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A broad portfolio of phenotypic diversity in natural organisms can buffer

against exploitation and increase species persistence in disturbed ecosystems.

The study of genomic variation that accounts for ecological and evolutionary

adaptation can represent a powerful approach to extend understanding of

phenotypic variation in nature. Here we present a chromosome-level refer-

ence genome assembly for Chinook salmon (Oncorhynchus tshawytscha;

2.36 Gb) that enabled association mapping of life-history variation and

phenotypic traits for this species. Whole-genome re-sequencing of popu-

lations with distinct life-history traits provided evidence that divergent

selection was extensive throughout the genome within and among phylo-

genetic lineages, indicating that a broad portfolio of phenotypic diversity

exists in this species that is related to local adaptation and life-history

variation. Association mapping with millions of genome-wide SNPs revealed

that a genomic region of major effect on chromosome 28 was associated with

phenotypes for premature and mature arrival to spawning grounds and was con-

sistent across three distinct phylogenetic lineages. Our results demonstrate

how genomic resources can enlighten the genetic basis of known phenotypes

in exploited species and assist in clarifying phenotypic variation that may be

difficult to observe in naturally occurring organisms.
1. Introduction
Natural selection may maintain phenotypic variation within populations across

temporal and spatial scales, and generate distinct phenotypic diversity among

populations across a species’ range. This portfolio of diversity within species

has been demonstrated to contribute to long-term resilience of species and eco-

systems and has become the focus of efforts to protect species within critical

areas [1]. In aquatic species such as salmonids, phenotypic variation is abun-

dant and considered to represent evolutionary adaptation to highly variable

environments [2]. Recent efforts have begun to elucidate the genomic basis

for phenotypic traits in wild populations [3,4] with the availability of salmonid

genome assemblies [5,6].

The Chinook salmon (Oncorhynchus tshawytscha) is an anadromous fish

species with considerable ecological, economic and social value, and has been

a cultural icon that has sustained native people of western North America for

millennia [7]. This species has experienced dramatic long-term declines in abun-

dance due to anthropogenic impacts but Chinook salmon (Oncorhynchus
tshawytscha) have retained extensive phenotypic variation across their native

range from the west coast of North America to the Kamchatka peninsula in

north eastern Asia [8]. This includes diverse phenology traits that are heritable

such as timing of adult migration and sexual maturation [9]. Phenotypic
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variation for these traits in Chinook salmon can be segregat-

ing within populations or distinct among populations and

represent patterns of parallel or divergent evolution depend-

ing on phylogenetic lineage [10]. Distinct phylogenetic

lineages of Chinook salmon include those in the centre of

the species range in North America known as coastal, interior

ocean-type and interior stream-type [11]. Phenotypic vari-

ation for phenology traits exists within and among these

lineages. The coastal lineage is known to have both sub-year-

ling and yearling juvenile outmigration [12], and adult

migratory run-timing occurs across multiple seasons related

to premature or mature state of sexual maturity when enter-

ing freshwater (e.g. spring-run premature versus fall-run

mature) [9,10]. By contrast, the two interior lineages exhibit

more narrow life-history traits that are highly distinct from

each other [10,12,13]. The interior ocean-type lineage is

most genetically similar to the coastal lineage [10,14], with

life-history traits that include sub-yearling juvenile outmigra-

tion [12], and summer to fall spawning migration [12,15] with

both premature and mature entry to freshwater, respectively

[9]. The interior stream-type lineage is highly distinct from

the other lineages with yearling juvenile outmigration [12],

spring to summer spawning migration [12,15] and adults

exclusively enter freshwater as premature adults [9]. How-

ever, understanding of genomic architecture for differing

life-history traits is limited due to lack of genomic resources

for this species and challenges of characterizing phenotypic

variation in migratory aquatic species.

