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CHAPTER 1: Genetic differentiation of chum salmon influenced by
isolation by distance and glacial history of Alaska

INTRODUCTION
One major goal of fisheries management is to enslee sustainable harvest of wild

populations so that productivity is stable overetininformation on population connectivity and
individual dispersal is necessary for effectivenéisy management because these parameters
describe the appropriate spatial scale for manageuorets (Palsbgll et al. 2007), and identify
populations that are small or isolated and needeption from overharvest (Allendorf et al.
2008). Management units have been defined usingusrcriteria, including information on
morphological and/or demographic characters, dsgpgratterns of individuals, fishing patterns,
and information on the genetic structure of popaoltet (Cadrin et al. 2005). Genetic studies
offer valuable insights into population conneciivitecause they integrate data over many

generations and estimate long-term estimates ofexdivity (Palumbi 2003).

Multiple factors influence the genetic structurgopulations, including mutation, migration,
genetic drift, and natural selection. In some aiguahd marine species, individuals occupy a
one-dimensional linear structure, such as a riveroastline. In this case, genetic structure can
be modeled by a one-dimensional stepping stone Im@dmura and Weiss 1964) where
dispersal and reproduction occur more frequenttwéen adjacent populations. If dispersal and
reproduction are spatially limited in this way, géa differentiation is positively correlated with
geographic distance separating populations. Thienmeis known as isolation by distance (IBD)
(Wright 1943).

Theoretical models describing IBD are well estisid (Wright 1943; Slatkin 1993; Rousset
1997), and predict that in the absence of spatiyerogeneous selection, populations
eventually reach equilibrium between gene flow gedetic drift. Gene flow is usually described
as the number of reproductively successful migraxishanged between populations at each
generation. This value is the product of the effecpopulation sizeNg) and the proportion of
each population that are reproducing migramis (IBD has been observed in marine and aquatic

populations (Koizumi et al. 2006; Olsen et al. 2008nningham et al. 2009), but a strong IBD
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relationship does not necessarily imply migratioiftdequilibrium between populations
(Bradbury and Bentzen 2007).

In linear systems, theory predicts that populatiansigration-drift equilibrium will display
a monotonic increase between geographic distartgemetic differentiation at all spatial scales
(Hutchison and Templeton 1999). However, previcesearch on aquatic and marine species
(Bradbury and Bentzen 2007) has shown that IBDticeiships are often non-linear depending
on the species and spatial scale examined. Unegprad flow between populations, natural
selection, and historical events (e.g. bottlenecksge expansions) are examples of processes
that may contribute to departures from IBD modelsd/ar migration-drift equilibrium.
Understanding how these different processes cangrito the population structure of a species

can be useful when interpreting estimates of pajmulaonnectivity.

Patterns of genetic connectivity have implicatidos the management or conservation of
populations. Taylor and Dizon (1999) have suggetitatl an important step towards effective
management is identifying populations most impatigdnthropogenic mortality and evaluating
whether enough connectivity exists to sustain thmsgulations over time. This information is
important for the management of fisheries, whidiemtarget a mixture of individuals or species
originating from different populations or geogragaiiregions. When directed harvest or bycatch
occurs in mixtures with unknown population composit it can lead to inadvertent
overexploitation of less abundant populations (U#sted Ryman 1993). Genetic data have been
used to estimate mixture composition through miséack analysis, a procedure in which
individuals originating from different regions aessigned to their population of origin by
comparing them to a genetic baseline of known paimr allele frequencies (Pella and Milner
1987). Mixed stock analysis has also been usedetatify stocks most susceptible to bycatch
mortality (Laurent et al. 1998; Seeb et al. 201Emplin et al. 2011), and appropriate
management actions can be taken to minimize negatypacts of a fishery on a non-target

species.

Chum salmon@ncorhynchus keta) is a species targeted by both commercial andstebse
fisheries. The species is also susceptible to ended interception as bycatch by the walleye

pollock (Theragra chalcogramma) fishery (Haflinger et al. 2009). Chum salmon isef the
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most abundant Pacific salmonids and is widely itisted across the Northern Pacific Rim.
Spawning populations can be found in Korea, JapahRussia in the western Pacific Ocean,
and from Alaska to Oregon in the eastern Pacifald9991). Chum salmon are anadromous;
they hatch in freshwater, travel to open ocearetml fand mature, and return to freshwater to
spawn and die. In addition, chum salmon have bdrsereed to home to their natal site for
spawning (Tallman and Healey 1994). Fisheries fsrgleum salmon nearshore or in rivers as
mixed aggregations of individuals. In addition tacreasing commercial demand for chum
salmon, the species has cultural and subsistenperiamce to Native Alaskan communities
(Wolfe 2004). For example, in 2007 nearly 300,000 were harvested in Alaska by the
subsistence fishery (Fall et al. 2007). Participgiin this fishery is an important economic and
social activity for Native Alaskans in rural areasd people cooperatively harvest fish for use in

winter.

Estimating fine-scale population structure of chéatmon in Alaska is of increasing concern
because of fluctuating census sizes, and the wacertfects of bycatch on specific populations
(Gisclair 2009). In this study we examined the giengtructure of 66 chum salmon populations
spawning in waterways on the Alaska Peninsula aodidk Island. The purpose was to provide
resource managers with a high-resolution geneselivee for use in mixed stock analyses. Our
study area spanned over 1,300 coastal km, and ex\diverse spawning habitats, including
braided river systems on the north Alaska Peninsaha glacially fed streams on the south

Alaska Peninsula and Kodiak Island.

We explored regional patterns of population strrectand IBD using 93 nuclear and
mitochondrial single nucleotide polymorphism (SN&ji. We hypothesized that IBD will be
present because chum salmon spawn in coastal thagrare distributed along a linear array, and
gene flow is spatially restricted due to homingidénce of population structure and IBD was
found throughout the region. In addition, analyskstified outlier populations to regional IBD
patterns, suggesting that populations of chum salmasouthwestern Alaska are influenced by

diverse evolutionary and/or demographic histories.

MATERIALS AND METHODS
Samples were collected from 1992 to 2010 by thekdeDepartment of Fish and Game.

Approximately 95 individuals were sampled at 6@&sibn the Alaska Peninsula and Kodiak
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Island that likely represent distinct breeding dapans (Figure 1.1). Temporal replicates of
each sampling location were collected when possielgulting in 105 total collections (Table
1.1). From 1992 to 2002, salmon were captured dach seine, and heart or liver tissue was
collected and frozen in liquid nitrogen until tréersed to long-term storage at “80 From 2008
onward, individual salmon were captured by beacheséneld momentarily while the axillary
process on the ventral fin was removed, and sulesgigureleased. Axillary processes were

stored in 95% ethanol.

DNA was extracted from 8,140 individuals using tieasy 96 Tissue Kit (QIAGEN,
Valencia, CA). SNPs at 96 loci (Supplementary Tablg) were assayed using 5-nuclease
reactions (Seeb et al. 2009) on the BioMark 96.9@&dmnic Array (Fluidigm, San Fransisco,
CA). As a quality control measure, approximatelgheiindividuals from each population were

re-extracted and genotyped at all loci to ensuségknotypes were accurate and reproducible.

Our goal was to obtain a sample size of at leastnélviduals from each spawning
location. When study sites included multiple sarspgbken from different years, we tested for
homogeneous allele frequencies across differentsyesing a chi squared test in the program
CHIFISH (Ryman 2006) . If no statistically sigwdint differenceo= 0.01) over all loci was
found between collection years, individuals samghledn the same geographic location were

pooled (Table 1.1) to achieve a larger sampling as recommended by Waples (1990).

Allele frequencies and heterozygosity were catedlain GENALEX 6.4 (Peakall and
Smouse 2006). Deviations from Hardy-Weinberg efgudim (HWE) at each population were
detected using a° test ¢ = 0.05) in GENALEX 6.4. Patterns of linkage eduila were
examined for all locus pairs using exact tests ENGPOP 4.0. If a pair of loci was in linkage
disequilibrium in more than 75% of the populationsly one SNP locus was retained for the
remainder of the analyses to avoid redundant indtion in the data set. We compared patterns
of linkage disequilibrium in each population by aadating the statistic? that describes the
overall correlation coefficient averaged acrosstiplal loci and alleles. The calculations were
done with the program LDNE (Waples and Do 2008)endas subsequently used to estimate
the effective population sizé&l{) of each sample collection.
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Pairwise genetic differentiation £ between all populations (Weir and Cockerham 1984
was estimated in GENEPOP 4.0. Patterns of populaitierentiation were further explored
with correspondence analysis based on genotypesg use ADEGENET package (Jombart
2008) in R (R Development Core Team 2011). Stasktisignificance of population
differentiation was evaluated using 1,000 permoteti in ARLEQUIN 3.5 (Excoffier and
Lischer 2010). We tested for IBD to investigate thlationship between genetic differentiation
and geographic distance. The shortest waterwayrdist between sampling locations was
estimated using a least cost path analysis in ABBO@F. 10 (ESRI, Inc). Linearskestimates
(Fst/(1-Fs1)) were regressed to waterway distance (Rousset),1898d statistical significance
was evaluated based on least squares regressiBn as in Koizumi et al. (2006). Hellberg
(1994) has shown that for pairwise data, p valuesalmost identical between Mantel tests and
ordinary least squares regression with degreesre#éddm designated by the number of
populations. This procedure was conducted firsthwatl populations considered together.
Subsequently, each geographic region (north Ald3&ainsula, south Alaska Peninsula, and

Kodiak Island) was analyzed separately.

Putative outlier populations within each geograpt@gion (north Alaska Peninsula, south
Alaska Peninsula, and Kodiak Island) were iderdifiyy examining mean regression residuals
for each population. If a population is divergern regional IBD patterns, then its regression
residuals are biased towards values more diffdrent zero than populations following regional
IBD. Following the decomposed pairwise regressioalysis (DPRA) method of Koizunat al.
(2006), we sequentially removed populations froe dimalysis when 95% confidence intervals
of the mean residual did not include zero. ThefitBD models considering different putative
outlier populations was evaluated using Akaike'$oimation criteria AIC, Burnham and
Anderson 2002)AIC was calculated asIC = 2K + nIn(RSSn), whereK is the number of
parameters (in this case the only parameter is rwate distance),n is the number of
populations, an®RSSis the residual sum of squares (Koizumi et al.6)0CorrectedAIC (AICc)
was used because of small sample awi¢ € 40). Models were considered equally likely iéth
difference inAlIC¢ values AAIC) was less than two.
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We examined the impact of scale on linearity of BB slope by partitioning the data into
increasing bin sizes (0-50, 0-100, 0-150 km, etg) doing iterative regressions of genetic to
waterway distance (following Bradbury and Bentz€l®2) for each geographic region. IBD
slope was subsequently examined at incrementabépaales for deviations from linearity. This
was done to test for deviations from migrationtdaguilibrium, since populations in a one-
dimensional stepping stone are expected to havetmoic and positive IBD slope at all spatial

scales when in migration-drift equilibrium.

Finally, the effect ofNe on within-region genetic differentiation was intigated. We
expected that populations with smill might show relatively high levels of differentiati due
to genetic drift. The correlation between geneiffecentiation and effective population size was
evaluated by regressing Y/Mgainst mean populationss#for all within-region comparisons
(north Alaska Peninsula, south Alaska Peninsuld,Kadiak Island), and statistical significance

was evaluated using least squares regression in R.

RESULTS
Quality control analysis showed that 0.05% of tleaaypes contained discrepancies

between the original genotypes and the re-extragdetples, indicating that our genotypes were
reproducible and accurate. A small number of irdilgls were missing more than 15% of
genotypes (suggesting poor quality DNA) and weraaeed from the data set, leaving 8,103

individuals for the remaining analyses.

No significant differentiation across all loci wésund for samples collected from the
same geographic location in different years, antpteral replicates were pooled as indicated in
Table 1. Two populations, St. Catherine’s Cove (0.62) and Sturgeon River (p = 0.002)
exhibited significantly more deviations from HWEathwould be expected by chance alone.
Deviations from HWE were not localized in any or¢P$ so we did not remove any loci from

our analysis.

We tested for linkage disequilibrium by conductiegts between all possible pairs of
loci, and found 14,246 (5%) to be statisticallynsigant ata = 0.05. Three locus pairs
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(Oke_gdh-162 and Oke gdh-191; Oke pgap-111 and Oke pgap-92; Oke U1021-102 and
Oke _1022-139) were found to be in linkage disequilibrium in alsh all of the populations. We
retained only one locus from each pair for the rieder of the analyses based on highest global
Fst (Supplementary Table 1.1). Patterns of linkagediidibrium within populations varied. The
Karluk Lagoon population (47) exhibited many morevidtions from linkage disequilibrium
than expected by chance alone (p < 0.0004¢ Karluk Lagoon population had an estimated

Ne= 54, the smallest of any population.

