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Abstract 

Understanding the genetic basis of repeated evolution of the same phenotype across taxa 

is a fundamental aim in evolutionary biology and has applications to conservation and 

management. However, the extent to which interspecific life-history trait polymorphisms share 

evolutionary pathways remains under-explored. We address this gap by studying the genetic basis 

of a key life-history trait, age at maturity, in four species of Pacific salmon (genus Oncorhynchus) 

that exhibit intra- and interspecific variation in this trait – Chinook Salmon, Coho Salmon, Sockeye 

Salmon, and Steelhead Trout. We tested for associations in all four species between age at maturity 

and two genome regions, six6 and vgll3, that are strongly associated with the same trait in Atlantic 

Salmon (Salmo salar). We also conducted a genome-wide association analysis in Steelhead to 

assess whether additional regions were associated with this trait. We found the genetic basis of age 

at maturity to be heterogeneous across salmonid species. Significant associations between six6 and 

age at maturity were observed in two of the four species, Sockeye and Steelhead, with the 

association in Steelhead being particularly strong in both sexes (p = 4.46x10-9 after adjusting for 
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genomic inflation). However, no significant associations were detected between age at maturity 

and the vgll3 genome region in any of the species, despite its strong association with the same trait 

in Atlantic Salmon. We discuss possible explanations for the heterogeneous nature of the genetic 

architecture of this key life-history trait, as well as the implications of our findings for conservation 

and management. 
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Introduction 

The repeated evolution of the same phenotype across taxa raises fundamental questions on 

how evolution might act on underlying genetic architecture, and how this architecture might 

constrain the phenotypic response (Elmer & Meyer, 2011). Well characterized examples of parallel 

evolution within individual species, such as adaptation to freshwater in stickleback fish, reveal the 

relative role of loci of varying effect sizes, as well as both ancestral and novel mutations (Jones et 

al., 2012; Liu, Ferchaud, Gronkjaer, Nygaard, & Hansen, 2018). For polymorphic traits that 

influence fitness, understanding how they are retained following species radiation addresses key 

questions on the predictability of evolution, particularly since speciation involves founder events 

that may act to reduce underlying genetic variation (Guerrero & Hahn, 2017). Three main but non-

exclusive pathways for the retention of polymorphic traits during speciation events have been 

identified (Jamie & Meier, 2020); evolution on standing ancestral variation (Cortez et al., 2014), 

introgression (Giska et al., 2019), and novel mutations (Mundy, 2005). However, the extent to 
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which interspecific life-history trait polymorphisms share evolutionary pathways remains 

relatively uncharacterized (Jamie & Meier, 2020). This knowledge can inform how evolution may 

act to maintain such variation within daughter species (Ayala & Campbell, 1974; Charlesworth, 

Nordborg, & Charlesworth, 1997; Guerrero & Hahn, 2017), how genetic architecture may predict 

the retention of such polymorphisms, and how related species may adapt to shared selection 

regimes (Jamie & Meier, 2020). Comparative analyses of the genetic basis of such traits between 

species also have implications for conservation, management, and food security. Shared genetic 

architectures that are well characterized in one taxon may inform the conservation of evolutionary 

processes in related species, and selective breeding programs (e.g. agriculture and aquaculture 

operations) in new species may take advantage of trait-linked markers previously identified in 

other species.  

The age at which an individual reaches sexual maturity is a polymorphic life-history trait 

in many species that can have significant fitness consequences. For example, maturing later 

provides more opportunities to grow, potentially conferring larger body size and higher energy 

reserves at reproduction, which in turn can enable higher fecundity and increased offspring 

survival (Stearns, 1992). However, delayed maturity also increases the risk of mortality before 

reproduction and translates into longer generation times (Charnov & Gillooly, 2004; Kozlowski, 

1992; Roff, Mostowy, & Fairbairn, 2002; Stearns, 1992). Given that this trait is generally heritable 