In this study, we present a novel chromosome-level

genome assembly for Chinook salmon and examine the

genetic basis for life-history traits across multiple phylo-

genetic lineages of this species. We address the following

questions: (i) is there evidence for candidate genes of major

effect associated with phenology traits across multiple

lineages of this species? (ii) Are maturation phenotypes con-

sistent with genomic variation in interior lineages in addition

to coastal populations previously studied [16]? (iii) Do signals

of adaptation suggest that selection acts on populations

within lineages in addition to expected adaptive divergence

among lineages?
2. Methods
(a) Collection of tissues for genome assembly
Tissues were collected from a wild, sexually mature male Chinook

salmon to obtain DNA for genome assembly and RNA for tran-

scriptome assembly. This fish was collected at a weir on Johnson

Creek, Idaho, USA (latitude 44.899, longitude 2115.492) and

was euthanized post-spawning. Chinook salmon in this popu-

lation represent an ecotype known to be part of the recognized

Snake River spring/summer-run evolutionarily significant unit

(ESU) and are considered interior Columbia River stream-type

phylogenetic lineage [10,11]. Tissues collected included caudal

fin clips stored in 100% ethanol, blood stored in sterile haematol-

ogy tubes on ice, and eight organ tissues stored in RNAlater and

flash-frozen in liquid nitrogen (muscle, stomach, gill, liver,

kidney, brain, heart, intestine).
(b) Genome assembly and annotation
The 2.36 Gb reference genome of a single wild diploid male (elec-

tronic supplemental material, figure S1) was assembled with

various sequence libraries that included TruSeq synthetic long
reads (long read contig N50 of 4.95 Kb), bacterial artificial

clones (BAC) and mate-pair libraries (ranging from 1–40 Kb;

electronic supplementary material, Methods File 1). Contigs

and scaffolds were assembled de novo with multiple pipelines

and scaffolds were error-corrected and re-scaffolded with

BioNano optical maps (electronic supplementary material,

Methods File 1 contains details regarding bioinformatic steps

involved in genome and transcriptome assembly). Corrected

scaffolds were ordered into chromosomes using available genetic

maps [17,18] and aligned against an existing reference genome of

a related species, rainbow trout (O. mykiss; electronic supplemen-

tal material, figure S2). Final gap-filling produced the final

genome assembly that was annotated with deeply sequenced

transcriptomes from eight tissues collected from the same

individual fish. Transcriptome sequences were integrated with

reference models to predict gene models having homology

with curated Swissprot proteins (electronic supplementary

material, Methods File 1). A BUSCO (benchmarking universal

single-copy orthologues) [19] analysis was completed to estimate

the completeness of the genome assembly (electronic supplemen-

tary material, Methods File 1). Determination of large collinear

homeologous regions (greater than 1 Mb) was performed by a

self-alignment of the masked Chinook chromosome sequences

(electronic supplementary material, Methods File 1).

(c) Population samples and traits for whole-genome re-
sequencing

Whole-genome re-sequencing of pooled sample collections was

completed with 14 pools representing O. tshawytscha populations

from three phylogenetic lineages that exhibit contrasting matu-

ration and run-timing phenotypes (figure 1a–d; electronic

supplemental material, table S1). Specifically, four distinct popu-

lations were included to represent each of the three lineages

known as coastal, interior ocean-type and interior stream-type

[11]. Two additional libraries were prepared from one population

(Johnson Creek) to represent two phenotypic groups of females

(early versus late arrival to spawning grounds; electronic

supplemental material, table S1). Each of the other 12 pools

consisted of at least 46 individuals (mean ¼ 77) with a mix of

sexes (electronic supplemental material, table S1).

