced, can influence species demography and dispersal pat-
terns, which can also change the rates of gene flow across
species. As water temperatures increase in the Arctic, fish
communities are already being altered (borealization; Mueter
and Litzow 2008; Frainer et al. 2017), which will significantly
alter community dynamics. Hybridization in fish has been
found to be associated with a decrease in habitat availability,
predicted to occur for both Boreogadus and Arctogadus along
with other population-limiting environmental factors (e.g.,
temperature; Marie et al. 2012). Thus, to better understand
the mechanisms at both genomic and ecological scales and
to inform conservation decision-making to preserve biodi-
versity, it is increasingly important to identify the degree
to which introgressive hybridization and reproductive isola-
tion are occurring. This study is the first step to assessing hy-
bridization between two sympatric cold-water specialists. We
have identified 401 loci essentially at fixation (Table S1), and
similarly fixed loci relative to other cod species (e.g., wall-
eye pollock), which can be used to monitor the density of
hybrids. In addition, these loci can be used to assess spatial
and temporal distribution changes at different life stages that
may cause an increase in species interactions as shifts have
already been reported for Boreogadus (Huserbrdten et al. 2019)
as well as provide more information on the lesser-known
species Arctogadus. A more broad-scale genetic analysis would
be required in the Canadian Arctic, where Arctogadus is more
abundant and opportunities for hybridization may greater,
to determine the extent of potential hybridization and intro-
gression and its potential role in species diversification and
future adaptation to changing oceanic conditions in these
Arctic specialists.
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