Global kst was 0.04, and pairwise populationstFvalues ranged from 0 to 0.19
(Supplementary Table 1.2). Correspondence anabjsigenotypic data allowed us to visualize
population differentiation. When SNPs from botlclear DNA and mtDNA were considered,
most of the variation in the data set was explaimethe first axis and was driven by differences
in mtDNA haplotypes (Figure 2A). All but three pdations (18- Little John Lagoon, 19- Sandy
Cove, and 21- Delta Creek) were monomorphic atdbmmposite mtDNA SNP. These three
populations originating from the south Alaska Psuola had an alternative haplotype at
frequency greater than 0.25. Interestingly, thedhpopulations were not differentiated when

only nuclear SNP loci were considered (Figure 1.2B)
I solation by distance and decomposed pairwise regression analysis

IBD was examined for all populations, and very weakrelation between genetic and
waterway distance was found (Figurer3= 0.06, p < 0.0001). Poor fit of the IBD model ket
data was caused by the presence of two populatuthsvery high genetic differentiation: the
Sturgeon River (48) and Kitoi Bay Hatchery (66) plapions (Figure 1.2B). When these
populations were removed, we observed higher adiosl between genetic and waterway
distance (r= 0.17, p <0.0001).

Decomposed pairwise regression analysis identtiged populations that were outliers
from regional IBD patterns: Nelson River (10), Sai€bve (19), Ruby’s Lagoon (24), Zachary
Bay (26), Karluk Lagoon (47), Sturgeon River (4B)g Sukhoi (49), Sitkinak Island (51), Gull
Cape Lagoon (57), and Kitoi Bay Hatchery (66). Ihcases, fit of the IBD model to data

improved when outlier populations were removed freeauh region, as indicated ByandAAIC
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values (Table 2). Populations partitioned by gapbic region (north Alaska Peninsula, south
Alaska Peninsula, and Kodiak Island) had very déffet patterns of regional IBD (Figure 1.4).

The north Alaska Peninsula contained highly difféisged populations that strongly
conformed to IBD (slope = 1 x 0= 0.52, p < 0.0001). However, IBD slope was noedin
when examined at increasing spatial scales (Figusd). IBD slope was smallest at spatial
scales smaller than 100 km. At pairwise populat@tances greater than 100 km, there was an
increase in IBD slope andsfvariance (Figure 1.5A). This indicates that popates on the
North Alaska Peninsula show a strong but non-lipeditern of increasing genetic differentiation
with distance.

Populations from the south Alaska Peninsula wess thfferentiated than populations
from the north Alaska Peninsula (Figure 1.4). Deposed pairwise regression analysis
identified three outlier populations on the soutlaska Peninsula (Table 1.2). When these
populations were removed from the data set, the® stronger correlation between genetic and
waterway distance (slope = 8 x40 = 0.08, p <0.0001). IBD slope on the south Alaska
Peninsula was also non-linear, but in contrast Withnorth Alaska Peninsula, largest slope was
observed at small spatial scales ( <100 km) (Figus8).

Kodiak Island contained genetically diverse popafet, despite the small geographic
extent of the region. We found evidence of two highifferentiated populations in this area, the
Sturgeon River (48), and Kitoi Bay Hatchery (66)g(FFe 1.2B). Mean pairwise populatiogF
for these populations was 0.13 and 0.14, respégt{@ipplementary Table 1.2). Decomposed
pairwise regression analysis identified six outlpgEpulations on Kodiak Island (Table 1.2).
Correlation between genetic and waterway distanceeased when outlier populations were
removed from the dataset, and relatively strong {843 observed (slope = 4 x3,0°= 0.48, p <

0.0001). IBD slope was fairly consistent over imsieg spatial scales (Figure 1.5B).

Effective population sizesd\N¢) ranged from 54 to 17,789 individuals, and the iared
value ofNe over all populations was 609 (Table 1.1). We testedhypothesis that populations
with small N, are outliers from regional IBD patterns by regnegsihe inverse of effective
population size (1/§ to mean populationdr in each region. On the north Alaska Peninsula

there was no correlation between these two quesitific 6*10°, p = 0.98), and the same thing
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was observed on the south Alaska Penins@aQi05, p = 0.24). Populations from Kodiak Island
showed no correlation between, Bind average 47 (= 0.001, p = 0.83). When the highly

differentiated Sturgeon River (48) and Kitoi Baytéteery (66) populations were removed from
the analysis, a statistically significant corredatiemerged fr= 0.35, p = 0.01). However, this

relationship was dominated by the presence of #muK Lagoon (47) population that had a very
small estimated & 54 (Table 1.1).

DISCUSSION
The purpose of this study was to investigate pdmusstructure and patterns of genetic

connectivity in chum salmon for applications inhgsies management. We confirmed that
populations of chum salmon in southwestern Alasia iafluenced by diverse evolutionary
and/or demographic histories. In addition, we fowwidence of IBD at different spatial and

regional scales.

IBD was initially explored using all populationsndavery weak correlation between
genetic and waterway distance was found due t@tegence of highly differentiated Sturgeon
River (48) and Kitoi Bay Hatchery (66) populatiofmean pairwise & = 0.13 and 0.14,
respectively).This amount of genetic differentiatiat small spatial scales is extremely unusual
for the species (Figure 1.2B). Previous researeel{&nd Crane 1999) using allozymes reported
similar high genetic divergence between the StumgRiver and other populations, and this

pattern was attributed to the glacial history aitbavestern Alaska.

During the Last Glacial Maximum, circa 25,000 yeago, the majority of the
southwestern Alaska coast was covered by the Cenatil Ice Sheet (Clark et al. 2009), making
the region inhospitable to anadromous fish. Howetrere exists geological and palynological
evidence that the southwest portion of Kodiak Idleemained ice-free and contained proglacial
lakes (Karlstrom and Ball 1969; Mann and Petee?188ann and Hamilton 1995). It is possible
that these lakes might have been a glacial refugisupporting populations of land-locked
aquatic organisms during the last ice age. Interglgt the Sturgeon River drainage is found in
the part of southwest Kodiak Island that remaineglaciated (Figure 1.6), and the Kitoi Bay
Hatchery was stocked from this population. Both bodings and previous work (Seeb and

Crane 1999) suggest that the unusual and extremegigalivergence of Sturgeon River salmon
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are caused by many generations of isolation, aisdntight be an indication that these salmon
are descendants of individuals surviving the lastage in proglacial lakes. If that is the case,
then this population reverted to anadromy oncedbasheet receded approximately 14,000 years

before present (Mann and Hamilton 1995).

If the Sturgeon River population has been connebtedene flow to other populations
since Kodiak Island was colonized by chum salmdny is it still possible to detect stark genetic
differentiation today? One possibility is that moiough generations have passed since gene flow
to adjacent populations began, and differences wuiitinue to erode over time. A second
possibility is that a barrier to gene flow existstween the Sturgeon River (and Kitoi Bay
Hatchery) and other populations. Previous researthsalmonids has shown that temporal
differences in spawning date are correlated to tyewiéferentiation (reviewed in Hendry and
Day 2005). Sturgeon River spawners were colleateghrly July, whereas the majority of other
Kodiak Island samples were collected from Augusivamers (Table 1.1). It is possible that
successful reproduction between populations isricesti by difference in spawning date.
Finally, it is possible that migrants to the StungeRiver population experience reduced fitness
because of selection. Future research could uaedsd¢ape genomics approach to explore these
interesting patterns of genetic differentiation |eéAdorf et al. 2010) and uncover possible

environmental factors influencing gene flow.
I dentifying outlier populations with decomposed pairwise regression analysis

Decomposed pairwise regression analysis of gereiit waterway distances revealed ten
outlier populations that did not conform to IBDteans in each geographic subregion (north
Alaska Peninsula, south Alaska Peninsula, and Koldiand). In all cases, fit of regional IBD
models to the data improved when outlier populatiorere removed based chand AAIC

scores (Table 1.2).

Theory predicts that small populations experieneatgr genetic drift. In a one-dimensional
system, small populations might be outliers fronD IB genetic drift >> gene flow (case Il in
Hutchison and Templeton 1999). We tested the hgsahthat populations with smalk Nave

greater genetic differentiation, and only foundup for this hypothesis on Kodiak Island when
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the highly differentiated Sturgeon River and KiBay Hatchery populations were not considered
in the analysis. However, this correlation was ey single population (Karluk Lagoon - 47)
that has very small estimated. Nf 54 individuals (Table 1.1). These results iatic that
differences in N may not be the major cause of genetic differantiabetween proximate

populations on the Alaska Peninsula and Kodialtsla

Previous studies have shown increased genetiaelifi@tion between proximate populations
of sockeye salmorQ, nerka) utilizing different ecotypes as spawning groufids et al. 2008;
McGlauflin et al. 2011). Water temperature is ampamtant factor in egg development (Murray
and McPhail 1988) that can be variable between sjpawvhabitats. It has been shown that
genetically distinct summer and fall spawning chsaimon populations in the Yukon River
drainage experience different thermal regimes atveg sites, suggesting localized adaptation
to spawning environment (Zimmerman and Finn 2082} out of ten populations identified as
outliers by decomposed pairwise regression analf$sson River— 10, Ruby’'s Lagoon- 24,
Karluk Lagoon— 47, Big Sukhoi- 49, Sitkinak Islan8i, and Gull Cape Lagoon-57) were
sampled in spawning grounds near or adjacent twolag that might experience warmer water
temperatures. It is feasible that spawning hakégctivity restricts gene flow between adjacent
populations. At present we lack environmental datatest this hypothesis because of the
remoteness of our sampling locations. Future rekesfforts could collect ecological data (water
temperature, dissolved oxygen, sediment loads, ett)spawning grounds and test for
correlations between differences in environmengaiables and genetic differentiation (Manel et
al. 2003).

Linearity of I BD slope when outliers are omitted

Patterns of IBD are affected by the spatial arramegg of populations, time since a
region has been colonized, and the magnitude o fiew between populations. In a linear array
of populations, if conditions following colonizatioallow localized gene flow between
populations of limited size, then patterns of IBI Wwegin to form between adjacent populations
(case IV in Hutchison and Templeton 1999). OveretifBD will form at larger spatial scales

and populations might reach migration-drift equilicn. Theory predicts that when linear
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populations are in migration-drift equilibrium, gdit distance between populations will

increase monotonically over all spatial scales ¢Hison and Templeton 1999).

When IBD was explored at increasing spatial scal#ferent regional patterns emerged
(Figures 1.4 and 1.5). On the north Alaska Penmpobulations were highly differentiated and
IBD slope was smallest at small spatial scalesufeid..5A). This result is the opposite of what
is expected in a linear environment recently cadedi by a homogeneous source population
(Hutchison and Templeton 1999). Instead, it suggésat populations on the North Alaska
Peninsula are not in migration-drift equilibrium.uOresearch has shown that this lack of
equilibrium might be caused by recent colonizatbthe Alaska Peninsula by populations from
the northern and southern parts of the specieeré®geb and Crane 1999; this thesis, second
chapter). Geological evidence supports that coaggalvning habitats on the north Alaska
Peninsula were destroyed by sea level rise cirdd(2,years ago (Jordan 2001), and
contemporary spawning sites likely became availahlg within the last 1,300 years (Maschner
1999). Thus it is possible that the north AlaskaiRsula was colonized relatively recently by
heterogeneous founder populations.

In contrast, populations from the south Alaska Remla were characterized by much
lower genetic differentiation and IBD slopes thatres two orders of magnitude smaller than
those found on the north Alaska Peninsula (Figudd. On the south Alaska Peninsula, IBD
slope was smallest at large spatial scales. Othelies have shown similar fading of IBD
relationship at larger geographic distances (Heyl#995; Castric and Bernatchez 2003). In a

one-dimensional array of populations, the area avieich IBD is present depends on the

equatiory2Nmt, wheret = time (Slatkin 1993). In recently colonized ewviments, IBD
relationship is expected to be weak over largetigpscales. Thus, the observed IBD pattern on
the south Alaska Peninsula is consistent with &g colonized linear system that has been

settled by a homogeneous source population (tadetchison and Templeton 1999).

IBD slope on Kodiak Island was fairly consistentaas spatial scales, suggesting that
non-outlier populations were in migration-drift dduium. Pairwise waterway distances

between populations on Kodiak were smaller thaséhan the Alaska Peninsula because of the
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island’s geography. These patterns suggest thatsiBpe is influenced by the genetic diversity
of colonizing populations, time since colonizatiangd spatial extent of the region examined.