(d) Pool-seq library preparation
Population pools were prepared and sequenced using a standar-

dized pool-seq protocol following best practices [20]. This pooled

approach provides estimated allele frequencies for variants

across the genome but not individual genotypes. Library prep-

aration included normalizing individual DNA quantity using

picogreen fluorescence on a Tecan M200 (Tecan Trading, AG,

Switzerland). To ensure similar contribution of each individual

to a pool, individual DNA concentrations were not allowed to

deviate more than 20% of the average DNA concentration of

all individuals. For a given population, samples were fragmented

with NEBNext Ultra dsDNA Fragementase (New England

Biolabs, Ipswich, MA, USA), pooled together and filtered using

Minelute purification (Qiagen, Venlo, Netherlands). Fragment

end repair was performed with NEBNext Ultra End Prep

(New England Biolabs, Ipswich, MA, USA) and fragments

between 400 and 500 bp were selected for using a 25X AMPure

beads solution (Beckman Coulter Inc., Indianapolis, IN, USA).

Fragments were then amplified with a NEBNext Ultra Q5 PCR

protocol, cleaned with AMPure beads, and finally quantified

with SYBR quantitative PCR (Thermofisher Scientific, Waltham,

MA, USA). Amplified fragments were normalized and then

sequenced with high-output runs on an Illumina NextSeq 500

(Illumina, San Diego, CA, USA) with paired-end 150 bp reads

(2 � 150 bp).
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Figure 1. Chinook salmon collections and migration phenotypes. (a) Map of 12 collection locations corresponding to sites listed in electronic supplementary
material, table S1; square ¼ premature adult migration, circle ¼ mature adult migration. (b) Coastal lineage collections—adult fish passage during migration
into freshwater; curve colours correspond to collection locations on the map, dashed line ¼ premature, solid line ¼ mature. (c) Interior stream-type lineage
collections—adult fish passage during migration into freshwater; curve colours correspond to collection locations on the map, dashed line ¼ premature.
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(e) Pool-seq bioinformatics and analyses
For each Pool-seq library, raw 150 bp paired-end reads (2 � 150 bp)

were processed using the PoolParty pipeline (Micheletti & Narum

[21]) that integrates several existing resources into a single pipeline.

Briefly, this included multiple steps that started with trimming

reads (to a minimum of 50 bp) with a quality score less than 20

using the trim-fastq.pl script part of Popoolation2 [22]. Trimmed

reads were then aligned to the O. tshawytscha assembly using

bwa mem [23] with default parameters. PCR duplicates were ident-

ified and removed using SAMblaster [24]. SAMtools view module

[25] was used to sort BAM files, which were then combined using

the SAMtools mpileup module that extracts SNP and coverage

information for each pool. To remove any false-positive SNPs

that often occur around insertion–deletions (indels), we used

the identify-genomic-indel-regions.pl and filter-sync-by-gtf.pl

scripts from PoPoolation2 and eliminated SNPs within 5 bp of

indel regions from further analysis [22]. We only retained variant

positions with a minimum of 15� depth of coverage and a maxi-

mum of 250� depth of coverage which eliminated regions that

may be paralogues (high coverage) or regions that are probably

represented by a small number of individuals (low coverage).

Additionally, the minimum minor allele count for variant sites

was set to 0.05 to drop rare alleles and to avoid overestimating

heterozygous positions as recommended [22].

Filtered allele frequency data were then used to calculate the

fixation index (FST) between collections using a sliding window

of 5000 bp with a step size of 50 bp. In concert with FST, we statisti-

cally determined genomic regions with significant differentiation

using a local score technique [26]. The local score uses single
SNP Fisher’s exact test p-values to determine genomic regions of

differentiation while reducing false positives by incorporating

linkage disequilibrium. In short, the local score has a score

function related to 2log10, which is related to window size.

While other windowed approaches rely on combining p-values

within a fixed window size, the local score uses the local

maximum of Lindley processes, which is a function of statistically

significant p-values in proximity to determine window size itera-

tively. The window size is ultimately influenced by a tuning

parameter ( j) which implies a p-value threshold on a log10

scale. We performed local score analyses that iteratively deter-

mined j based on the mean of log10 p-values for each

comparison [26] and displayed significant regions (Bonferroni-

corrected a ¼ 0.05) in the form of Manhattan plots using the

R package qqman [27].

