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Single-nucleotide polymorphisms (SNPs) identified through
genotyping-by-sequencing improve genetic stock identification
of Chinook salmon (Oncorhynchus tshawytscha) from western Alaska
Wesley A. Larson, James E. Seeb, Carita E. Pascal, William D. Templin, and Lisa W. Seeb

Abstract: Genetic stock identification (GSI), an important tool for fisheries management that relies upon the ability to differ-
entiate stocks of interest, can be difficult when populations are closely related. Here we genotyped 11 850 single-nucleotide
polymorphisms (SNPs) from existing DNA sequence data available in five closely related populations of Chinook salmon
(Oncorhynchus tshawytscha) from western Alaska. We then converted a subset of 96 of these SNPs displaying high differentiation
into high-throughput genotyping assays. These 96 SNPs (RAD96) and 191 SNPs developed previously (CTC191) were screened in
28 populations from western Alaska. Regional assignment power was evaluated for five different SNP panels, including a panel
containing the 96 SNPs with the highest FST across the CTC191 and RAD96 panels (FST96). Assignment tests indicated that SNPs
in the RAD96 were more useful for GSI than those in the CTC191 and that increasing the number of reporting groups in western
Alaska from one to three was feasible with the FST96. Our approach represents an efficient way to discover SNPs for GSI and
should be applicable to other populations and species.

Résumé : L’identification génétique des stocks (IGS), un important outil de gestion des pêches reposant sur la capacité de
distinguer des stocks d’intérêt, peut être difficile si les populations sont étroitement reliées. Nous avons génotypé 11 850 polymorphismes
mononucléotidiques (SNPs) tirés de données de séquences d’ADN disponibles pour cinq populations étroitement reliées de
saumon quinnat (Oncorhynchus tshawytscha) de l’ouest de l’Alaska. Nous avons ensuite converti un sous-ensemble de 96 de ces SNP
présentant une forte différentiation en des tests de génotypage de haute capacité. Ces 96 SNP (RAD96) et 191 SNP établis
précédemment (CTC191) ont fait l’objet d’un criblage dans 28 populations de l’ouest de l’Alaska. La puissance d’affection
régionale a été évaluée pour cinq panels de SNP distincts dont un panel contenant les 96 SNP présentant les FST les plus élevés
des panels CTC191 et RAD96 (FST96). Les tests d’affectation ont indiqué que les SNP du RAD96 étaient plus utiles pour l’IGS que
ceux du CTC191 et qu’une augmentation d’un à trois du nombre de groupes pouvant être distingués dans l’ouest de l’Alaska était
possible avec le FST96. Notre approche constitue une manière efficace de cerner des SNP pour l’IGS et devrait pouvoir s’appliquer
à d’autres populations et espèces. [Traduit par la Rédaction]

Introduction
Genetic tools have been used to document biodiversity and

to manage wild populations for over four decades (Utter 2004;
Waples et al. 2008). These techniques are particularly applicable
to Pacific salmon (Oncorhynchus spp.); salmon return to their natal
streams with high fidelity, promoting local adaptation and the
formation of genetically distinct populations (Shaklee et al. 1999;
Stewart et al. 2003; Neville et al. 2006). Discrete management of
these populations minimizes extirpation of lineages with smaller
population sizes and preserves the resiliency of the species as a
whole (Hilborn et al. 2003; Schindler et al. 2010).

As genetic techniques improved, genetic stock identification (GSI)
became a commonly utilized tool for managing discrete popula-
tions of Pacific salmon (Dann et al. 2013). GSI uses the observed
allelic frequencies of baseline populations sampled on the spawn-
ing grounds to infer the natal origin of fish captured in mixed-
stock fisheries (Milner et al. 1985; Utter and Ryman 1993; Beacham
et al. 2012). Population-specific assignment is rarely feasible;
therefore, baseline datasets are often partitioned into reporting
groups composed of genetically similar populations. The propor-

tional contribution of each reporting group to mixed-stock
samples is then estimated. GSI has been used to investigate the
migration and distribution patterns of many Pacific salmonids
(e.g., Habicht et al. 2010; Tucker et al. 2011; Larson et al. 2013) and
to inform in-season management of mixed-stock fisheries (e.g.,
Seeb et al. 2000; Beacham et al. 2008b; Dann et al. 2013).

The genetic marker of choice for GSI has evolved dramatically
over the past three decades, with allozymes being replaced by
microsatellites and, most recently, by single-nucleotide polymor-
phisms (SNPs; Schlötterer 2004; Hauser and Seeb 2008). Compared
with microsatellites, SNPs can be developed and assayed more
quickly, and the resulting genotypes are easily transferred among
laboratories (Seeb et al. 2011a). Recent advances in genomic tech-
niques have made it possible to screen thousands of putative SNPs
in hundreds of individuals (reviewed in Allendorf et al. 2010;
Narum et al. 2013). Researchers can then select SNPs that display
elevated levels of differentiation among populations of interest
and convert them to high-throughput genotyping assays for
screening thousands of individuals. This type of approach has
already been used to assess hybridization between two species of
trout (Hohenlohe et al. 2011; Amish et al. 2012) and promises to be
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extremely applicable to the development of SNP panels for GSI
(Storer et al. 2012).