Application of genetic data to fisheries management

Our study was funded by the Western Alaska SalmoekSldentification Program, a
multiparty collaborative effort to sample salmorasping sites in Alaska and better understand
genetic diversity and composition of harvest antiaratch mixtures. SNP loci used in this study
appear to have stable allele frequencies over akegenerations, and should make a reliable
genetic baseline for future use. A detailed gerteigeline will enable stock-specific research on

the effects of chum salmon bycatch in differentggaphic regions.

By incorporating loci from both nuclear and mitoodoal genomes we were able to gain
unexpected insights into the genetic diversity béirm salmon. The majority of populations
surveyed in the region were fixed for a single bagle at two mtDNA SNPsQke Cr30 and
Oke Cr386). However, in three westernmost populations (itd.iJohn Lagoon, 19- Sandy
Cove, and 21- Delta Creek) we found a high proportf individuals with a haplotype that is
characteristic of Asian population (Sato et al. £00nterestingly, these populations showed
little differentiation at nuclear DNA loci (Figur&.2B). Discordance between nuclear and
mitochondrial genomes has been documented in asiiy®f animal taxa (Hoffman et al. 2009;
Humphries and Winker 2011; Toews and Brelsford 20Tkere are multiple factors that can
uncouple the evolutionary history of nuclear an@hW, including selection, genetic drift, sex-
biased gene flow, and mtDNA capture. At presents iunclear which of these factors are
responsible for the observed genetic patterns heset mtDNA loci will provide increased

resolution for mixed stock analyses.

Conclusion

We have shown that chum salmon populations on tlaska Peninsula and Kodiak
Island contain considerable genetic diversity fog species. Patterns of differentiation were
influenced by the geographic distance separatingulptions and the glacial history of the

region. The fine-scale genetic baseline that weehassembled will be useful to fisheries
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375 ~managers as they continue to evaluate the impdctsyaatch and monitor the long-term

376  productivity of chum salmon populations.
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377 TABLES
378
379 Table 1. 1. List of sampling locations with associated collestiinformation. Population
380 groupings (north Alaska Peninsula, south Alaskair3ea, and Kodiak Island) correspond to
381 map colors on Figure Ne was estimated using the program Ldne (Waples angdD8).
Pop# Location Collection Latitude Longitude N Ne
dates
North Alaska Peninsula
1 Wiggly Creek 08/04/1993, 56.98 -157.66 178 951
08/13/2009
2 Plenty Bear Creek 08/02/1993, 56.71 -158.30 138 293P
08/11/2009
3 Meshik River 08/01/1992, 56.61 -158.50 172 1208
08/11/2009
4 lInik River 07/30/2002 56.55 -159.64 49 486
5 Cape Seniavin 08/28/2001, 56.43 -160.03 96 71y
08/16/2009,
08/2010
6 Moller Bay 08/16/2009 55.78 -160.35 94 523
7 Lawrence Valley Creek 08/01/1992, 55.83 -160.66 190 54y
08/16/2009
8 Coal Valley 08/27/2008 55.85 -160.76 94 605
9 Deer Valley 08/27/2008 55.72 -160.79 91 2669
10 Nelson River 08/01/1992, 55.73 -161.11 143 675
08/27/2008
11 Moffet Creek 09/05/1996 55.46 -162.51 95 1388
12 Joshua Green 08/18/2009 55.37 -162.47 92 2659
13 Frosty Creek 09/01/1992, 55.19 -162.86 189 1226
08/20/2009
14 Alligator Hole 09/04/1996, 55.16 -162.94 183 138p
08/20/2009
15 Trader's Cove 08/01/1992 54.93 -163.28 75 197
16 St. Catherine Cove 08/19/2009 55.01 -163.53 93 262
17 Peterson Lagoon 08/01/1992, 54.93 -164.17 180 49 |4
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Pop# Location Collection Latitude Longitude N Ne
dates
08/19/2009
South Alaska Peninsula

18 Little John Lagoon 08/01/1992, 55.01 -162.91 172 1218
08/19/2009

19 Sandy Cove 08/26/1996, 55.14 -163.04 188 707
08/20/2009

20 Russell Creek 08/30/1993, 55.19 -162.68 187 2144
08/20/2009

21 Delta Creek 08/29/1996 55.11 -162.35 94 331

22 Belkovski River 08/01/1992 55.15 -162.14 87 203

23 Volcano Bay 08/15/2009 55.24 -162.00 95 653

24 Ruby's Lagoon 08/31/1996 55.57 -161.68 92 331

25 Canoe Bay 08/01/1992, 55.53 -161.14 181 410
08/15/2009

26 Zachary Bay 8/13/1992 55.38 -160.69 77 B96

27 Foster Creek 08/20/1992, 55.57 -160.72 181 464
08/14/2009

28 Coleman Creek 09/06/1996 55.61 -160.57 95 1443

29 Chichagof Bay 08/17/2009 55.69 -160.24 92 P11

30 Big River 08/17/2009 55.86 -159.75 94 406

31 Stepovak River 08/18/1992, 55.93 -159.65 144 19p
08/17/2009

32 Ivanoff River 08/23/1993, 55.91 -159.43 181 9oy
08/14/2009

33 Portage Creek 8/21/1993 56.20 -158.62 95 1053

34 Kujulik Bay 08/22/1993, 56.68 -157.76 163 521
08/12/2009

35 Aniakchak River 8/3/1993 56.80 -157.66 94 4566

36 Amber Bay 08/12/2009 56.86 -157.46 85 433

37 Northeast Creek 08/23/2008 56.88 -157.39 94 7886
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Pop# Location Collection Latitude Longitude N Ne
dates

38 Ocean Bay 08/13/2009 56.91 -157.02 79 A42

39 Nakililock River 08/23/2008 56.99 -156.94 95 675

40 Chiginigak Bay River 08/20/1993, 57.04 -156.76 160 465
08/12/2009

41 Kialagvik River 08/11/1993, 57.28 -156.80 178 1088
08/25/2009

42 Pass Creek 08/24/2009 57.40 -156.36 94 592

43 Dry Bay River 08/24/2009 57.64 -155.78 71 300

44 Bear Bay Creek 08/11/1993, 57.87 -155.25 188 1244
08/19/2009

45 Alagogshak River 08/12/1993 58.02 -155.04 94 7 42

46 Big River, Hallo Bay 09/02/2009 58.63 -153.96 5 9 385

Kodiak I1sland

47 Karluk Lagoon 08/31/2009 57.57 -154.42 84 54

48 Sturgeon River 07/01/1992, 57.50 -154.51 158 684
07/10/2009

49 Big Sukhoi 08/01/1992, 56.97 -154.31 190 17789
08/07/2009

50 Deadman River 08/18/2009 57.18 -153.77 95 401

51 Sitkinak Island 08/07/2009 56.58 -154.09 93 148

52 Northeast Portage 08/18/2009 57.00 -153.76 947071

53 Barling Bay Creek 08/06/2009 57.20 -153.40 93 904

54 West Kiliuda Creek 09/12/2009 57.31 -153.20 83 777

55 Dog Bay 08/01/1992 57.31 -153.16 95 612

56 Coxcomb Creek 08/17/2009 57.34 -153.00 90 334

57 Gull Cape Lagoon 09/14/1993, 57.33 -152.64 186 324
09/23/2009

58 Eagle Harbor 08/17/2009 57.42 -152.73 95 165

59 Rough Creek 09/12/2009 57.51 -152.77 76 628
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Pop# Location Collection Latitude Longitude N Ne
dates
60 American River 09/01/1992 57.65 -152.51 94 2006
61 Russian River 08/17/2007, 57.70 -152.59 185 54y
08/17/2009
62 Kizhuyak River 08/01/1992, 57.72 -152.88 175 54p
08/19/2009
63 Uganik River 08/01/1992, 57.68 -153.42 175 9483
08/20/2009
64 Spiridon River - Upper 08/18/2009 57.51 -153.42 89 1307
65 Zachar River 07/21/2009 57.49 -153.64 66 521
66 Kitoi Bay Hatchery 07/23/1993, 58.19 -152.37 192 373
07/29/2009
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Table 1. 2. Fit of alternative IBD models in each geographigioa with different outlier
populations excluded from the analysis. The nunolbgropulations in the analysis are indicated
by n, K is the number of parametef is from the linear regression of lineagrfo waterway
distance, p values are from a least squares regness\dAIC is calculated as in Koizumi et al.

(2006).
intercept *  slope*
Population excluded n K R? 10° 10° pvalue AICc AAICc
North Alaska Peninsula
10 16 1 0.517 0.926 0.012 <0.0001 -101 1
none 17 1 0.394 1.350 0.011 <0.0001 -100
South Alaska Peninsula
24, 26, 19 26 1 0.084 0.892 0.001 <0.0001 -211 10
24, 26 27 1 0.086 0.926 0.001 <0.0001 -200 7
24 28 1 0.034 1.141 0.001 0.0003 -194 9
none 29 1 0.015 1.361 0.001 0.0132 -185
Kodiak Island
66, 48, 47, 51, 49, 57 14 1 0.485 0.274 0.004 e@mo -131 14
66, 48, 47, 51, 49 15 1 0.095 0.709 0.003 0.001317-1 8
66, 48, 47, 51 16 1 0.046 0.987 0.003 0.0187 -109 2
66, 48, 47 17 1 0.024 1.347 0.003 0.0746  -108 0
66, 48 18 1 0.024 1.555 0.003 0.0542 -108 32
66 19 1 0.007 2.672 0.005 0.2605 -76 7
none 20 1 0.009 3.490 0.007 0.1847 -69

396
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400 Figure 1. 1. Map of sampling locations. Populations collectemhfrithe north Alaska Peninsula (n
401 = 17) are in blue, south Alaska Peninsula poputatitn = 29) are in red, and Kodiak Island
402  populations (n = 20) are in green.
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Second axis: 18% variation
w
Second Axis: 20% variation
a H -

Population Key

i 66

Figure 1. 2. Correspondence analysis using mean population. dzdeh dot represents a
population and color indicates the population nunaisein Table 1. A) Analysis using 93 nuclear
SNP loci and composite mtDNA haplotype. The arr@va schematic representation of
differentiation driven by mtDNA composite haplotyp&hree populations (18- Little John

Lagoon, 19- Sandy Cove, and 21- Delta Creek) corgternative mtDNA haplotype. B) Little

John Lagoon, Sandy Cove, and Delta Creek popukatmpear similar to adjacent populations
when only nuclear SNP loci are considered. Highiffetentiated north Alaska Peninsula
populations are depicted in dark blue, while ther@ton River and Kitoi Bay Hatchery

populations are found at the far right of the plot.
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Figure 1. 5. Mean ksrwith 95% confidence intervals and IBD slope at @&sing spatial scales
for populations from the A) North Alaska Penins(liue) and B) South Alaska Peninsula (red)
and Kodiak Island (green).
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436  Figure 1. 6. Sampling locations on Kodiak Island. Transparehitevoverlay represents the
437  Cordilleran Ice Sheet and the ice free pocket irttsgest Kodiak Island is discernible in green.
438  The Sturgeon River is indicated in red.
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CHAPTER 2: Population structure of chum salmon in Alaska mediated by
sea level fluctuations

INTRODUCTION
A main goal of population genetics is to understarvironmental and historical

processes influencing the genetic diversity of pafans. Migration, selection, and genetic drift
are factors contributing to either genetic différaion or homogeneity in a species. Locally
restricted dispersal and reproduction are expdcigfilve rise to patterns of isolation by distance
(IBD), in which genetic differentiation increasesttwgeographic distance for populations in a
one-dimensional array (Wright 1943). Theoreticaldels predict that populations will reach
migration-drift equilibrium over time when unifordemographic and selective conditions exist
(Wright 1943; Kimura and Weiss 1964). Restrictetiegélow across physical (e.g. waterfall,
Koizumi et al. 2006) or temporal (e.g. reproductione, Ramstad et al. 2004) barriers can cause
departures from IBD and migration-drift equilibriumSimilarly, selection across an
environmental gradient (Freedman et al. 2010) @ansécondary contact can lead to abrupt

genetic differentiation between neighboring popala (Endler 1977; Barton and Hewitt 1985).