To test for consistent differences in allele frequencies across

biological replicates, we implemented a Cochran–Mantel–

Haenszel (CMH) test that computes significance between

groups of interest [22]. The CMH test identified consistent differ-

ences in allele frequency changes that occurred between pairs of

premature and mature groups from each of the three phylo-

genetic lineages. We deemed genomic regions significant if

they were consistently differentiated in both local score analyses

(analogous to a Bonferroni-corrected a ¼ 0.05), and the CMH test

(Bonferroni-corrected a ¼ 0.05). Any regions deemed significant

were then investigated for variant annotations using SnpEff
[28]. SnpEff predicts non-synonymous SNPs (nsSNPs) using

frame information from a genome assembly annotation file. Sig-

nificant regions were annotated following gene models identified

in the gff3 file that was generated to support annotation of the
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Figure 2. Circos Manhattan plot for premature and mature collections of Chinook salmon. (a) Sequence coverage (black outer ring) for each chromosome. (b)
Significant divergence between premature (spring-run) and mature (fall-run) migrating Chinook salmon in the Cowlitz River of the coastal lineage. (c) Significant
divergence between premature (Methow River summer-run) and mature (Priest Rapids fall-run) migrating Chinook salmon within the interior ocean-type lineage.
(d ) Significant divergence for Chinook salmon returning to Johnson Creek (interior stream-type) that enter freshwater premature (spring/summer-run), but the final
ascent to spawning grounds is bimodal with early premature and late mature females. (e) Annotation of the 203 Kb region on Ots28 between 11.022 and
11.225 Mb (GREB1 L, ROCK1, and intergenic regions) with significance based on CMH tests. Significant genes are labelled and corresponding details are in electronic
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genome assembly. Gene ontology enrichment (Panther over-rep-

resentation test) was completed with the Panther database

(http://geneontology.org/) for significant annotated genes that

were significant between lineages.

Filtered allele frequency data was also used to inform neutral

population structure (genome-wide SNPs) in contrast to the genetic

relationship of collections by maturation phenotype (SNPs from a

region of major effect on Ots28). Using variant sites in common

across the genome (7 324 591 SNPs excluding extremely high FST

markers . 0.90), we calculated Nei’s standard genetic distance

between all population comparisons and created a consensus

neighbour-joining tree based on 10 000 bootstraps in the R package

ape [29]. We then performed the same analyses using only SNPs

from the divergent region of Ots28 (580 SNPs spanning from
GREB1 L through ROCK1) to evaluate relationships of collections

based on maturation status.

To examine SNP allele frequencies from GREB1 L across the

North American range of Chinook salmon, previous RAD

(restriction site-associated DNA) data from 53 collection sites

[11] (electronic supplemental material, table S2) were aligned to

the Chinook salmon reference genome using BWA-mem [23].

Only RAD loci that had a MAPQ score of 10 and SNPS that

fell within the putative maturation region of chromosome

28 were retained. Genotypes were produced using the refer-

ence-based STACKS pipeline [30] and only one SNP at Ots28

position 11 033 590 showed sufficient variation and was thus

retained for estimating genotype frequencies for fish collected

from each site.

http://geneontology.org/
http://geneontology.org/
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3. Results and discussion
The final reference assembly resulted in a 2.36 Gb genome

with 72.2% (1.70 Gb) of the de novo assembly anchored to 34

chromosomes, with contig N50 of 19.1 Kb, scaffold N50 of

153.3 Kb (prior to chromosome placement) and anchored

chromosome N50 of 45.4 Mb (electronic supplemental

material, table S3; table S4). A total of 184 duplicated

blocks were identified, representing 72% (1.128 Gb) of the

un-gapped anchored chromosome sequence (electronic

supplemental material, figure S3) with an average sequence

similarity of 89.8%. Following criteria established by Lien

et al. [6], 37.4% of the identified duplicated regions in Chinook

salmon can be assigned to a state of delayed re-diploidization

(similarity 90–95%) and 4.9% to a state of retained residual

tetrasomy (similarity �95%). The assembly was annotated

with deeply sequenced transcriptomes from eight tissues col-

lected from the same individual fish. Analysis with BUSCO

revealed that 87.3% of 4584 Actinopterygii genes were found

as complete genes in the assembly (NCBI: GCA_002831465),

with 4.0% fragmented and 8.7% missing genes. The annotated

genome and transcriptome assemblies were submitted to

NCBI (accession numbers: PRJNA402052; PIPH010000000;

GGDU00000000).