Chinook salmon (Oncorhynchus tshawytscha) from western Alaska
represent an excellent opportunity to apply genomic techniques
towards the development of a SNP panel for GSI. Chinook
salmon primarily spawn in drainages in four major regions in
western Alaska: Norton Sound, Yukon River, Kuskokwim River,
and Bristol Bay (Templin et al. 2011). Recent returns to all four
regions have been substantially lower than their long-term aver-
age, renewing interest in the migration patterns and relative vul-
nerability of these stocks to both targeted and bycatch fisheries
(Stram and Ianelli 2009; ADF&G 2013). GSI could be used to inves-
tigate the above questions, but a lack of substantial genetic differ-
entiation among these regions has prevented its use. Specifically,
evidence of shallow genetic structure among regions has been
reported with allozyme (Gharrett et al. 1987), SNP (Templin et al.
2011), and microsatellite data (Olsen et al. 2011). The limited dis-
criminatory power of these existing baseline datasets necessitated
pooling all four regions in western Alaska into a single reporting
group for GSI estimates (Templin et al. 2011; Larson et al. 2013).
Nevertheless, given the apparent substructure suggested by pre-
vious studies, a search for additional SNPs that can differentiate
the major regions in western Alaska is warranted.

Our goals were (i) to use genotyping-by-sequencing to develop a new
set of 96 information-rich SNPs for western Alaska, (ii) to compare the
resolving power of these 96 new SNPs with 191 existing SNPs, and
(iii) to construct the best panel of 96 SNPs for GSI from all available
SNPs. Panel sizes of 96 were selected because this represents the
maximum number of SNPs that can be assayed simultaneously
using the most prevalent genotyping platform for Pacific salmon
management, the Fluidigm 96.96 dynamic array (Fluidigm, South
San Francisco, California).

We identified 11 850 putative SNPs in five populations of Chi-
nook salmon from western Alaska using data from restriction-
site-associated DNA (RAD) sequencing obtained by Larson et al.
(2014). We then developed high-throughput assays for 96 RAD-
derived SNPs showing high levels of differentiation. The 96 RAD-
derived SNPs along with 191 SNPs developed previously for Chinook
salmon were genotyped in 28 populations from across western
Alaska. From these data, we compared the resolving power of the
96 RAD-derived SNPs with the 191 previously developed SNPs,
identified the 96 SNPs that displayed the highest levels of differ-
entiation across these two panels, and tested the utility of the top
96 SNPs for GSI. Using the top 96 SNPs, we were able to increase
the number of reporting groups for GSI in western Alaska from
one to three. Based on these results, we believe that SNP discovery
using genomic techniques can improve GSI in populations char-
acterized by low genetic divergence.

Materials and methods

Tissue sampling
Fin clips preserved in 100% ethanol were available from 28 pop-

ulations of Chinook salmon collected throughout coastal western
Alaska and the middle and upper Yukon River (2275 fish total,
21 populations shared with Templin et al. 2011; Table 1; Fig. 1). Five
populations that spanned the study area were RAD-sequenced by
Larson et al. (2014). These five ascertainment populations did not
have unusually small census sizes and were genetically similar to
proximate populations (Templin et al. 2011). All 28 populations
were then used to evaluate the resolving power of the RAD-
derived and previously developed SNPs. Chinook salmon from the
upper and to a lesser extent middle Yukon River are highly differ-
entiated from those of coastal western Alaska (Smith et al. 2005c;

Table 1. Collection location, sampling region, reporting group, sampling year, and sample size for each population in
the study.

Pop. No. Location Region Reporting group Sampling year Sample size

1 Pilgrim River Norton Sound Norton Sound 2005, 2006 71
2 Tubutulik River Norton Sound Norton Sound 2009 85 (56)
3 North River Norton Sound Norton Sound 2010 60
4 Golsovia River Norton Sound Norton Sound 2006 59
5 Andreafsky River Lower Yukon Lower Yukon 2003 90
6 Anvik River Lower Yukon Lower Yukon 2007 52 (51)
7 Gisasa River Lower Yukon Lower Yukon 2001 81
8 Goodnews River Kuskokwim Bay Bristol–Kusk 2006 94
9 Arolik River Kuskokwim Bay Bristol–Kusk 2005 52
10 Kanektok River Kuskokwim Bay Bristol–Kusk 2005 93
11 Eek River Kuskokwim: mouth Bristol–Kusk 2005 76
12 Kisaralik River Kuskokwim: lower Bristol–Kusk 2005 94
13 Salmon River Kuskokwim: middle Bristol–Kusk 2006 94
14 George River Kuskokwim: middle Bristol–Kusk 2005 95
15 Kogrukluk River Kuskokwim: middle Bristol–Kusk 2005 49
16 Kogrukluk River Kuskokwim: middle Bristol–Kusk 2007 94 (57)
17 Necons River Kuskokwim: middle Bristol–Kusk 2007 94
18 Gagaryah River Kuskokwim: middle Bristol–Kusk 2006 94
19 Togiak River West Bristol Bay Bristol–Kusk 2009 94
20 Iowithla River West Bristol Bay Bristol–Kusk 2010 65
21 Stuyahok River West Bristol Bay Bristol–Kusk 2009 93
22 Koktuli River West Bristol Bay Bristol–Kusk 2010 94 (56)
23 Klutuspak Creek West Bristol Bay Bristol–Kusk 2009 94
24 Big Creek East Bristol Bay Bristol–Kusk 2004 65
25 Henshaw Creek Middle Yukon Middle Yukon 2001 88
26 Kantishna River Middle Yukon Middle Yukon 2005 94
27 Salcha River Middle Yukon Middle Yukon 2005 90
28 Big Salmon River Upper Yukon Upper Yukon 2007 71 (47)