(Gjerde, 1984; Hankin, Nicholas, & Downey, 1993), the large variation in size and age at maturity 

observed within and among populations of many species indicates that there is often no single, 

optimal maturation strategy, and considerable research effort has focused on determining the 

ecological factors and evolutionary mechanisms leading to the maintenance of such variation 

across different species (Flatt & Heyland, 2011; Stearns, 1989). Further, in related species, there 
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is some question about whether the same evolutionary processes result in shared trait variation. In 

addition to its fundamental importance to ecology and evolution, understanding the drivers of 

variation in size and age at maturity has applied relevance in fields such as fisheries (Conover & 

Munch, 2002), agriculture (Kenny, Heslin, & Byrne, 2018), aquaculture (Taranger et al., 2010), 

and conservation and management (Kindsvater, Mangel, Reynolds, & Dulvy, 2016). Yet, the 

genetic basis of variation underlying different maturation strategies across species has remained 

poorly understood until recently (Perry et al., 2014; Roff, 2011).  

Fishes display more diversity in reproductive traits than any other vertebrate group (Mank 

& Avise, 2006). Within fishes, species in the family Salmonidae exhibit a wide range of this 

diversity (Schaffer, 2004), and the potential trade-offs between age at maturity (and therefore size) 

and survival are well established, particularly in anadromous species and populations (e.g. 

Fleming, 1996; Hankin et al., 1993; Healey, 1991). As growth rate is high during the marine 

migratory phase, variation in age may result in dramatic size differences, with the size of 

individuals potentially doubling with each additional year spent at sea. Larger, older individuals 

have been shown to have higher reproductive success once on the spawning grounds (Fleming, 

1996; Janowitz-Koch et al., 2019; Mobley et al., 2019), but they also have a higher probability of 

mortality during the marine migration phase (Czorlich, Aykanat, Erkinaro, Orell, & Primmer, 

2018), thus representing a classic evolutionary trade-off.  

Variation in age at maturity is also highly relevant to the conservation and management of 

this socio-economically important family of fishes. First, variation in breeding age buffers 

populations from diversity loss following catastrophic environmental events via the 8portfolio 

effect9 (Greene, Hall, Guilbault, & Quinn, 2010; Satterthwaite, Carlson, & Criss, 2017; Schindler 

et al., 2010). Second, such life-history variation reduces inter-annual variability in adult returns 
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and the frequency of fishery closures, which benefits commercial, recreational, and subsistence 

fisheries and associated communities (Brown & Godduhn, 2015; Copeland, Ackerman, Wright, & 

Byrne, 2017; Greene et al., 2010; Schindler et al., 2010). Third, knowledge of age structure is 

important for modeling the effects of fisheries harvest and developing appropriate restoration 

strategies aimed at maintaining population diversity in fitness traits (Bowersox, Corsi, 

McCormick, Copeland, & Campbell, 2019; Hankin & Healey, 1986; Larsen et al., 2019; Ricker, 

1980). 

There is a pressing need to understand the mechanisms that drive variation in age at 

maturity in salmonids due to the trait9s ecological, evolutionary, and economic importance, 

particularly as the age structures of many populations have been changing in recent decades (Cline, 

Ohlberger, & Schindler, 2019; DeFilippo et al., 2019; Lewis, Grant, Brenner, & Hamazaki, 2015; 

Ohlberger, Ward, Schindler, & Lewis, 2018). Age at maturity has been shown to have high 

heritability in multiple species (Carlson & Seamons, 2008; Hankin et al., 1993; Tipping, 1991), 

suggesting significant genetic variation for this trait that may promote local adaptation (Vähä , 

Erkinaro, Niemela, & Primmer, 2008). The trait has also been shown to differ considerably 

between the sexes, with females maturing, on average, later than males (Fleming, 1996; Schaffer, 

2004).  

Recently, there have been significant advances in understanding the genetic basis of age at 

maturity in one salmonid species, Atlantic Salmon (Salmo salar), with a particular focus on the 

number of years spent in the marine migration phase (i.e. sea-age). Several studies have identified 

a large effect locus on chromosome Ssa25, with variation near a strong candidate gene, vgll3, 

explaining almost 40% of the variation in sea-age at maturity in wild-caught individuals from over 

50 European populations, including several divergent lineages (Ayllon et al., 2015; Barson et al., 
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2015). Subsequent studies have also identified associations between the same genomic region and 

age for this species (Ayllon et al., 2019; Christensen, Gutierrez, Lubieniecki, & Davidson, 2017). 