Whole-genome re-sequencing of populations with vari-

able life histories (figure 1) provided evidence that

divergent selection was extensive throughout the genome

among populations with differing phenology and reproduc-

tive traits. Variation across greater than 19 million SNPs (19

627 832 variant sites across all populations) throughout the

genome revealed that a broad portfolio of life-history and

phenotypic diversity exists in this species, both within and

among phylogenetic lineages. Several candidate regions for

divergent selection were evident across many chromosomes

among phylogenetic lineages (electronic supplemental

material, figure S4a–c), and between populations within

lineages (electronic supplemental material, figure S5a–c),

indicating evidence for adaption to local environments

through multiple evolutionary processes [31]. Several candi-

date regions for divergent selection among phylogenetic

lineages occurred across many chromosomes. This included

large numbers of annotated genes within (Dryad table 1

[32]) and among lineages (Dryad table 2 [32]) with significant

enrichment of multiple pathways (Dryad table 3 [32]).

Genome-wide association mapping with millions of SNPs

provided evidence for association of major effect genes on

chromosome 28 with maturation phenotypes, but both the

underlying genomic region and the maturation phenotypes

were found to be more complex than previously understood.

Recent studies in multiple Pacific salmonid species suggest

that the function of GREB1 L is conserved for sexual matu-

ration status, which drives the seasonal migration timing of

adults returning to spawn in coastal streams [16,32]. How-

ever, in addition to GREB1 L we found multiple genes on

Ots28 associated with the trait of sexual maturation status

including strong evidence from CMH tests for an adjacent

candidate gene ROCK1 (Rho-associated protein kinase 1)

and intergenic SNPs (figure 2a–e; electronic supplemental

material, table S5). Both GREB1 L and ROCK1 have been

characterized as oestrogen receptors [33,34] involved with

biological pathways including embryo development in

zebrafish (Danio rerio [35]). In the 203 Kb region of Ots28, the

majority of the 580 SNPs were located in introns (84.5%),
with only 2.7% in exons, and the remaining variants

upstream of or downstream from these two genes. One non-

synonymous SNP was found in coding sequences of both

GREB1 L and ROCK1 (figure 2e), but neither SNP was signifi-

cant. Several significant intergenic SNPs were found 30 of

GREB1 L and 50 of ROCK1 that could be involved in gene

regulation. The significant association of many SNPs across

the 203 Kb region of these two genes may indicate epistasis,

but non-coding variation may also suggest cis-regulatory

effects on phenotypic expression of this trait.

Candidate genomic regions on chromosome 28 were sig-

nificant for premature versus mature migration traits within

all three lineages that span from coastal to inland streams

ranging across 1200 km of the Columbia River drainage.

A population near the coast (less than 250 km inland) that

exhibits both premature (spring-run) and mature (fall-run)

migration within the same river (Cowlitz River) provided

strong evidence that GREB1 L was a primary gene under-

lying this trait. However, this coastal lineage had the widest

region of significance on Ots28 (390 Kb, ranging from pos-

itions 10.907–11.297 Mb) that included seven total

candidates (MIB1, ABHD3, GREB1 L, ROCK1, USP14,

THOC1 and AQPA) along with three candidate regions

from other chromosomes (figure 2b; electronic supplemental

material, table S5). Within a pair of collections from the

interior ocean-type lineage, early premature migrating

adults (Methow River summer-run) were highly distinct

from late mature migrating fish (Priest Rapids fall-run) at

GREB1 L (figure 2c), but this was the only significant candi-

date gene in a narrower region of Ots28 (57 Kb, ranging

from positions 11.022–11.079 Mb; electronic supplemental

material, table S5). Four additional candidate genes were pre-

sent on chromosomes Ots10, Ots15 and Ots33 (electronic

supplemental material, table S5) but at lower significance

than Ots28.