Total 2275 (267)

Note: Pop No. corresponds to the numbers in Figs. 1 and 4. Ascertainment populations that were RAD-sequenced are in bold, and
sample sizes for RAD sequencing are given in parentheses. RAD data were obtained from Larson et al. (2014). The reporting group is the
group that was used for assignment tests. The Bristol Bay and Kuskokwim River reporting group is abbreviated Bristol–Kusk.
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Templin et al. 2011). We included populations from this region to
anchor inferences of population structure and ensure that GSI
outside of coastal western Alaska was feasible with the SNPs dis-
covered in this study. Collections from multiple years were pooled
if sample sizes were <48 following recommendations of Waples
(1990).

Quality filtering and SNP discovery
Raw RAD sequence data (single-end, 100 base pair target length)

were available from Larson et al. (2014). Quality filtering, SNP
discovery, and genotyping were performed on these data using a
modified version of the pipeline first described in Miller et al.
(2012) and adapted by Everett et al. (2012). The last base pair of each
read was trimmed, and reads with <90% chance of being error-free
were discarded. A separate file was then created for each individ-
ual containing all of their unique sequences and the number of
times they occurred. Sequences occurring <6 or >200 times were
removed. We only used the 16 individuals with the most data from
each population for SNP discovery to reduce the frequency of false
positives in our dataset. Putative SNPs within each individual
were identified with the program NOVOALIGN 2.07 (http://www.
novocraft.com) using the following alignment parameters: maxi-
mum of 10 alignments returned per unique sequence and a
maximum alignment score of 245. Alignments for each individual
were filtered using the methods described in Miller et al. (2012) to
retain RAD tags with a single putative SNP that did not align
closely to any other sequence. Polymorphism data from each in-
dividual were combined to form a catalog of RAD tags, each con-
taining a single, bi-allelic putative SNP. This catalog was aligned to
each individual using Bowtie version 0.12.9 (Langmead et al. 2009),
and sequence counts for each allele were tabulated using the
methods of Miller et al. (2012). Genotypes were obtained from
allele counts using a two-allele maximum likelihood approach
following the framework of Hohenlohe et al. (2010), with a static
error rate based on the published value for Illumina HiSeq data
(0.0016; Minoche et al. 2011).

As an initial screen for paralogous sequence variants (PSVs), we
genotyped 33 individuals from a haploid family, available from
another study (Everett and Seeb 2014), and removed loci with

>10% heterozygosity. PSVs are closely related sequences from dif-
ferent genomic locations that are abundant in salmonids as a
result of a whole-genome duplication event (Allendorf and
Thorgaard 1984; Seeb et al. 2011b). Although PSVs are difficult to
genotype accurately because they do not segregate as single loci
(Gidskehaug et al. 2011), haploid individuals can be used to differ-
entiate true SNPs from PSVs because true SNPs will be homozygous
in all haploid individuals, whereas PSVs will often be heterozygous
(Hecht et al. 2013).

Allele frequencies and sample sizes for each putative SNP were
calculated using GENEPOP 4 (Rousset 2008) to enable the removal
of uninformative or unreliable loci. Putative SNPs that failed to
genotype in >80% of individuals and those with minor allele fre-
quencies <0.1 in all populations were removed. As a final filtration
step, we removed individuals with <10× average coverage across
the filtered SNPs because these individuals likely contained a
substantial amount of missing data that could cause genotyp-
ing errors.

It is important to note that SNPs discovered in this study are not
necessarily the same as those discovered in Larson et al. (2014)
because Larson et al. (2014) used the STACKS software package
(Catchen et al. 2011, 2013) for SNP discovery.

Paired-end assembly and BLAST annotation
Paired-end data (100 × 2 base pair target length) were available

from eight Chinook salmon collected in coastal western Alaska
(Larson et al. 2014). Paired-end assemblies for each locus were
conducted using the methods of Etter et al. (2011) and adapted by
Everett et al. (2012) to increase query lengths for BLAST annota-
tion and template length for assay design. We used the program
VELVET 1.1.06 (Zerbino and Birney 2008) to create a consensus
sequence for each locus using all the paired and single-end reads
that aligned to that locus. Consensus sequences for each locus
were aligned to the Swiss-Prot database using the BLASTX search
algorithm. Alignments with E values of ≤10−4 were retained. If
multiple alignments had E values of ≤10−4 for the same locus, then
the alignment with the lowest E value was retained.