It can be difficult to disentangle historical facdo(such as secondary contact) and
contemporary processes (such as migration pattenwgonmental gradients, etc.) in influencing
population structure. Genetic differentiation betweneighboring populations is often attributed
to secondary contact between lineages that wesratep during the Pleistocene glaciations, and
there exist multiple examples of this in terrestapecies (Swenson and Howard 2005; Hewitt
2011). Pleistocene climatic oscillations likelyeadffed habitats of aquatic and marine species as
well, as cycles of glacial advances reached thegest extent during the Last Glacial Maximum
(LGM) approximately 25,000 years before presentp]ylrhis period was characterized by
colder temperatures, reduced precipitation, andetogea levels (Clark et al. 2009). The
reduction in sea level and encroachment of ice tshesto the continental shelf restricted
available habitat for coastal species occupyingpsl#ar latitudes. This likely led to

fragmentation of populations, and as time passtdrent alleles became prevalent in different
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populations because of mutation, genetic drift/ansgelection (Hewitt 2004). Numerous studies
report genetic differentiation in aquatic organisthat is attributed to climatic changes of the
Pleistocene. Fish species that conform to thisepatinclude lake whitefish Qoregonus
clupeaformis, Bernatchez and Dodson 1991), pygmy whitefi8togopium coulteri, Witt et al.
2011), rainbow trout @ncorhynchus mykiss, Tamkee et al. 2010) , chaBalvelinus sp.,
Redenbach and Taylor 2002), and coho salmamedrhynchus kisutch, Smith et al. 2001).

Here, we examined the fine scale population stractd chum salmonGncorhynchus
keta) in southwestern Alaska to understand factorsuarfting genetic differentiation in the
region. Chum salmon are widely distributed acrdss Northern Pacific Rim, and spawning
populations can be found in Korea, Japan, Chind,Russia in the western Pacific, and from
Alaska to Oregon in the eastern Pacific (Salo 19Bi)ying Pleistocene glaciations, the range
was fragmented by changes in sea level and emexggnihe Bering Land Bridge, as well as
presence of ice sheets along the coast (Pewé DB/Ke et al. 2002). In Alaska, much of the
current habitat used by chum salmon was coverdtidoordilleran Ice Sheet, except for central
Alaska which remained ice-free (Pewé 1975; Brigh@aratte 2001). These climatic changes
could have affected genetic population structuréwia ways (Bernatchez and Dodson 1991).
First, populations persisting in separate glacelugia might have diverged into genetically
distinct lineages due to geographic isolation. iéively, changes in hydrology might have

facilitated gene flow between previously isolategylations.

Numerous studies contribute to our understandinthefevolutionary history of chum
salmon (Wilmot et al. 1994; Seeb and Crane 199& &aal. 2004; Beacham et al. 2009; Seeb et
al. 2011). Genetic diversity exists across theigserange, and populations cluster in large-scale
geographical groups. Research also indicates tmatAtlaska Peninsula contains a major
zoogeographic break for the species (Wilmot e1994; Seeb & Crane 1999). Using allozymes,
these studies demonstrate that populations sanfygedthe northwestern Alaska Peninsula are
similar to populations from the southern range bfim salmon in North America, while
populations from the northeastern Alaska Peninsméasimilar to populations from Western
Alaska. This abrupt genetic differentiation is umaisfor chum salmon, and it has been suggested
that the region is a secondary contact zone (SeeélCaane 1999). Theory predicts that genetic

differences between populations in secondary comtdl decay as a function of gene flow and
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time since initial contact (Endler 1977). Howevsecondary contact zones can persist over
many generations when maintained by some kind wfdvado gene flow, such selection against

individuals with mixed ancestry (Barton and HewW#35).

In this study we investigated the putative contamrte for chum salmon on the Alaska
Peninsula and explored whether observed patterngenétic differentiation are caused by
relatively recent secondary contact or contempofacyors restricting gene flow. We screened
161 single nucleotide polymorphisms (SNP) to explpatterns of genetic differentiation in the
region. Subsequently, empirical data were compdeddata simulated by two different
colonization routes. The first modeled colonizatiwinthe Alaska Peninsula by two lineages
meeting in a secondary contact zone, and the sesiondated colonization by a single genetic
lineage. The simulation procedure allowed us to wdeether the observed genetic structure on
the northern Alaska Peninsula is caused by secpradmtact between two genetic lineages of

chum salmon.

We confirmed evidence of hierarchical populatiamaure and found lack of migration-
drift equilibrium on the northern Alaska Peninsul@imulated data from the secondary contact
and single lineage models show different pattedintBD as the simulated populations reach
equilibrium. Empirical data did not strongly resdenlither colonization model, and we were
not able to discern between the two scenarios basedimulation results alone. However,
previous research in geology and archaeology stgygjest the most recent colonization of the
lower Alaska Peninsula by chum salmon likely ocedronly 1,300 ybp due to the destruction of
coastal spawning habitats by fluctuations in sgall@Maschner 1999; Jordan 2001). Thus, lack
of migration-drift equilibrium in the empirical dais likely caused by recent colonization of the

region by chum salmon.

MATERIALS AND METHODS

1. Empirical data

Tissue samples were collected from 2001 to 201theyAlaska Department of Fish and
Game (ADFG) and the University of Washington. Apgneately 95 spawning salmon were
sampled from each of 11 different locations onAleska Peninsula that likely represent distinct
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breeding populations (Figure 2.1 and Table 2.1)2001 and 2002 (Table 2.1), salmon were
captured by beach seine, and heart tissue wascimaleand frozen in liquid nitrogen until

transferred to long-term storage at “@0From 2008 onward, individual salmon were cagmture
by beach seine, held momentarily while the axillprgcess on the ventral fin was removed, and

subsequently released. Axillary processes weredtior95% ethanol.

DNA was extracted from 992 individuals using the d2ldy 96 Tissue Kit (QIAGEN,
Valencia, CA). SNPs at 192 loci (Supplementary &abll) were assayed using 5’-nuclease
reactions (Seeb et al. 2009) on the BioMark 96.9@&dnic Array (Fluidigm, San Fransisco,
CA). Eighty-four loci were previously described (fmet al. 2005a; Smith et al. 2005b;
Elfstrom et al. 2007; Seeb et al. 2011), and nasshys for 108 loci were developed specifically
for this project (Supplementary Tables 2.1 and.2A9 a quality control measure, 8% percent of

the samples were genotyped again to ensure repbildy@nd identify laboratory errors.

Our goal was to obtain a sample size of 95 indigisldirom each spawning population. It
was not possible to achieve this goal at the Capgmia8in sampling site due to logistical
constraints and the remote location. MCMC exadstis genic differentiation (GENEPOP 4.0,
Raymond and Rousset 1995; Rousset 2008) betweéattamh years at Cape Seniavin were

conducted to test for significant temporal variatio

Allele frequencies and expected heterozygosity athelocus were calculated in
GENALEX 6.4 (Peakall and Smouse 2006). Deviatioramf Hardy-Weinberg equilibrium
(HWE) at each population were detected using eRadtlues ¢ = 0.05) and the MC algorithm
in GENEPOP 4.0 (Raymond and Rousset 1995; Rou88&) 2Tests were performed across all
loci using the default parameters in the progranWWe examined patterns of linkage
disequilibrium between all locus pairs using exasts in GENEPOP 4.0. If a pair of loci was in
linkage disequilibrium in the majority of populati®, we chose one of the SNP loci (based on
highest kt) and retained it for the remainder of the analy$éss was done to avoid redundancy
in the data set. We compared patterns of linkageqgiilibrium in each population by calculating
the statistic Tthat describes the overall correlation coefficianéraged across multiple loci and
alleles. The calculations were performed with thegpam LDNE (Waples and Do 2008), afd r
was subsequently used to estimate the effectivalptpn size (N) of each sample collection.
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Genetic differentiation between populations wasinmeged using the Weir and
Cockerham (1984)drstatistic in GENEPOP 4.0. Statistical significamégairwise population
differentiation was conducted in ARLEQUIN 3.5 usiig000 permutations (Excoffier and
Lischer 2010). Patterns of differentiation were lexgd with a principal components analysis
(PCA) based on individual genotypes using the ADEGE package (Jombart 2008) in R (R

Development Core Team 2011).

The shortest waterway distance between samplirggitots was estimated using a least
cost path analysis in ARCGIS ver. 10 (ESRI, Inc).regression of &/(1-Fst) estimates to
waterway distance (Rousset 1997) was computed an& Mantel tests with 1,000 permutations
were used to evaluate statistical significance 0.05). We examined the effect of spatial scale
on the linearity of IBD by partitioning the dataonincreasing bin sizes (0-50, 0-100, 0-150 km,
etc.) and iteratively regressing genetic to wasgndistance (following Bradbury and Bentzen
2007). The slope of IBD was subsequently examinethese incremental spatial scales for
deviations from linearity. Non-linear IBD slope indtes departure from migration-drift
equilibrium, as equilibrium populations arrangedng a linear transect are expected to have

constant and monotonic IBD slopes at all spatialesc(Hutchison and Templeton 1999).

2. Simulated data

To evaluate whether the processes of genetic driftation, and migration could lead to
patterns of genetic differentiation similar to taasbserved on the Alaska Peninsula, we modeled
genotypic data for 161 loci in 12 populations usihg program Easypop (Balloux 2001). Each
population contained an effective population si2g) (of 1,000 randomly mating, diploid
individuals, with even sex ratio. Every locus hae tpossible allelic states, mimicking the
biallelic SNP loci in the empirical data set. Adsl were randomly assigned to the initial
populations, and free recombination was allowedveeh all loci. Each locus mutated at a rate
of 108, as this approximates the mutation rate of ne@h#Ps (Brumfield et al. 2003). Simulated
populations were subsequently allowed to colonitiaear habitat by following a: 1) secondary

contact or 2) single lineage model.



588

589
590
591
592
593
594
595
596
597

598
599
600
601
602
603
604
605
606
607
608
609
610

611

612
613
614
615
616

36

Secondary contact simulations

For the first part of the secondary contact modeffdre colonization), a hierarchical
island migration pattern was used with two hieramr@hgroups (Carmelli and Cavalli-Sforza
1976; Sawyer and Felsenstein 1983). Within eaclumgrthere were six populations, and
individuals were allowed to migrate to any othepplation with a uniform migration rata =
0.05 but there was no migration between groups. ré¥e this model for 6,250 generations
(approximately 25,000 years, considering that chesmon most commonly reach sexual
maturity at 3 to 4 years of age (Beacham and Mut&8y7). This time was chosen to reflect the
maximum extent of the Cordilleran Ice Sheet onAleska Peninsula about 25,000 ybp (Mann
and Hamilton 1995).

For the second part of the secondary contact magelysed a one-dimensional stepping-
stone model (Kimura and Weiss 1964) to simulateraahtion by genetically distinct lineages.
Individuals were allowed to migrate to adjacentydapons with a uniform migration rate =
0.05, which is within the range of estimated adhlim salmon straying between natal streams
(reviewed in Johnson et al. 1997). Populationsitaeeend of the one-dimensional array only
exchanged migrants with one adjacent populatioe. dire-dimensional stepping stone model is
an appropriate approximation for sampled strearsgalthe Alaska Peninsula, as they are
distributed along a transect from east to westuie@.1). We ran the one-dimensional stepping
stone model for different lengths for time: 100,02%00, and 1000 generations. Once
simulations were finished, data were tested for &g step distance between populations as
the independent variable. Linearity of the IBD ®lopas examined by partitioning the data into
increasing bin sizes (1-2 steps, 1-3 steps, 1@ssedc.) and iteratively regressing step distance
to genetic distance.

Single lineage simulations

For the first 6,250 generations of the single lgeeaimulation, individuals were allowed
to migrate to any other population with a unifonm= 0.05. Subsequently, all populations were
ordered along a one-dimensional stepping stonddssribed above), and the simulation ran for
100, 250, 500, and 1000 generations. Once simokticere finished, data were tested for IBD
and the linearity of the IBD slope was examinedescribed for the empirical data.
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RESULTS

1. Empirical data

Repeated genotyping of individuals at all loci pated that genotyping errors occurred at
an overall frequency of 0.05%. A small number ofiwduals from each population were
missing more than 15% of genotypes, indicating fgpality DNA, and were removed from the
dataset, leaving 912 individuals out of 993 for temainder of the analyses. Monomorphic loci
and loci with an average minor allele frequencyossrall populations less than 0.01 were
discarded (Supplementary Table 2.1). No significhfieérentiation across all loctu(= 0.01) was
found for the Cape Seniavin collections taken frdifferent years (2001, 2009, 2010), and we

pooled individuals to achieve a larger sample z¢hat sampling location.

We conducted 1,772 tests to screen for deviatimra HWE and found 56 tests (3.2%)
to be statistically significantu(= 0.05). There were no consistent patterns in H&&quilibrium
across loci or populations. As the number of ifigant tests was less than could be expected by
chance alone, we concluded that the HWE tests suppo interpretation that the genetic data
reflect simple Mendelian inheritance of codominamtirkers in populations undergoing

approximately random mating.