Surprisingly, diverse phenotypes for sexual maturation

were also found to be associated with variation at chromo-

some 28 in the interior stream-type lineage. This lineage

consists solely of premature migrating adults when they

enter freshwater (figure 2d ) but exhibit extended upstream

migration distance of over 1200 km to reach inland spawning
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grounds. Close monitoring of one population in Johnson

Creek, Idaho during multiple stages of migration revealed a

bi-modal pattern of maturation during the final ascent to

spawning grounds (figure 3). Specifically, early and late

return peaks predominantly consisted of premature and

mature individuals, respectively. Disruptive selection due to

high water temperatures in summer months may explain

the bimodal migration in this population as has been

shown in other salmonids (figure 3) [36]. Mapping genomic

divergence between early and late ascending groups across

approximately 6 million SNPs (6 146 606 SNPs in common)

revealed that the significant region on Ots28 (128 Kb, ranging

from positions 11.093–11.221 Mb) did not include GREB1 L,

but rather an adjacent candidate gene ROCK1 (figure 2d; elec-

tronic supplemental material, table S5). Two additional

regions of the genome had similar significance for this trait

in the Johnson Creek population including at Ots11 (TMX1)

and Ots34 (NPR1) in this population (figure 2d; electronic

supplemental material, table S5). These additional regions

of divergence may reflect that the maturation trait is more

highly polygenic in this population, or they may represent

additional unresolved phenotypes among the early and late

ascending groups.

Specific candidate genes among lineages may suggest

complexity in the genetic basis for specific maturation pheno-

types, but there was clear evidence from CMH tests that

203 Kb of Ots28 was conserved as a region of major effect

for maturation across lineages (positions between 11.022

and 11.225 Mb of Ots28 including GREB1 L and ROCK1;

figure 2e). This was also evident from genetic relationships

of collections based on 580 SNPs in this region of Ots28 that

clustered by maturation phenotype regardless of phylogenetic

lineage (figure 4a,b), which contrasted with monophyletic

clustering of populations by major lineage as seen with

genome-wide SNPs (7.3 million SNPs after removing high

FST markers). The genomic basis for these phenology traits

are of critical biological importance as standing variation

may limit phenological responses to climate change in
salmonids, which can have ecological ramifications for many

aquatic and terrestrial species [37,38].

Consistent results for genomic divergence at chromosome

Ots28 across lineages of Chinook salmon in this study

suggested that the genomic basis for maturation traits might

be conserved throughout the species range. We re-examined

previously published sequence data of 53 Chinook salmon

populations [11] and found that a diagnostic marker from can-

didate gene GREB1 L (Ots28, SNP position 11 033 626 bp) was

associated with maturation-related run-timing throughout

the North American range (figure 5; electronic supplemental

material, table S2). This result supports the hypothesis that

variation at chromosome 28 contains a broadly conserved

genomic region under selection for migratory maturation

phenotypes in Chinook salmon.

Assembly of salmonid genomes has been challenging due

to duplication events in their evolutionary history that have

resulted in regions with residual tetrasomy [39,40]. However,

sequencing and linkage mapping with haploid individuals

has helped to identify many homeologous regions

[6,18,41,42]. While the individual for the current Chinook

salmon genome assembly was diploid, we used existing

resources such as linkage maps [18] and a recent genome

assembly for rainbow trout (GenBank accession

MSJN01000000) to help place homeologue to mapped pos-

itions. Recent studies indicate that homeologues may be an

important source of adaptive variation in salmonids and

should be accounted for when possible in genome scans

[43–45]. Our study suggests that adaptive variation is exten-

sive throughout the Chinook salmon genome and includes

homeologous genes in addition to those that have reverted

to a diploid state. However, alignment of re-sequencing

data was not possible to homeologues that retain very high

sequence similarity that represent approximately 4.9% of

duplicated regions in the assembly. Thus, it is likely that

our study under-represents signals of adaptive variation in

duplicated regions with very high sequence similarity (e.g.

greater than 95%).