Fig. 1. Sampling locations for the 28 populations of Chinook salmon. Ascertainment populations that were RAD-sequenced are denoted by
squares. Table 1 provides additional details about each sampling site.
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Construction of high-throughput assays from RAD data
We selected 150 RAD-derived SNPs that displayed high levels of

differentiation in our ascertainment populations for conversion to
the 5=-nuclease reaction (Holland et al. 1991) with TaqMan chemistry
(Life Technologies, Grand Island, New York), a chemistry commonly
used on high-throughput genotyping platforms (Seeb et al. 2009a).
Genetic differentiation among our ascertainment populations was
estimated across all RAD-derived loci with overall FST values (Weir
and Cockerham 1984) calculated in GENEPOP. We also calculated
pairwise FST values and conducted exact tests for deviations from
Hardy–Weinberg equilibrium for each locus in GENEPOP.

The 150 SNPs were chosen in an iterative fashion. First we
choose the 150 SNPs with the highest overall FST across the Bristol
Bay (Koktuli River), Kuskokwim River (Kogrukluk River), and
lower Yukon River (Anvik River) populations and tested this panel’s
assignment power with 100% simulations conducted in the pro-
gram ONCOR (see below for further details). We then modified the
panel by adding and removing SNPs until we were able to find the
150 SNPs that achieved the highest possible assignment accura-
cies for all ascertainment populations. We did not choose SNPs
that differentiated the upper Yukon River (Big Salmon River) or
Norton Sound (Tubutulik River) populations because these popu-
lations were highly differentiated from all others and could likely
be resolved with any SNP panel (Table 2).

We limited our selections for conversion to the 5=-nuclease re-
action to SNPs that were in Hardy–Weinberg equilibrium in at
least three of the five populations (P > 0.05). Also, we chose SNPs
that were located past base pair 34 of the RAD tag to accommodate
the primer–probe configuration of the 5=-nuclease reaction. Paired-
end data were used to increase template length for assay design if
no primer–probe configuration was feasible with the single-end
reads.

Successfully designed assays were genotyped on 24 fish from each
of the four ascertainment populations from coastal western Alaska
(populations 2, 6, 16, and 22; 96 fish total). Genotyping was conducted
with preamplification according to the methods of Smith et al. (2011).
Assays that did not amplify or produce consistent results were dis-
carded, and the 96 assays with the highest overall FST across the
Bristol Bay, Kuskokwim River, and lower Yukon River populations
based on the RAD data were retained to form a panel of 96 RAD-
derived SNPs, hereafter referred to as the RAD96.

Selection and evaluation of SNP panels
Two major goals of this study were (i) to evaluate the resolving

power of the RAD96 compared with a panel of previously devel-
oped SNPs and (ii) to construct the best possible panel of 96 SNPs
to discriminate stocks in western Alaska from all SNPs available.
To achieve these goals, we genotyped 2275 fish from 28 popula-
tions throughout western Alaska for the RAD96 and 191 SNPs
previously developed for Chinook salmon. The 191 previously de-
veloped SNPs (hereafter referred to as CTC191) were mainly cho-
sen for applications south of Alaska as part of a project funded by
the Pacific Salmon Commission’s Chinook Technical Committee
(Warheit et al. 2013); these originated primarily from expressed
sequence tags (Smith et al. 2005a, 2005b, 2007; Campbell and
Narum 2008, 2009; Clemento et al. 2011; Warheit et al. 2013).

SNPs from the CTC191 and RAD96 were genotyped using the
5=-nuclease reaction with pre-amplification (Smith et al. 2011), and
the reproducibility of our results was quantified by regenotyping
four of every 95 (4%) fish at all loci. Individuals with >5% missing
genotypes were excluded from further analyses. Tests for devia-
tion from Hardy–Weinberg and linkage equilibrium were con-
ducted for each locus across all 28 populations in GENEPOP, and
loci out of equilibrium in >50% of the populations (P < 0.05) were
removed. Observed and expected heterozygosities for each locus
were calculated in GenAlEx 6.5 (Peakall and Smouse 2012) and
overall FST (Weir and Cockerham 1984) for each locus was calcu-
lated in GENEPOP. Calculations of locus-specific heterozygosity
and FST were conducted using populations 1–24 (excluding popu-
lations 2 and 25–28, see below for justification).

Genetic differentiation across all 28 populations was estimated
separately for the CTC191 and RAD96 panels with pairwise FST

values (Weir and Cockerham 1984) calculated in GENEPOP to com-
pare the patterns of population structure resolved by each panel.
We then conducted principal coordinate analysis (PCoA) in
GenAlEx for each panel to visualize patterns of population struc-
ture. Populations 25–28 from the middle and upper Yukon River
were not included in the PCoA because these populations are
highly differentiated from those of coastal western Alaska accord-
ing to previous studies (Smith et al. 2005c; Templin et al. 2011).
Including these populations may have prevented us from detect-
ing signals of differentiation among the remaining populations.