We tested for linkage disequilibrium by conducti@@y,717 tests between pairs of loci
and found 9927 (4.8%) to be statistically significato = 0.05. Although this overall level of
LD is slightly less than expected by chance, sixtieeus pairs were found to be in LD in the
majority of the populations, and all of these LOrpavere ascertained from the same sequence.
We retained only one locus from each pair for teenainder of the analyses, to avoid
redundancy in the data. After accounting for LD d&od minor allele frequency, 161 nuclear
SNP loci were available for use in the downstrearalyses (Supplementary Table 2.1). We
found that the averagé over all populations was 0.014 (Table 2.2). Howetlee Plenty Bear
Creek and llnik River samples had &rthat was approximately twice that of other popals.

The median estimate bl was 822, and values ranged from 333 to 7,287.

Locus-specific Er ranged from 0.0004 &ke zn593-152 to 0.1482 aiOke FANK1-96

(Supplementary Table 2.1). When allele frequenaiese plotted against sampling location, 42
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loci showed gradients in allele frequency acrose thlaska Peninsula. Several loci
(Oke_FANK1-96, Oke ROA1-209, and Oke U509-219) were characterized by abrupt and
coincident changes in allele frequency (Figure d&ween the Meshik River and lInik River

populations, a region separated by approximatedyviferway km (Figure 2.1).

Global st was 0.036 and pairwise populatiogrfvalues ranged from 0.006 to 0.067
(Table 2.3). All pairwise comparisons of populasomere statistically significanti(= 0.05). In
PCA plots, considerable variation occurred amondjviduals within each population but
recognizable groups of individuals were evideng(ifé 2.3). Individuals from Whale Mountain
Creek, Wiggly Creek, Plenty Bear River, and MedRiker (locations 1-4 in Table 2.1) grouped
together, and were clearly distinct from individudtom Joshua Green and Frosty Creek
(locations 10 and 11). These findings indicate thatarchical population structure exists and
that individuals sampled from the eastern end ef Ataska Peninsula are genetically distinct

from individuals sampled from the western tip of thlaska Peninsula.

Genetic differentiation increased with geographistathce, and Mantel tests found
significant isolation by distance (maximum distarcB50 km; p < 0.00012 = 0.53) over all of
the populations sampled (Figure 2.4). However, IBI2 slope was non-linear over increasing
spatial scales, indicating that populations onnibieh Alaska Peninsula are not in migration-drift
equilibrium (Figure 2.5A). The smallest IBD slopecarred at the smallest spatial scale (< 50
km).

2. Simulated data
Secondary contact simulations

When secondary contact was simulated for 100 ggoesa populations were highly
differentiated.  Genetic differentiation was striphgeorrelated to step distance between
populations (Figure 2.6A) but that relationship was-linear (Figure 2.5B). When IBD slope

was examined at increasing spatial scales, thdeshalopes were found at small distances.

Genetic differentiation decreased after more thad @enerations of secondary contact
because gene flow homogenized differences in ditelpiency across the two lineages (Figure

2.6B). At 1,000 generations of secondary contagpufations exhibited a strongly linear IBD
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relationship (f = 0.97, p < 0.0001) and approximately linear IB8ps (Figure 2.5B), indicating
that they were approaching migration-drift equililbon. When lineages were connected by gene
flow for that length of time, it was impossible tietect the signal of secondary contact by

examining the IBD slope (Figure 2.5B).
Single lineage simulations

We found statistically significant correlations Wween increasing geographic and genetic
distances for all simulations, regardless of numifegenerations (100, 250, 500, and 1,000)
spent in a one-dimensional stepping stone modetigfation (Figure 2.7A and B). However,
IBD slope was strongly non-linear for populatiomsidated with 100 and 250 generations in a
one-dimensional stepping stone model (Figure 2.3©y. these simulations, IBD slope was
greatest at small spatial scales. IBD slope begaonre constant over distance as the number of
generations in one-dimensional stepping stone mauekased, indicating that populations

approached migration-drift equilibrium.

DISCUSSION
A central purpose of population genetics is to usidad the contribution of

different evolutionary processes on populationcitme. However, it can be very difficult to
discern between historical and contemporary facts explored the different factors shaping
population structure of chum salmon by using a daetb experimental and simulation

approach.
Population structurein empirical data

We found that significant structure exists amongnetsalmon populations spawning in
different rivers on the northern Alaska Penins@&netic differentiation was greatest among
populations sampled from the northeastern and wedtern ends of the Alaska Peninsula.
Although sampling locations spanned a linear dtaof only ~500 km, the overalkfof these
populations was 0.036. In comparison, summer spaywhum salmon in western Alaska rivers
that are thousands of km apart have a regiogabfonly 0.004, as estimated using a subset of
SNPs used in this study (Seeb et al. 2011). Thedegs suggest that the Alaska Peninsula is a
relative hotspot of genetic differentiation for chisalmon, and the results agree with previous
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studies using various genetic markers to desctige population structure of the species in
Alaska (Seeb and Crane 1999; Smith and Seeb 2@@®; & al. 2011).

Several behavioral and geographic factors mighta@xghis striking pattern of genetic
differentiation. The strong homing behavior of saimto their natal stream has been well
documented (reviewed in Quinn 2005). Homing retstrigene flow between populations and
contributes to genetic divergence, as the stochpsticess of genetic drift causes populations to
have different allele frequencies at neutral DNArkeas. Homing and straying patterns are
likely influenced by geographical features of thergunding landscape because physical barriers

(dams, waterfalls, etc.) may contribute to restdagene flow and increased differentiation.

There are no obvious physical barriers to straymgur study system, and populations
do not have notable differences in spawn timingeRi on the northern Alaska Peninsula run
roughly parallel to each other and flow north te Bering Sea along relatively flat terrain. All
except two of the waterways sampled in our studgnly Bear Creek and Meshik River) are
hydrologically separated (Figure 2.1). It is poksithat straying between spawning sites on the
northern Alaska Peninsula is less than other pafrthe species range where rivers share a
common outlet or confluence. If parallel and sefgaravers influence straying rates and gene
flow between spawning populations, then one migipeeet to see the similarly high patterns of
genetic differentiation in other regions where chsalmon spawn in separate watersheds.
Previous research (Olsen et al. 2008) examining piygulation structure of chum salmon
spawning in parallel waterways near Norton Soundndb very low levels of genetic
differentiation. Similarly, chum salmon populatiosigawning on the southern Alaska Peninsula
show little differentiation (see chapter 1, thiggdls). This suggests that hydrographic structure

might not be the most important driver of genetiedsity in our study region.

Other researchers (Seeb and Crane 1999) reasoatdttbng genetic differentiation
between spawning populations on the northern Al&skainsula is driven by secondary contact
between two genetic lineages, originating from @dsn and Beringian refugia, respectively.
Their conclusions were supported by multivariatalgses of allozyme genotypes demonstrating
that populations from the northeastern Alaska Peién were similar to populations from

western Alaska, while populations from the northees Alaska Peninsula were similar to
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populations from the southern range of the spe@esish Columbia and Washington State).
Secondary contact zones are often characterizestd®p gradient in genetic or morphological
characteristics (Barton and Hewitt 1985) that degsaover time when the differences are not
maintained by selection, leaving behind a smoodleafrequency gradient (Endler 1977). We
found evidence of allele frequency gradients at enams loci in our empirical data. In addition,
several markersQke FANK1-96, Oke ROA1-209, and Oke U509-219) showed abrupt and
coincident changes in allele frequency. These had a maximum difference of 0.40 in allele
frequency between chum salmon populations in thehikeand IInik rivers, spawning locations
separated by approximately 100 waterway km (Fiduig. These abrupt differences in allele

frequency are a curious pattern.

In addition to secondary contact, there are sewattadr processes that produce allele
frequency gradients and hierarchical populatiomicstre, including incomplete sampling of
populations across the study area. A previous stugy shown that patchy sampling of
individuals across a study region can lead to $sgohpopulation clustering and hierarchy that
do not necessarily reflect hierarchical clusteri8ghwartz and McKelvey 2009). This problem
is exacerbated when there is a strong correlatetwden genetic and geographic distance. The
authors suggest sampling on a fine-scale relativ@ecies life history, and examining data for
patterns of spatial autocorrelation to avoid figdifalse signals of population structure. We
reason that because our sampling targeted spawgiggggations that were tens to hundreds of
km apart, it is unlikely that we failed to sampleyamportant intermediate populations and

detected a false signal of hierarchical populasimacture.
Comparison of IBD slopein empirical and smulated data sets

We investigated whether secondary contact is thest ntiely driver of genetic
differentiation, as suggested by Seeb and Crar@j1&mpirical data were compared to output
from two different models, the first representinglonization of the Alaska Peninsula by
secondary contact, and the second representingiizatmn by a single genetic lineage. Our
simulations indicated that if the northern AlaskeniAsula were recolonized by chum salmon
more than 4,000 ybp (~1000 chum salmon generatio), éhen neutrally evolving populations
should be approaching migration-drift equilibriuRidgure 2.6 and 2.7). In that case, the signal of

secondary contact would be eroded and a strongéBilionship would be present.
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However, if colonization of the Alaska Peninsulargvenore recent (100, 250, or 500
generations), simulations suggest that we shouldalble to detect secondary contact by
examining IBD slope at different spatial scalesteDsimulated by the secondary contact and
single lineage models had characteristic and nueah IBD slope patterns at these time scales.
Simulated populations had smallest IBD slopes alisspatial distances when simulated with
100-500 generations of secondary contact (FigusB)2In contrast, simulated populations had
largest IBD slopes at small spatial scales wherulsitad by the single lineage colonization
model (Figure 2.5C). Empirical data had non-lingd slope, but it is unclear if its pattern most
closely matched colonization simulated by recerosdary contact or by a single lineage
(Figure 2.5A). Of course several assumptions weaidarin the simulations that may not reflect
the biological reality of our study system. The mosportant of these is that all simulated
populations have the same effective population @ize= 1,000) and an equal migration rate (
connects populations. This could be problematicesigenetic divergence among populations at
neutral markers is controlled by the number of aigs per generatiomNgm). Given the remote
location of our sampling sites, there are scartienates of numbers of spawning adults in the
sampled populations that can be used as a contepiida for models. The only available data
on this subject are reports of escapement acresswieirs (Murphy and Hartill 2009) indicating
that chum salmon populations range from severaldieds to thousands of individuals in
regional spawning streams (with yearly variatiohhese observations are similar to genetic
estimates oN, (Table 2.2), and are consistent with our modehpeateN..

Geological evidence consistent with recent secondary contact

Considering that the Cordilleran Ice Sheet recedean the Alaska Peninsula
approximately 14,000 ybp, it may seem unlikely thatondary contact occurred only several
hundred generations ago. However, the dynamic gasab history of the region might have
mediated timing of colonization of the Alaska Peila after the last ice age. Isostatic rebound
of land after glacial retreat caused relative smaeellto slowly drop over time. As a result,
present-day coastal spawning habitats on the iddska Peninsula were covered by sea water
as late as 7,500 ybp (Jordan 2001). The AlaskanBelai has considerable volcanic and seismic
activity due to subduction of the Pacific tectoplate below the North American plate. There is

evidence that an earthquake occurring ~2,100 ylgpagaompanied by subsidence of land. As a
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result, sea level rose by 2-3 meters, alteringtabgeography and ecology of the north Alaska
Peninsula dramatically (Jordan 2001). The regiambsoad coastal plain whose elevation ranges
from 0 to 150 m above sea level, and a rise of Eerman sea level likely inundated coastal

salmon spawning habitats and rearing lakes withvatier.

Interestingly, there is also a gap in the archago#b record during this period. Although
there is evidence of human settlement on the Al&k@Ensula beginning 5,000 ybp, no human
artifacts are dated from 2,500 — 2,200 ybp duthéodestruction or abandonment of villages
(Maschner 1999). This gap in the archaeologicabniechas been attributed to the sudden
increase in sea level and degradation of coaswburees that may have forced human
emigration. It was not until 1,250 ybp that settns were constructed next to modern pidk (
gorbuscha) and chum salmon streams, and salmon procuremesisified again (Maschner
1999). This finding suggests that contemporary agplof coastal habitats was established at

that time (~ 300 chum salmon generations).

The geological and archaeological evidence, inwamtjon with our results and previous
phylogeographic research conducted on the speSiesb(and Crane 1999), suggests that the
most likely explanation for striking genetic difégttiation on the north Alaska Peninsula is
recent colonization. We were not able to distinguiirough the simulations whether
colonization occurred by a single lineage or by tweages that met in a secondary contact
zone. However, it is clear that the empirical papiohs are not in migration-drift equilibrium.
Further research in this region could also exptmetemporary landscape characteristics that
might influence gene flow, and test whether cotretes exist between abrupt changes in allele
frequency and differences in environmental parareeseich as temperature or flow rate in
salmon spawning streams. By using this approactayt be possible to differentiate between the

effects of different evolutionary processes ongerome.
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TABLES

Table 2. 1. Sampling information associated with collectiorsjtincluding geographical

location, collection dates, and number of individusampled.