0 1000

N

2000
km

genotype

run-type

mature

heterozygote 

premature

AA

GA

GG

spring

spring/summer

summer/fall

fall

(a) (b)

Figure 5. SNP genotype frequencies at candidate gene (GREB1 L) for premature versus mature Chinook salmon across North America. (a) Northern distribution of
mature (red), premature (green) and heterozygous (yellow) genotypes. (b) Southern distribution of mature (red), premature (green) and heterozygous (yellow)
genotypes. Outside ring colours indicate run-timing phenotypes. Details for each collection site are in electronic supplementary material, table S2.

rspb.royalsocietypublishing.org
Proc.R.Soc.B

285:20180935

7

Throughout this study, evidence for divergent selection

was pervasive both within and among phylogenetic lineages

and supports a diverse portfolio of phenotypic variation

in Chinook salmon. While selective sweeps were expected

between lineages with well-documented differences in life his-

tories [10], there were also large numbers of candidate genes

among populations of the same lineage that provided support

for locally adaptive traits that have yet to be determined.

Undetermined phenotypes could represent unresolved traits

related to development, environmental tolerance, immune

response, phenology and reproduction. However, phenotypic

variation is often difficult to characterize in natural organisms

at both short- and long-term temporal scales due to occu-

pation of areas that are challenging for biologists to access

(rugged mountains or deep seas), animal activity that is not

readily visible to humans (nocturnal or underwater) and

behavioural tactics to avoid humans.

Unusual phenotypes and physiological capabilities con-

tinue to be discovered in natural organisms such as naked

mole rats (Heterocephalus glaber) that can tolerate oxygen

deprivation for extended periods of time in underground

tunnels [46], or the first species of fish that exhibits whole-

body endothermy (opah, Lampris guttatus [47]). In other

cases, extreme phenotypic variation has been well character-

ized within species [48], but little is known about selection

gradients, genetic basis or environmental cues that influence

quantitative traits [49]. In our study, genomic variation

revealed that anadromous salmonids migrating long distances

retain unexpected variation in maturation phenotypes related

to environmental drivers of selection. Thus, applications with

advanced genomic resources may provide clues to detect

cryptic phenotypes within natural populations of exploited

species where maintenance of a broad portfolio of diversity

is necessary for long-term persistence [50].
4. Conclusion
Here we examined the genomic basis of phenotypic diversity

in natural populations of Chinook salmon through
association mapping of adult migration and maturation

traits to a novel genome assembly for this species. This

study provides a chromosome-level reference genome assem-

bly for this species, while whole-genome re-sequencing of

Chinook salmon collections with divergent life histories

enabled tests for consistent association of specific genomic

regions associated with phenotypic traits. This genome-level

approach pinpointed multiple major effect genes on chromo-

some 28 beyond the single GREB1 L candidate previously

identified [16]. Results also demonstrated consistent associ-

ation of maturation phenotypes with this genomic region

across three distinct phylogenetic lineages. Genotypes of a

candidate SNP from GREB1 L also indicated that phenotypic

variation for maturation is highly diverse across the species’

range in North America. Finally, several candidate regions

for divergent selection were evident within and among

phylogenetic lineages, which suggests that local adaptation

is abundant in natural populations of this species. Our

study demonstrates how genomic resources can enlighten

the genetic basis of phenotypic diversity in impacted species

that require a broad portfolio of variation to persist in

contemporary and evolutionary time frames.
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