After comparing the CTC191 and RAD96 panels, all SNPs were
ranked by overall FST across populations 1–24 (excluding popula-
tion 2), and the 96 SNPs with the highest FST were chosen to create
the final panel for GSI, referred to hereafter as the FST96. The
Tubutulik River (population 2) was excluded from this analysis
because it was a genetic outlier (Fig. 2). SNPs were ranked by FST

because this method produced the highest performing panels for
population assignment in recent analyses of multiple ranking
methods (Storer et al. 2012; Warheit et al. 2013).

The assignment accuracy of the complete dataset (281 SNPs), the
FST96, the CTC191, the RAD96, and 96 randomly chosen SNPs from
the complete dataset was evaluated with the 100% simulation
method described in Anderson et al. (2008) and implemented in
ONCOR (http://www.montana.edu/kalinowski/Software.htm) with
the default parameters. The simulation method implemented in
ONCOR simulates a mixture sample where all individuals are
from the same population and then uses maximum likelihood to
determine the percentage of the sample that is correctly allocated
back to the population and reporting group of origin. A minimum
value of 90% correct assignment is typically required for a report-
ing group to be considered identifiable and robust for manage-
ment applications (Seeb et al. 2000). Regional aggregations (reporting
groups) for this analysis were Norton Sound, lower Yukon River,
Bristol Bay – Kuskokwim River, middle Yukon River, and upper
Yukon River (Table 1). These groups were similar to the fine-scale
reporting groups presented in Templin et al. (2011) with one ex-
ception; populations from Bristol Bay and the Kuskokwim River
regions were combined into one reporting group because pre-
liminary assignment tests were generally unable to differentiate
these two regions. Assignment success between panels was com-
pared with a Student’s t test. The small sample sizes for the Norton
Sound and lower Yukon River collections prevented dividing da-
tasets into separate training and holdout sets as suggested by
Anderson (2010).

Results

RAD sequencing and SNP discovery
Sequence data from 284 Chinook salmon available from Larson

et al. (2014) were used to discover 26 567 putative SNPs. Filtration
steps eliminated 1602 potential PSVs and 13 115 loci with low mi-
nor allele frequencies and genotyping rates. Seventeen individu-

Table 2. Pairwise FST values for the five ascertainment populations
calculated with 11 850 RAD-derived SNPs (overall FST = 0.041).

Tubutulik
River

Anvik
River

Kogrukluk
River

Koktuli
River

Anvik River 0.030
Kogrukluk River 0.026 0.005
Koktuli River 0.028 0.006 0.002
Big Salmon River 0.097 0.077 0.075 0.077
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als with <10× coverage across all filtered SNPs were removed
(adjusted sample sizes in Table 1). The final filtered dataset con-
sisted of 267 individuals genotyped at 11 850 SNPs. The mean
depth of coverage across these individuals for the filtered SNPs
was 29.1 (range 10.5–70.6).

Paired-end assembly and BLAST annotation
Paired-end assemblies produced 12 016 contigs with a mean

length of 268 bp (minimum 150 bp, maximum 565 bp). BLAST
annotation of these contigs yielded significant hits for 1466 of
11 850 SNPs, representing a 12% success rate. Of these hits, 547 (37%)
aligned to transposable elements. Other common functional groups
included DNA polymerases and structural proteins (see online
supplementary material, Table S11).

Construction of high-throughput assays from RAD data
Assay design for the 5=-nuclease reaction was successful for

128 of the 150 assays attempted (Table 3). These 128 assays were
tested in 96 fish, and 101 of them successfully amplified. The top
96 assays were retained to form the RAD96 panel (see Materials and
methods). Paired-end data were required to design 47 of the 96
assays (49%), and BLAST annotations were successful for 9 of 96
assays (9%; see Table S21 for primer and probe sequences and

BLAST annotations for the RAD96). A comparison of genotypes
derived from RAD and 5=-nuclease data revealed 99% concordance
between chemistries (Table 4). The most common type of error
was a heterozygous 5=-nuclease genotype that was called a ho-
mozygote from RAD data, an expected result for data from next-
generation genotyping (Nielsen et al. 2011).

Selection and evaluation of SNP panels
Our genotyping success rate for the 5=-nuclease reaction was

97% (2275 of 2355 samples), and our genotyping discrepancy rate,

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjfas-2013-0502.

Fig. 2. Principal coordinate analysis (PCoA) of 24 populations from coastal western Alaska with (a) CTC191 and (b) RAD96. Only SNPs that were
in linkage and Hardy–Weinberg equilibrium were used in this analysis. The PCoA is based on pairwise FST values. Squares are ascertainment
populations that were RAD-sequenced. Population 2 (Tubutulik River) is labeled with an asterisk (*) because it was a genetic outlier and was
removed from some analyses (see text).

Table 3. Number of SNPs at each stage of SNP discovery.