L ocation name

Location number Latitude Longitude Year(s)

Month  Number of
individuals

Whale Mountain Creek 1 58.2549 -156.5817
Wiggly Creek 2 56.9846 -157.6637
Plenty Bear River 3 56.7070 -158.2994
Meshik River 4 56.6100 -158.5014
lInik River 5 56.4390 -160.0142
Cape Seniavin 6a 56.4381 -160.0143
6b 56.4402 -160.0109
6c 56.4334 -160.0250
Frank's Lagoon 7 56.0449 -160.5066
Moller Bay 8 55.7779 -160.3461
Deer Valley 9 557160 -160.7860
Joshua Green 10 55.3717 -162.4746
Frosty Creek 11 55.1947 -162.8583

2010 August

2009 August
2009 August 0
2009 August
2002 July
2001 August
2009 August
2010 August
2010 July
2009 August
2008 August
2009 August
2009 August

95

95
b0
55
21
30
95
95
95
95
95
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835
836 Table2. 2. Estimates of the effective population sikg)( 95% confidence intervals bk, and
837 overall correlation coefficient?) of linkage disequilibrium for empirical populatis.

Location name Location number Estimated N, 95% Cl of N, Overall r*
Whale Mountain Creek 1 822 471- 2879 0.0115
Wiggly Creek 2 868 452- 7384 0.0134
Plenty Bear River 3 7286 605- infinite 0.0225
Meshik River 4 457 318- 786 0.0112
lInik River 5 333 202- 868 0.0236
Cape Seniavin 6 437 290- 842 0.0131
Frank's Lagoon 7 339 254- 499 0.0121
Moller Bay 8 617 386- 1438 0.0111
Deer Valley 9 3324 798 - infinite 0.0116
Joshua Green 10 3211  775- infinite 0.0116
Frosty Creek 11 1360 584- infinite 0.0113
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Table 2.1. Pairwise population comparisons in the empiricatiad Pairwise distance between
populations (km) is shown above the diagonal. Lized Fst between populations is shown
below the diagonal. All pairwise comparisons wegdistically significant (p < 0.0001).

Population 1 2 3 4 5 6 7 8 9 10 11
1|* 225 278 273 296 314 372 409 411 522
2| 0.018 * 163 158 188 214 275 312 314 434 464
3| 0.010 0.007 * 35 107 132 194 231 233 352 382
4| 0.014 0.012 0.009 * 102 128 189 226 228 348 377
5| 0.034 0.039 0.030 0.038 * 34 95 133 134 254 284
6 | 0.037 0.034 0.031 0.040 0.002 * 61 99 100 220 250
7 | 0.041 0.044 0.042 0.043 0.020 0.027 * 37 40 166 195
8| 0.038 0.048 0.045 0.044 0.027 0.033 0.024 * 50 187 217
9| 0.036 0.046 0.040 0.044 0.023 0.030 0.025 0.003 * 175 205
10 | 0.072 0.081 0.080 0.073 0.047 0.058 0.045 0.026 0.027 * 41
11 | 0.066 0.070 0.069 0.066 0.039 0.047 0.036 0.020 0.020 0.006 *

b51
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1179  APPENDICES
1180

1181 Supplementary Table 1.1. SNP loci used in the first chapter. Includes information
1182  on Fst, observed heterozygosity {Hbver all populations sampled, and the citatiowimch the
1183  SNP was originally described. SNPs occur at codantitoci, unless marked with the subscript
1184  mpna, indicating that they are found in mitochondridli®.

Locus Fst H, Citation Key
Oke_ACOT-100 0.0339 0.460 5
Oke_AhR1-78 0.0507 0.468

Oke_arf-319 0.0339 0.446
Oke_ATP5L-105  0.0349 0.466
Oke_azin1-90 0.0297 0.367
Oke_brd2-118 0.0384 0.361
Oke _brp16-65 0.0253 0.465
Oke_CATB-60 0.0666 0.117
Oke_ccd16-77 0.0475 0.477
Oke_CD81-108 0.0448 0.239
Oke CD81-173 0.0842 0.393
Oke_CKS1-94 0.0235 0.385
Oke CKS-389 0.0664 0.431
Oke_Cr30,mtpna

Oke_Cr386,,ipna

Oke_ctgf-105 0.0198 0.146
Oke_DCXR-87 0.0339 0.235
Oke_e2ig5-50 0.0301 0.469
Oke_eif4g1-43 0.1025 0.377
Oke f5-71 0.0485 0.429
Oke_FANK1-166 0.0349 0.391
Oke FBXL5-61 0.0369 0.327
Oke_gdh1-191 0.0506 0.481
Oke _gdhi-62 0.0626 0.441
Oke _GHII-3129 0.0216 0.133
Oke_glrx1-78 0.019 0.402
Oke_GPDH-191 0.0207 0.399
Oke_GPH-105 0.0431 0.473
Oke HP-182 0.0338 0.410
Oke_il-1racp-67  0.0231 0.222
Oke_1L8r2-406 0.0254 0.330
Oke_KPNA2-87 0.0358 0.234
Oke LAMP2-186 0.0473 0.471
Oke_mgqll-49 0.0375 0.466
Oke_MLRN-63 0.0261 0.472
Oke_Moesin-160 0.0126 0.206
Oke_nc2b-148 0.0356 0.385
Oke_ND3-69,,:0n4
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Locus Fst H, Citation Key
Oke_NUPR1-70 0.0272 0.304 5
Oke_pgap-111 0.0558 0.443 5
Oke_pgap-92 0.0853 0.338 5
Oke_PPA2-635 0.0709 0.283 3
Oke_psmd9-57 0.0208 0.195 5
Oke_rab5a-117 0.0714 0.416 5
Oke_ras1-249 0.0486 0.478 3
Oke_RFC2-618 0.0711 0.029 2
Oke_RH1op-245 0.0275 0.292 2
Oke_RS27-81 0.0142 0.258 5
Oke_RSPRY1-106 0.0576 0.147 4
Oke_serpin-140 0.034 0.410 2
Oke_slcla3a-86  0.0545 0.469 5
Oke_sylc-90 0.0452 0.448 5
Oke_TCP1-78 0.0241 0.152 3
Oke_Tf-278 0.0371 0.428 3
Oke_thic-84 0.0507 0.478 5
Oke_U200-385 0.0183 0.484 2
Oke_U212-87 0.0541 0.130 2
Oke_u217-172 0.0184 0.452 2
Oke_U302-195 0.0757 0.174 3
Oke_U502-241 0.0162 0.197 3
Oke_U504-228 0.0212 0.331 3
Oke_U506-110 0.0671 0.464 3
Oke_U507-286 0.023 0.490 3
Oke_U509-219 0.0569 0.404 3
Oke_U1002-262 0.0403 0.472 4
Oke_U1008-83 0.0271 0.158 4
Oke_U1010-251 0.0459 0.313 4
Oke_U1012-241 0.0304 0.485 4
Oke_U1015-255 0.0328 0.435 4
Oke_U1016-154 0.0286 0.446 4
Oke_U1017-52 0.014 0.488 4
Oke_U1018-50 0.0113 0.064 4
Oke_U1021-102 0.0288 0.305 4
Oke_U1022-139 0.0316 0.419 4
Oke_U1023-147 0.0338 0.474 4
Oke_U1024-113 0.0268 0.213 4
Oke_U1025-135 0.0403 0.047 4
Oke_U2006-109 0.017 0.451 5
Oke_U2007-190 0.0443 0.478 5
Oke_U2011-107 0.024 0.153 5
Oke_U2015-151 0.0248 0.078 5
Oke_U2025-86 0.0237 0.480 5
Oke_U2029-79 0.0386 0.476 5
Oke_U2031-37 0.0379 0.106 5
Oke_U2032-74 0.0349 0.166 5
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Locus Fst H, Citation Key
Oke_U2034-55 0.0949 0.447 5
Oke _U2035-54 0.0344 0.039 5
Oke_U2037-76 0.0351 0.088 5
Oke _U2041-84 0.0177 0.428 5
Oke_U2043-51 0.025 0.274 5
Oke _U2048-91 0.031 0.441 5
Oke_U2050-101 0.0227 0.243 5
Oke_U2053-60 0.0274 0.488 5
Oke_U2054-58 0.0368 0.209 5
Oke_U2056-90 0.0383 0.475 5
Oke _U2057-80 0.0237 0.458 5
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1202  Supplementary Table 2.1. SNP loci used in the second chapter. Several loci were
1203 removed from analyses of the data because of lenkégquilibrium (LD), or very low minor
1204 allele frequency.

SNP Global Fs; Reason for removal from dataset Citation Key
Oke_ACOT-100 0.0425 5
Oke_AhR1-278 0.0102 3
Oke_AhR1-78 0.0631 3
Oke_APOB-60 0.075 5
Oke_arf-319 0.053 2
Oke_ATP5L-105 0.0303 5
Oke_ATP5L-248 in LD with Oke_ATP5L-105 5
Oke_azin1-90 0.0311 5
Oke_brd2-118 0.0366 4
Oke_brp16-65 0.0092 4
Oke_CATB-60 0.0977 5
Oke_ccd16-77 0.1025 4
Oke_CD123-62 0.1101 5
Oke_CD81-108 0.0559 5
Oke_CD81-173 0.057 5
Oke_cjo57-86 0.0291 5
Oke_CKS1-70 0.0389 5
Oke_CKS1-94 0.0149 5
Oke_CKS-389 0.0282 1
Oke_CO1A1-72 0.006 5
Oke_CO1A1-76 0.0034 5
Oke_col1a2-62 0.0564 5
Oke_Cr30 monomorphic mitochondrial 1
Oke_Cr386 monomorphic mitochondrial 1
Oke_ctgf-105 0.0189 3
Oke_CTR2-82 0.0214 5
Oke_DBLOH-79 0.0189 5
Oke_DCXR-87 0.0294 5
Oke_DM20-548 0.024 1
Oke_e2ig5-50 0.0219 5
Oke_EF2-394 0.0608 5
Oke_eif4ebp2-64 0.0074 2
Oke_eif4g1-43 0.0343 5
Oke_f5-71 0.0264 5
Oke_FANK1-166 in LD with Oke_FANK1-96 5
Oke_FANK1-96 0.1411 5
Oke_FBXL5-61 0.0339 5
Oke_gdh1-191 in LD with Oke_gdh1-234 5
Oke_gdh1-234 0.0338 5
Oke_gdh1-62 in LD with Oke_gdh1-234 5
Oke_GHII-2943 0.0283 3
Oke_GHII-3129 in LD with Oke_GHII-2943 3
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SNP Global Fs; Reason for removal from dataset Citation Key
Oke_glrx1-78 0.0123 5
Oke_GNMT-100 0.0611