Dataset
No. of putative
SNPs

Unfiltered RAD 26 567
Filtered RAD 11 850
5=-nuclease assays attempted 150
5=-nuclease assays designed 128
5=-nuclease assays validated 101
Top 96 assays 96

Note: Validated 5=-nuclease assays are those that successfully
amplified and produced clean scatter plots.
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calculated from regenotyping 4% of samples, was 0.03%. Four lo-
cus pairs were significantly out of linkage equilibrium in greater
than half of the populations (P < 0.05). These marker pairs were
Ots_FGF6A and Ots_FGF6B_1 (28/28 populations), Ots_RAD8200-45
and Ots_RAD9480-51 (28/28 populations), Ots_HSP90B-100 and
Ots_HSP90B-385 (24/28 populations), and Ots_RAD11821 and Ots_RAD3703
(16/28 populations). The marker with the highest FST for each pair
was retained, resulting in the removal of Ots_FGF6A, Ots_RAD9480-51,
Ots_HSP90B-100, and Ots_RAD11821 from further analyses. Signifi-
cant deviations from Hardy–Weinberg equilibrium (P < 0.05) in
more than half of the populations occurred for two loci, Ots_111084b-619
(28/28 populations) and Ots_111666-408 (28/28 populations); these
loci were removed from further analyses. After removing SNPs
that were out of Hardy–Weinberg and linkage equilibrium,
186 SNPs were retained from the CTC191 and 95 were retained
from the RAD96 (see Table S31 for summary statistics for each
locus).

Patterns of population structure were similar between the
CTC191 and RAD96 panels, with populations from the Bristol Bay
and Kuskokwim River regions forming a discrete cluster and pop-
ulations from the lower Yukon River forming another cluster
(Fig. 2). Populations from Norton Sound, however, did not form a
single cluster and were generally distinct from all other popula-
tions. Populations from the middle and upper Yukon River (not
shown in Fig. 2) were extremely differentiated from those of
coastal western Alaska with both panels and displayed pairwise
FST values that were at least two times larger than any within
coastal western Alaska comparison (Tables S4, S51). Although the
CTC191 and RAD96 panels showed similar patterns of population
structure, the mean FST and HO were significantly higher for mark-
ers in the RAD96 compared with the CTC191 (CTC191: HO = 0.24,
FST = 0.006; RAD96: HO = 0.34, FST = 0.008; P < 0.0001 for both
Student’s t tests; Fig. 3).

After evaluating the CTC191 and RAD96 panels separately, we
ranked all SNPs by overall FST across populations 1–24 (excluding
population 2, FST ranks in Table S31). We then choose the top 96 to
form the FST96 panel: 49 SNPs from the CTC191 and 47 SNPs from
the RAD96. The FST96 panel was composed of 49% RAD-derived
SNPs, while RAD-derived SNPs composed 33% of the full dataset.

Assignment accuracies calculated with GSI simulations in
ONCOR varied across panels but were generally highest with the
FST96 and the complete dataset (Fig. 4; Table S61). The FST96 panel
produced assignment accuracies >90% to reporting group for 26
of 28 populations (88% for population 1, 89% for population 7), and
the complete dataset produced accuracies >90% for 25 of 28 pop-
ulations (89% for population 1, 88% for population 5, 87% for pop-
ulation 7), while all other panels produced accuracies >90% for
fewer than 24 populations. Additionally, the FST96 and the full
dataset significantly outperformed the panel of 96 randomly cho-
sen SNPs, the CTC191, and the RAD96 (P < 0.05; Fig. 4; Table S61).
Assignment rates were slightly higher for the complete dataset
compared with the FST96 panel (P = 0.04), but the FST96 panel did
outperform the complete dataset in three populations (3, 5, and 7).
The CTC191 and RAD96 panels performed similarly (P = 0.29) de-

spite the fact that the CTC191 panel contained almost twice as
many SNPs.

Discussion

RAD sequencing for SNP development
We efficiently developed 96 novel high-throughput assays for

GSI in western Alaska using data from RAD sequencing. Com-
pared with previous methods for SNP discovery in Pacific salmon,
mining RAD sequence data was quicker, required fewer validation
steps, and facilitated directed SNP discovery for markers showing
high levels of differentiation among populations. Mining RAD
sequence data was much less time-consuming than methods min-
ing expressed sequence tag (EST) databases for putative SNPs (e.g.,
Smith et al. 2005b) and achieved an approximately 30% higher
conversion rate to the 5=-nuclease reaction (Smith et al. 2005a;
Amish et al. 2012). This approach also represented a major im-
provement over transcriptome-based methods, which require
multiple validation steps and still achieve a conversion rate to the
5=-nuclease reaction of less than 50% (Everett et al. 2011; Seeb et al.
2011b). Additionally, the discrepancy rate between genotypes ob-
tained from RAD and 5=-nuclease data was extremely low (1%).

Population structure
General patterns of population structure in western Alaska

were similar among the 11 850 RAD SNPs, the CTC191, and the
RAD96 and are consistent with results from previous studies in
the region (Olsen et al. 2011; Templin et al. 2011). The largest dif-
ferentiation in all three datasets existed between populations
from coastal western Alaska (populations 1–24) and those from
the middle and upper Yukon River (populations 25–28; Tables S4,
S51). This pattern has been documented in numerous studies (e.g.,
Gharrett et al. 1987; Smith et al. 2005c; Beacham et al. 2008a) and
is consistent with isolation during the last glacial maximum
(Olsen et al. 2011). Within coastal western Alaska, populations
from Norton Sound and the lower Yukon River displayed the high-
est levels of differentiation, while populations from the Bristol
Bay and Kuskokwim River regions appeared to be closely related.
It is likely that the observed structure is the result of genetic drift
in the lower Yukon River and Norton Sound facilitated by rela-
tively small census sizes. Populations in the lower Yukon River
and Norton Sound regions generally contain fewer than 2000
spawners, whereas many populations in the Bristol Bay and Kus-
kokwim River regions contain greater than 10 000 spawners
(Molyneaux and Dubois 1999; Baker et al. 2006; Banducci et al.
2007; Howard et al. 2009). Different levels of effective migration
within regions may also influence this pattern.

Comparison of panels for GSI
Previous studies demonstrate that the level of polymorphism (HO)

and differentiation (FST) of SNPs is positively correlated with their
value for GSI (Ackerman et al. 2011; Bradbury et al. 2011; Storer
et al. 2012). We observed a significantly higher mean HO and FST for
the RAD96 panel compared with the CTC191 panel, and a higher
proportion of SNPs from the RAD96 were chosen for the final
FST96 panel. These results indicate that, on average, the SNPs in
the RAD96 panel are likely to be more useful for GSI in popula-
tions from western Alaska than the SNPs in the CTC191 panel.

Assignment accuracies for all populations with both the full
dataset and the FST96 panel were close to or above the 90% thresh-
old necessary for management applications (Seeb et al. 2000). As-
signment rates were lower for the CTC191 and RAD96, implying
that GSI with our reporting groups would be less powerful with
only one of these panels. Although both the CTC191 and RAD96
panels displayed similar assignment accuracies overall, there
were major differences between the two panels for specific popu-
lations in the Norton Sound and lower Yukon River regions (e.g.,
populations 1, 3, 6). These differences demonstrate the impor-

Table 4. Number of discrepancies between 5=-nuclease and RAD genotypes
across 254 individuals that were genotyped for both chemistries.

5'-nuclease genotype RAD genotype Number Proportion

Concordance — 23 955 0.990
Discrepancies

AA BB 0 0.000
AA or BB AB 62 0.003
AB AA or BB 182 0.007

Total discrepancies 244 0.010

Note: The table is based on a bi-allelic locus with allele one designated by A
and allele two designated by B.
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tance of obtaining a representative set of ascertainment popula-
tions when attempting to create a SNP panel for GSI.

SNP discovery and evaluation conducted in this study has in-
creased the number of feasible reporting groups for GSI in west-
ern Alaska from one to three, but accuracy could be further
improved by sampling additional populations from the lower Yu-
kon River and Norton Sound regions. It is especially important to
sample throughout Norton Sound because these populations
were each genetically distinct from each other and all others in
the study. Norton Sound is composed of many small, unconnected
rivers with census sizes that are often under 1000 (Banducci et al.
2007). These populations may have quickly diverged from each
other because of greater genetic drift in small populations and (or)
regional landscape features restricting gene flow. Dense sampling
is therefore necessary to accurately characterize genetic variation
in this region. Any additional populations could also be used as a
holdout set to assess the assignment accuracy of our panels as
suggested by Anderson (2010).

Ascertainment bias
Both the CTC191 and RAD96 panels exhibited similar patterns

of population structure but also displayed evidence of ascertain-
ment bias. Ascertainment bias occurs when genetic markers are

chosen such that they are unrepresentative of genetic variation in
all populations or regions of interest (Smith et al. 2007). Ascertain-
ment bias can distort estimates of population structure but can
also increase assignment power in the region of interest (Bradbury et al.
2011). Two major sources of ascertainment bias were present in our
data: (i) regional ascertainment bias in the CTC191 and RAD96
panels and (ii) population-specific bias in the populations that
were RAD-sequenced. The regional ascertainment bias in the
CTC191 and RAD96 panels occurred because these two panels
were largely created for regional applications (CTC191: south of
Alaska; RAD96: western Alaska), a common occurrence with SNP
panels developed for salmonid management (e.g., Seeb et al.
2011c). In this case, the regional bias in the RAD96 is helpful be-
cause it likely increases our power to differentiate populations in
western Alaska. However, this bias may also decrease the power of
these SNPs to differentiate populations outside the region of in-
terest, possibly reducing the utility of the RAD96 across the spe-
cies range (Smith et al. 2007). Assignment accuracies from the
middle and upper Yukon River populations suggest that the SNPs
developed in this study should be useful outside of the ascertain-
ment area, but further testing is needed to fully validate this
assumption.

Fig. 3. Box and whisker plots of locus-specific overall (a) FST and (b) HO for two SNP datasets. Datasets are CTC191 (mean HO = 0.24, mean FST =
0.006) and RAD96 (mean HO = 0.34, mean FST = 0.008). Only SNPs that were in linkage and Hardy–Weinberg equilibrium were used in this
analysis. A Student’s t test indicated that the two datasets have significantly different distributions of HO and FST (P < 0.0001). Loci with FST

values above 0.03 are labeled in panel (a). Each dataset includes populations 1–24 (excluding population 2, see text).
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The second type of ascertainment bias present in our data
was population-specific bias in the populations that were RAD-
sequenced. This bias likely occurred because dozens of SNPs show-
ing high differentiation were chosen from thousands, causing the
populations that were RAD-sequenced to appear more differenti-
ated than expected. This type of bias was especially apparent in
the Anvik River (population 6), which clustered tightly with the
two other lower Yukon River populations using the CTC191 but
was highly diverged with the RAD96.