Oke_GnRH-373 0.0468

Oke_GnRH-527 0.0859

Oke_GPDH-191 0.0061

Oke_GPH-105 0.0191

Oke_GPH-78 0.0559

Oke_H2AX-72 0.039

Oke_hmgb1-66 0.0142

Oke_hnRNPL-239 average minor allele frequency < 0.01
Oke_HP-182 0.0886

Oke_hsc71-199 0.0682

Oke_HSP90BA-299 average minor allele frequency < 0.01
Oke_il-1racp-67 0.0119

Oke_IL8r2-406 0.0183

Oke_IL8r-272 in LD with Oke_IL8r2-406
Oke_KPNA2-87 0.0174

Oke_lactb2-71 0.0145

Oke_lamp2-138 0.0581
Oke_LAMP2-186 0.0255

Oke_mcfd2-86 0.0288

Oke_METK2-97 0.0335

Oke_mgll-49 0.0286

Oke_MLRN-63 0.0111

Oke_Moesin-160 0.0035

Oke_nc2b-148 0.022

Oke_ND3-69 monomorphic mitochondrial
Oke_ndub3-58 0.0031

Oke_NHERF-123 in LD with Oke_NHERF-54
Oke_NHERF-54 0.0706

Oke_NUPR1-70 0.0601

Oke_PDIA3-475 in LD with Oke_PDIA3-82
Oke_PDIA3-82 0.0207

Oke_pgap-111 in LD with Oke_pgap-92
Oke_pgap-92 0.0525

Oke_pnrc2-78 0.0087

Oke_PPA2-635 0.1354

Oke_psmd9-188 0.006

Oke_psmd9-57 0.0141

Oke_rab5a-117 0.0481

Oke_ras1-249 0.0507

Oke_RFC2-618 0.0632

Oke_RH1op-245 0.0269

Oke_ROA1-209 0.1361

Oke_RPN1-80 0.0321

Oke_RS27-81 0.0174

GG LT LD NWULLULULWOULUULUuUuUuUuuOuE oD wWwERERPNWNWWOLUWWND R EOG

Oke_RS27-94 0.0325
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SNP Global Fs; Reason for removal from dataset Citation Key
Oke_RS9-379 average minor allele frequency < 0.01 5
Oke_RSPRY1-106 0.1217 4
Oke_serpin-140 0.0496 2
Oke_slcla3a-86 0.0349 5
Oke_sylc-90 0.0221 5
Oke_TCP1-78 0.0222 3
Oke_TCTA-202 in LD with Oke_TCTA-99 5
Oke_TCTA-99 0.0526 5
Oke_Tf-278 0.0633 3
Oke_thic-84 0.0438 5
Oke_txnrd1-74 0.0181 5
Oke_u0602-244 average minor allele frequency < 0.01 4
Oke_U1001-79 in LD with Oke_DUBLOH-79 4
Oke_U1002-165 in LD with Oke_U1002-262 4
Oke_U1002-262 0.0523 4
Oke_U1008-83 0.0089 4
Oke_U1010-154 average minor allele frequency < 0.01 4
Oke _U1010-251 average minor allele frequency < 0.01 4
Oke_U1012-241 0.0089 4
Oke_U1012-60 in LD with Oke_U1012-241 4
Oke_U1015-255 0.0226 4
Oke_U1016-154 0.04 4
Oke_U1017-52 0.0083 4
Oke_U1018-50 average minor allele frequency < 0.01 4
Oke_U1019-218 0.0111 4
Oke_U1020-75 0.0136 4
Oke_U1021-102 0.0253 4
Oke_U1022-114 average minor allele frequency < 0.01 4
Oke_U1022-139 0.0099 4
Oke_U1023-147 0.0155 4
Oke_U1024-113 0.0186 4
Oke_U1025-135 0.0491 4
Oke_U1027-89 0.0185 4
Oke_U1028-100 0.0345 4
Oke_U1031-132 0.0154 4
Oke_U1103-150 0.0348 5
Oke_ul-519 0.0107 1
Oke_U2001-629 average minor allele frequency < 0.01 5
Oke_U2002-200 0.0328 5
Oke_U2003-142 0.0291 5
Oke_u200-385 0.0492 2
Oke_U2005-62 0.0087 5
Oke_U2006-109 0.0023 5
Oke_U2007-190 0.0614 5
Oke_U2010-94 0.0311 5
Oke_U2011-107 0.0227 5
Oke_U2015-151 0.019 5
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SNP Global Fs; Reason for removal from dataset Citation Key
Oke_U2016-118 0.0139 5
Oke_U2017-87 0.0028 5
Oke_U2019-112 0.0309 5
Oke_U2020-51 0.0326 5
Oke_u202-131 average minor allele frequency < 0.01 2
Oke_U2021-86 0.0334 5
Oke_U2022-101 0.0178 5
Oke_U2023-99 0.0589 5
Oke_U2024-93 0.0072 5
Oke_U2025-86 0.0208 5
Oke_U2026-64 0.039 5
Oke_U2029-79 0.0096 5
Oke_U2031-37 0.0348 5
Oke_U2032-74 0.0152 5
Oke_U2033-122 0.0456 5
Oke_U2034-55 0.0282 5
Oke_U2035-54 0.0184 5
Oke_U2037-76 0.0169 5
Oke_U2038-32 0.0706 5
Oke_U2040-77 0.0158 5
Oke_U2041-84 0.0129 5
Oke_U2042-61 0.0467 5
Oke_U2043-51 0.0146 5
Oke_U2045-43 0.0173 5
Oke_U2047-49 0.037 5
Oke_U2048-91 0.0357 5
Oke_U2049-99 0.027 5
Oke_U2050-101 0.0173 5
Oke_U2052-56 0.0244 5
Oke_U2053-60 0.0469 5
Oke_U2054-58 0.0248 5
Oke_U2056-90 0.0533 5
Oke_U2057-80 0.0308 5
Oke_U212-87 0.0139 2
Oke_u216-222 0.0178 2
Oke_u217-172 0.0071 2
Oke_U302-195 0.0239 3
Oke_U305-130 0.0845 3
Oke_U305-307 in LD with Oke_U305-130 3
Oke_U401-143 0.0331 3
Oke_U401-220 in LD with Oke_ U401-143 3
Oke_U502-241 average minor allele frequency < 0.01 3
Oke_U503-272 average minor allele frequency < 0.01 3
Oke_U504-228 0.0463 3
Oke_U505-112 0.0102 3
Oke_U506-110 0.0034 3
Oke_U507-286 0.0253 3
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SNP Global Fs; Reason for removal from dataset Citation Key
Oke_U507-87 in LD with Oke_U507-286 3
Oke_U509-219 0.113 3
Oke_U510-204 0.0171 3
Oke_U511-271 0.0234 3
Oke_U514-150 0.0616 3
Oke_UBA3-245 0.0212 4
Oke_uqcrfs-69 average minor allele frequency < 0.01 4
Oke_XBP1-82 0.0261 5
Oke_zn593-152 0.0007 5

Citation Key

A A

Smith CT, Baker Jgt al. (2005)

Smith CT, Elfstrom CMgt al. (2005)
Elfstrom CM, Smith CT, Seeb LW (2007)
Seeb JE, Pascal CEt al. (2011)

Chapter 2, this thesis.
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Supplementary Table 2.2. Sequence information for SNP loci developed in the

second chapter.
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Forward
SNP Primer Reverse Primer
Assay Name Gene (VIC/FAM) Sequence Sequence
Oke_ACOT-100 Similar to acyl-coenzyme A C/G TCAGGGACGAT GGGAGAGACACAGG
thioesterase 3 AAAGGGATCAT TCTACCT
CTT
Oke_APOB-60 Apolipoprotein B c/T CTGTGGATGGT GGCACTACAAAAGA
ATTCTGGATGC GGGAATCTCA
A
Oke_ATP5L-105 | ATP synthase subunit g, C/G GTGCACACCAA TGTTTTAAGGTGTGA
mitochondrial putative TCCATTTCTGAA | CTTGCTGGTA
T
Oke_ATP5L-248 | ATP synthase subunit g, A/T CTAGTGGATTG GGATTCTGACTGTGG
mitochondrial putative TGGCTTACGTCA | GTGTTTAACA
A
Oke_azin1-90 Antizyme inhibitor 1 (azinl) C/T GGGAATAGTGT GGTGAATGATATTCT
CATTTGGGATG GTAGTCATATTGCTT
CAT GA
Oke_CATB-60 Cathepsin B precursor C/T GCTTCTATGGG GCACTCCTCTTACAC
putative TCCTACTACCGT AACTCTGA
AT
Oke_CD123-62 Cell division cycle protein A/G GAACAGCAGTG TTGACGCTGTGTGTC
123 homolog, putative AATCGGTTACCT | TTCGA
Oke_CD81-108 CD81 antigen putative G/T CAGTATCATCAT GCCTGCTTGTTATAC
ACAGCACAGAT TGACAGTCAA
ACAACA
Oke_CD81-173 CD81 antigen putative A/C GATGACTGGAG TTTCCTTGGCTCATCT
TCAGCTTGCA TGCTGTA
Oke_cjo57-86 CJO57 protein A/C CAGAAGGTCTA CAGATTGAACAGTGC|
AAGGTCCTTAA CCAGAGA
CAATCA
Oke_CKS1-70 Cyclin-dependent kinases G/A GCTACCTCTATC ATGTACATCTCTCCA
regulatory subunit 1 ATACCGCCAAT TGTGTTTTGGT
ATT
Oke_CKS1-94 Cyclin-dependent kinases G/T TCTTCGACATGT | CCAGCTTTCGCTTGT
regulatory subunit 1, TTAATCGAACA CAAAACG
putative GAAGT
Oke_CO1A1-72 Collagen alpha-1I chain G/A CTGTCAATGGA CACCTAAGGTCCTGC
precursor, putative GGGTGATCGAA AAGCA
AT
Oke_CO1A1-76 Collagen alpha-1I chain A/T GAGGGTGATCG ACGACTGACATCAAG
precursor, putative AAATTGTGCTAC | ATAAATCTGCTAATT
TA T
Oke_colla2-62 Collagen alpha-2I chain G/A GCAGGAAACCA | AGACTTAGGAAATTG
precursor, putative CTCTCATTCTTA CACCTGCTTA
CT
Oke_CTR2-82 Low affinity cationic amino c/T GCAGCAGACAC CCATTCCCATCGGCA
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Forward
SNP Primer Reverse Primer
Assay Name Gene (VIC/FAM) Sequence Sequence
acid transporter 2 ACCGAAGTA TCGT
Oke_DBLOH-79 | Diablo homolog, C/T GCAGATATGCC GACAGTCAAAGGAT
mitochondrial precursor, TCAGGGATGT CAAGCTACCT
putative
Oke_DCXR-87 L-xylulose reductase, A/T GTCACCCAGAA TCTAACACACCCACA
putative CAATAGAATGA ATCTGCAAAA
GTCT
Oke_e2ig5-50 E2-induced gene 5 protein C/T GCACTGCTCATT | GGGAGTTCTTAGTGT
homolog (e2ig5) CTGTCACATG GACCATAGAG
Oke_EF2-394 Elongation factor 2 C/T GCTTAACTGCTG | GCAGTCTCCTCCTTCT]
TTTCTGCTATAG | TGAAGTT
G
Oke_eifdg1-43 Eukaryotic translation G/T GCACCCAACAG CCACCCCCAGTAGTC
initiation factor 4 gamma 1, TTCATCATGTAA AATCCT
putative GT
Oke_f5-71 Coagulation factor V C/T CTCAAATTTCCC | GATCCTCATGCACAT
precursor, putative TTTGACATCAAT CCAAACG
TCATCA
Oke_FANK1-166 | Fibronectin type 3 and c/T ACTCACGTGTG AGACTGAGAATCACA
ankyrin repeat domains GTAGAGACAGA AGACCAACTG
protein 1
Oke_FANK1-96 | Fibronectin type 3 and A/C GGCTCACCTGG CGTGAGTACACAACA
ankyrin repeat domains ATGACATTATAT | CTCTTTCAGT
protein 1 AGG
Oke_FBXL5-61 F-box/LRR-repeat protein 5, G/A TGGTGTGTAAC CACCTCTAGAAATGA
putative GTCAGTGACTT CATGATCAGTGT
AAG
Oke_gdh1-191 Glutamate dehydrogenase A/G GTGGAGACCAA | GGGTTAGAGGTCAG
(gdh1.2 gene) ACCCAGTAGAA GGTTAGAG
C
Oke_gdh1-234 Glutamate dehydrogenase C/T CAAACCCAGTA CTGGGAATGGTGAT
(gdh1.2 gene) GAACCCTGTGT ATATGTGTTCCT
Oke_gdh1-62 Glutamate dehydrogenase c/T CCACGTGATAC CACACACACTGACAC
(gdh1.2 gene) AGGGAGATGTG | GTACTGT
Oke_glrx1-78 Glutaredoxin-1 C/T CGCTCCGTCCA GGCCAAAGAGGTAT
GTGATGTC TGACAAAGTAC
Oke_GNMT-100 | Glycine N-methyltransferase c/T GCGTCCACGCT AGCGTGGACTCCATC
CGTCAT ATGTTG
Oke_H2AX-72 Histone H2A.x C/T AGGGCAACTAC CGAGGACAGCAGCC
GCTCATAGAGT ATGTA
A
Oke_hmgb1-66 | high-mobility group box 1 G/T GGAAACAGAAT | ACGCCCCCATTGGAA
(hmgb1) AACTACTAAGA ACC
CCCTACATTATA
AC
Oke_lactb2-71 Beta-lactamase-like protein 2 G/A CGTCGTGAACC TTCGCACAACTCTGG
ATGAGTGCAAT ACGATAG

A
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Forward
SNP Primer Reverse Primer
Assay Name Gene (VIC/FAM) Sequence Sequence
Oke_lamp2-138 | Lysosome-associated G/A GCATGTTACAG GGCTGGTATCACTGT
membrane glycoprotein 2 GACGGCAAGA GACATTCA
precursor, putative
Oke_LAMP2- Lysosome-associated A/G TTCTAGCCATGA | AACTGCTCCAAATGC
186 membrane glycoprotein 2 CCCAATGAAAG TGGTTAGTA
precursor, putative G
Oke_mcfd2-86 Multiple coagulation factor C/T GGCTTGAGGGC | GTCAAAACAAAATCT
deficiency 2 (mcfd2) CACATTG GTGCAACCCT
Oke_METK2-97 | S-adenosylmethionine c/T CCAGGACGAAG | GGCACATCCCAGAA
synthetase isoform type-2, GTCAAAGTTCTT | GAGTGA
putative
Oke_magll-49 Monoglyceride lipase A/T ACATTGTAATCT | GGTACCACCTGCAAC
GTATTAGTCCAA | ATCAAC
TGCAGAC
Oke_MLRN-63 Myosin regulatory light chain G/A CCATTTCAGCAT | GATGTCACAGACCA
2, smooth muscle isoform, TGCCAGATTTG GTACCATGTTT
putative AAA
Oke_nc2b-148 Down-regulator of A/C CCAGCCTATTTC | GCACCCTATTCCCTA
transcription 1, Drl (nc2b), CTTTAGTGCATA | CATGGT
mRNA TGA
Oke_ndub3-58 NADH dehydrogenase 1 beta c/T GAGGCTTCAGT CAGCGAAGCCCCATT
subcomplex subunit 3 CGTCCTGTATC TAAAGC
(ndub3)
Oke_NHERF- Ezrin-radixin-moesin-binding G/T AGGAGTGAGG GGAACGAACTCTTCA
123 phosphoprotein 50, putative GCGAGAGAA GTAACCT
Oke_NHERF-54 | Ezrin-radixin-moesin-binding G/A CCCTCAATTAGC | CTCCTTCTTTTGCTCT
phosphoprotein 50, putative ACATGAAAATC CTCTCTCAA
ACA
Oke_NUPR1-70 | Nuclear protein 1, putative G/T AGACGGTGAAC TCCCTTCACTGAAGC
TCTGCTGTAGA TACAGTCA
Oke_PDIA3-475 | Protein disulfide-isomerase A/G CCCGGTTCCTCC | CTGGTGGCCTACTAC
A3 AGTAGTTG GATGTG
Oke_PDIA3-82 Disulfide-isomerase A3 A/C TGCCTACGATG ACTCAGCCCATCAGG
precursor, putative GACCCAGAA ACAAGA
Oke_pgap-111 Post-GPI attachment to C/T TGCAGATCTCA AGACGACCATTATGG
proteins 2 (pgap2) ATTTGAACGAC CTAACGTT
CTAT
Oke_pgap-92 Post-GPI attachment to C/G TGCAGATCTCA AGACGACCATTATGG
proteins 2 (pgap2) ATTTGAACGAC CTAACGTT
CTAT
Oke_pnrc2-78 Proline-rich nuclear receptor G/A CGTGACAGCAG CATCTCTAGGCATGC
coactivator 2 (pnrc2) GGAGATGA ACCTTGA
Oke_psmd9-188 | Proteasome (prosome, c/T ACTGAGGCAAT GGGCTTGCGAATTA
macropain) 26S subunit, ATTCTGCAGGTT | GTGATGAAATC
non-ATPase, 9 (psmd9)
Oke_psmd9-57 Proteasome (prosome, C/T ACTGTAGTGAC ACCAGTTGTATTTTA
macropain) 26S subunit, TGCATTTCATAT TTGTGCCAAATGAC
non-ATPase, 9 (psmd9) TGCT
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Forward
SNP Primer Reverse Primer
Assay Name Gene (VIC/FAM) Sequence Sequence
Oke_rab5a-117 | Ras-related protein Rab-5A C/T GGGAATAACAG | CCATTGTTGGAAACT
TCATTGCAGCAT | GGACAGC
T
Oke_ROA1-209 Heterogeneous nuclear G/A CAGGGTTTGAT GCTGGATCTCTCATT
ribonucleoprotein Al, TGGTTAACTTAC | ACCTGTAGGT
putative ATTGAAT
Oke_RPN1-80 Dolichyl- G/A CACGCACCTTGC | GGCTCTACCGCCAAG
diphosphooligosaccharide-- TAAGATAACAG ATAAAGTTAT
protein glycosyltransferase
subunit 1 precursor
Oke_RS27-81 40S ribosomal protein S27 G/A GCAACAAAGTG GCACCCAAGAAAGA
GACTATCACATT | TTGATCCAGAA
GAA
Oke_RS27-94 40S ribosomal protein 527 G/A CACTTCTAGATC GCGACTCCAGCCTTG
AATCCGCTGTTT ACA
C
Oke_RS9-379 40S ribosomal protein S9 A/T GCAATCCTCCAT | GTCTATAAGACTGCC
ACATTACCTGTC CAGAACCAA
A
Oke_slcla3a-86 | Solute carrier family 1 (glial C/T TGTCTTCATCTG TCACCATGACAACTC
high affinity glutamate TGGACTCCTACA | ACCTAGATGA
transporter), member 3a
Oke_sylc-90 Leucyl-tRNA synthetase, A/G TTGAGGAAACC GCATCCTTCCTACCTT]
cytoplasmic (sylc) ACTGGTCTTACA | CCTTGAG
AG
Oke_TCTA-202 T-cell leukemia A/C AGTTTAGCACTT | CAGTCTCATTGCCAT
translocation-altered gene ACCTTGTCGGT CCATTTCG
protein homolog
Oke_TCTA-99 T-cell leukemia C/G GCTAGCACTTCA | GCCACCATCATCACG
translocation-altered gene TGGCAGCAT TTTAGTTCTA
protein homolog
Oke_thic-84 Acetyl-CoA acetyltransferase, C/T GCTGCTGTCTTA | GCCTTCCTATTTGTCC
cytosolic (thic) AACCACATTCTA | TGTTCTCT
CA
Oke_txnrd1-74 Thioredoxin reductase 1, A/G CACCCCATGTGC | GACGTCCTGGCCCTT
putative CTTTGGA AACC
Oke_U1103-150 C/A ACCTCTCGACTT GGTATTGTGTGTAGT
ATTCCAAATTTT GGTTAAAGGG
GTTACA
Oke_U2001-629 C/T CCCCACTCCTTC TTAGTACAAATGAAC
TACTCATCCAT GAGGGTTGGAA
Oke_U2002-200 A/C CCAGTGTTGTA GCGCTTACGCTTCAA
GAAAACATGTG TTTGCA
CTCTA
Oke_U2003-142 c/T CTCCTCACTAAC CCTTGAAAGTGAGAT
AGTAGCTGCAA ATCTGTAGTTCGT
T
Oke_U2005-62 A/G GTACAGCAGAG GAGGTCAAGGCTTC
ACTAAAGCTAT AACATCAC
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SNP Primer Reverse Primer
Assay Name Gene (VIC/FAM) Sequence Sequence
ACAACA
Oke_U2006-109 G/T CCAACACCACTT GCACACCCTAATTGA
TCCATTAATAAG CAAACAAACC
CA
Oke_U2007-190 C/G ACAGGCTGTGA CATGTCGTCTACTTT
TGAGTTAACAA GATGCCAATT
TGTAAA
Oke_U2010-94 Cc/T CCGCAGACAGT GCCCTTCTCTTTCTCC
GGTCAATACT ATACTTTTCT
Oke_U2011-107 G/T CCGTTTCTGTCA CTGGAGTGACTCAG
GACTCTGGTAA GATCATAGC
A
Oke_U2015-151 Cc/T GCATTTTATCCT ACGAATCCACCTAAA
CAAACTTTTCAA ATCCACCAAA
CTGACA
Oke_U2016-118 c/T ACGTGTCCTGTT GAGGTGCATGCTTTT
CAAATTAGCAG GTTCCA
TA
Oke_U2017-87 A/C CAGGAGCCATT CCATGATTTGAAAAG
GGAAGAGTAGA | AGCTGAACCAT
G
Oke_U2019-112 A/C GAATTTGACTG CGTACTGCTGATCCC
CCTGGCGAAAG AAATGATTTT
Oke_U2020-51 c/T GCTCTGGTCCA ACGTTCTTCGCCTCA
GGTCGTT TGTTACATTA
Oke_U2021-86 A/C TGTGGCTCCAG GCATCCTCAGTTCCA
CCAAAGTT GCATAATGAT
Oke_U2022-101 G/C TGTCCTAATGAC GTCACTGCAGCCTAA
AGGCCTTGC CGTTATATTG
Oke_U2023-99 Cc/T CACTATTTTGAC TGTGATCAACAGTTT
AAGTGTTAAGA TACACTCAATGGA
TCATTTTGTGT
Oke_U2024-93 c/T CGTCTTTCCAAT GAAGTGTTGACCTCT
ACCACAGAGAT GCTCCTT
ACA
Oke_U2025-86 G/A AAATCCCCATG ATTGTCCTTCCGCAG
GAGAAACACAA TGGT
TGA
Oke_U2026-64 G/T CTTCCCACGTCT GCCTCTCACGTTACA
TTTCTGTCTCA CTGTCATTTT
Oke_U2029-79 c/T GGTTTGATTTCG AAATCCCAGGGAGC
TCGCGATTTGA GAAAGTC
Oke_U2031-37 A/T CACACTTTCAAT CGTTTGAGACGCCCT
CAAATGTTGTG TCACT
CAG
Oke_U2032-74 G/A GCTATTCCAATG AACCCTATCTGCTCA
TAAATCCTGTAC TTGGTCATG

TGTGT
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Forward
SNP Primer Reverse Primer
Assay Name Gene (VIC/FAM) Sequence Sequence
Oke_U2033-122 G/T ACGCCCTTCCCC GGCCTGGGTATGACT|
GATTC CAACATG
Oke_U2034-55 c/T GGGAAGAAAA CCCAGAGCGAATGC
GCCTACCATAA CAACA
ACAG
Oke_U2035-54 G/A CGCCAATAACG CTTCACACCCTGAGA
CTCCAACAAC ACTGGTTTTA
Oke_U2037-76 C/G CATATCAGGTG GGCATTCACTACATC
TGTCTCAACAGT | ACATGACCTT
CT
Oke_U2038-32 Cc/T CGACTTCCTGGC | GGGTACTTTCATACA
GTCATCTTC GTACAGCTCT
Oke_U2040-77 A/C GGGCTAGAATT CCTTCCACAGTCTCA
CTACTTGGTGAC | TTTTGCTCTT
A
Oke_U2041-84 G/T CCAGACCATGT GTGAATATTTTGGCA
GCTTGTTTGTCA AGCCTGTACA
TA
Oke_U2042-61 Cc/T GCAATGCACAT ACTCATTTTCAGATG
CTGAAATCTGCT | TTCTTCCTTTGTCT
AT
Oke_U2043-51 G/A CACAAACCTACT GCCAGCTTTGTAGTC
ACAGACAGCAG TTGTGGAAA
TT
Oke_U2045-43 G/A GACCCCGGGTC CCAGGTGTGGCAGT
ACCAC GGAT
Oke_U2047-49 G/A TTAGCTAGTATG | TGCTGAATTTGAGGA
TTAGCGTAGCA ACTAAACGTTAGT
CTT
Oke_U2048-91 A/C AGTTGGGTCTT GGACTCTTGACGGCC
AAAGATGATCA ATCTTA
TTTGCT
Oke_U2049-99 c/T CATTGTAGCAG ACACACGGCATTGCA
AGGGTCAACGA AACTC
TAT
Oke_U2050-101 c/T CTCTGAGTGTCA | GTGTAAACGCATTCG
CAATCACATATC AAGTCCTTT
GT
Oke_U2052-56 c/T GTGCCATGTTA TCCATGTTAGCAGCG
GCCAAAAAGTT AACGTT
TCA
Oke_U2053-60 Cc/T TCTGCTTTTGTC CACACGAGGGTGGA
GTCTCACCAA CTTAGTT
Oke_U2054-58 Cc/T CGTCTCATTCAG TTGGTTCAAGATGAC
CTCTTTGATGTC ACTGGTGT
Oke_U2056-90 G/T CCATCACGTCAC GACATTAGCTGGCA
CATTACACTGT GTCTGATCA
Oke_U2057-80 A/G GCAGTTGTCAT GCCCCTCGTTCATTTT
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Forward
SNP Primer Reverse Primer
Assay Name Gene (VIC/FAM) Sequence Sequence
GGCAGTAAGG CAGATG
Oke_XBP1-82 X-box-binding protein 1, c/T TCTGCTCCGGA AAGGAGAGTGTTTA
putative GTCTTCTGTAT ACAAAATTATACAGG
ATGT
Oke_zn593-152 | Zinc finger protein 593 A/C GTTTTGAAAAG AACTAGCTAGTTATC
(zn593) TTATTTCTCGCG TAGTAGTAGCTAAAT
TAGATTAAGA TAGCT

1232

1233

1234