Population-specific ascertainment bias could lead to upwardly
biased estimates of assignment accuracy and could distort phylo-
genetic relationships among populations. To reduce unwanted
population-specific bias, we suggest that future studies with sim-
ilar objectives sequence at least two ascertainment populations
from each drainage or region. Hierarchical F statistics could then
be used to discover SNPs that are similar within but divergent
among regions. For example, SNPs with high values of FCT (varia-
tion among reporting groups) and small values of FSC (variation
among populations within reporting groups) could be chosen.

Use of adaptively important markers for GSI
The accuracy of GSI in poorly differentiated populations can

often be improved by including adaptively important markers
that are undergoing divergent natural selection (Nielsen et al.

2012). For example, Ackerman et al. (2011) found that the addition
of adaptively important markers to a panel of neutral markers
significantly improved assignment accuracy, and Russello et al.
(2012) showed that assignment accuracies were much higher with
a panel of adaptively important markers compared with a panel of
neutral markers. Multiple studies using RAD sequencing have
found signatures of natural selection (e.g., Hohenlohe et al. 2010;
Gagnaire et al. 2013), but strong signatures of selection were not
apparent in our data. Specifically, patterns of population struc-
ture were similar with the RAD96 and the primarily neutral CTC191,
and we observed relatively small FST values across most loci, indi-
cating that the majority of loci in our dataset were probably neu-
tral. It is interesting to note that one locus from the CTC191,
Ots_MHC2, had an overall FST of 0.431 in Chinook salmon from the
Copper River and was found to be under strong divergent selec-
tion in this environment (Seeb et al. 2009b; Ackerman et al. 2013).
Ots_MHC2 also had one of the highest overall FST values in our
study, indicating that it may be adaptively important in western
Alaska. Future studies attempting to improve GSI in our study
region would likely benefit from the inclusion of additional adap-
tively important markers such as Ots_MHC2. For example, adaptively
important markers might be useful for differentiating popula-

Fig. 4. Assignment probabilities to reporting group for the full dataset of 281 SNPs (Full 281), the 96 SNPs with the highest overall FST (FST96),
the CTC191, the RAD96, and 96 randomly chosen SNPs (96 Random). Only SNPs that were in linkage and Hardy–Weinberg equilibrium were
used in this analysis. Population numbers correspond to those in Table 1. Reporting groups (X axis) are separated by gray dashed lines.
Abbreviations are Norton Sound (N Sound), lower Yukon River (L Yukon), Bristol Bay and Kuskokwim River (Bristol Bay–Kuskokwim), middle
Yukon River (Mid Yukon), and upper Yukon River (Up Y). Bristol Bay and Kuskokwim River populations were combined into a single reporting
group for this analysis (see text). The line at 0.9 represents a common value used to consider an assignment robust for management
applications (Seeb et al. 2000). Confidence intervals for each assignment probability are reported in Table S61.

–
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tions from the Kuskokwim River and Bristol Bay regions, some-
thing that was not possible with our current set of SNPs.

Management applications
The precipitous decline of Chinook salmon in western Alaska

has prompted multiple fisheries closures, causing extensive eco-
nomic hardship and threatening subsistence catches for natives
of the western Alaska region (ADF&G 2013). Increased resolution
for GSI facilitated by our study has the potential to substantially
improve fisheries management in this region. Specifically, GSI
can be used to monitor the contribution of different stocks in
mixed-stock fisheries, informing fisheries management and pre-
venting unnecessary fishery closures (Shaklee et al. 1999; Smith
et al. 2005c; Dann et al. 2013). Additionally, SNPs developed in this
study can be used to improve resolution in studies of migration
and distribution patterns of Chinook salmon on the high seas (c.f.,
Tucker et al. 2009; Guthrie et al. 2013; Larson et al. 2013). The
ability to measure stock-specific abundance on the high seas can
provide important information for stock assessment models that
is currently unavailable.

Conclusions
We increased the number of feasible reporting groups for GSI in

coastal western Alaska from one to three using directed SNP dis-
covery. The SNPs we developed from RAD data displayed higher
levels of polymorphism and differentiation compared with many
previously developed SNPs and were more useful for GSI. RAD
sequence data therefore provided an excellent tool for discover-
ing high-resolution SNPs that can differentiate closely related
populations. The increased resolution for GSI in coastal western
Alaska provided by this study will facilitate research into migra-
tion patterns and vulnerability to fisheries of Chinook salmon in
this region, aiding in the conservation of an extremely important
economic and cultural resource.

Data accessibility
Illumina RAD-tag sequences have been submitted to the NCBI
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supplementary material in addition to Tables S1–S61.
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