Further, Barson et al. (2015) identified a second region on chromosome Ssa09 encompassing the 

candidate gene six6 that was initially highly significant in a genome-wide association (GWA) 

analysis, although this signal was no longer statistically significant following correction for 

population structure. However, a recent study in an aquaculture population of Atlantic Salmon 

identified strong associations with early maturation and both the chromosome Ssa09 (six6) and 

chromosome Ssa25 (vgll3) regions (Sinclair-Waters et al., 2020), suggesting that the population 

stratification correction in Barson et al. (2015) may have been overly conservative. Interestingly, 

GWA studies of North American-origin Atlantic Salmon aquaculture stocks have failed to find 

strong associations between sea-age and variants in these regions (Boulding, Ang, Elliott, Powell, 

& Schaeffer, 2019; Mohamed et al., 2019), possibly due to a lack of variation in these regions 

(Sinclair-Waters et al., 2020). Given the associations identified in Atlantic Salmon and that both 

six6 and vgll3 have also been linked with pubertal timing in humans (e.g. Cousminer et al., 2013; 

Cousminer, Widen, & Palmert, 2016; Perry et al., 2014) and other mammals (Cánovas et al., 2014), 

these same loci may play a role in the maintenance of variation in age at maturity phenotypes in 

other salmonid species.  

Pacific salmonids include numerous species in North America (genus Oncorhynchus), 

most of which exhibit anadromy (Behnke, 2002), and six of which show variation in the number 

of years spent in the marine environment prior to reproduction. Four species – Chinook Salmon 

(O. tshawytscha), Coho Salmon (O. kisutch), Sockeye Salmon (O. nerka), and Steelhead Trout (O. 

mykiss, the anadromous form of Rainbow Trout) – have been the focus of intense management 

and research. As a result, individual-level life-history data and tissue samples for genetic analyses 
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are available for multiple populations in each of these species, making them a promising target for 

genotype-phenotype association studies. Chinook Salmon and Steelhead Trout exhibit the greatest 

variation in age at maturity (typically two to six years), Sockeye Salmon commonly mature at three 

to five years of age, and Coho Salmon between two and four years (Quinn, 2005), although 

populations can exhibit different age structures due to genetic (McKinney et al., 2019) and 

environmental factors such as local rearing and growing conditions (Hankin et al., 1993; Harstad, 

Larsen, & Beckman, 2014; Harstad et al., 2018; Taylor, 1990). Pacific salmon therefore provide 

an excellent opportunity to further assess the influence of six6 and vgll3 on age at maturity and 

improve our understanding of the extent to which genetic architectures are shared across species. 

Here, we used a targeted single nucleotide polymorphism (SNP) approach to test for 

associations between the six6 and vgll3 genome regions and age at maturity in four Pacific 

salmonid species native to North America – Chinook Salmon, Coho Salmon, Sockeye Salmon, 

and Steelhead Trout - to determine whether these loci contribute to the maintenance of variation 

in age at maturity across related species. Samples were collected from two to six populations 

(hatchery and wild) of varying phylogenetic, phenotypic, and geographic backgrounds per species, 

and SNPs were identified in the six6 and vgll3 genes. Associations between these loci and age at 

maturity were then quantified using logistic and cumulative proportional odds models that 

accounted for potential confounding effects. For Steelhead Trout, we also tested for associations 

in other genomic regions with whole genome resequencing of groups with differing sea age, to 

determine whether additional regions were associated with this trait in this species. The results 

improve our understanding of the adaptive genetic variation underlying this key trait across 

multiple species and provide additional tools to monitor age structure in salmon populations of 

commercial, ecological, and evolutionary importance. 
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Methods 

Sample collections 

Populations of Chinook Salmon, Coho Salmon, Sockeye Salmon, and Steelhead Trout 

(hereafter referred to as Chinook, Coho, Sockeye, and Steelhead) for which individual-based 

collections of genetic samples and ages at maturity existed were identified for this study. Two to 

six populations, ranging from California to Alaska, were sampled per species and included those 

of hatchery and wild origin and variable age structures (Table 1, Tables S1-S4). Genomic DNA 

from most samples had been previously isolated. When needed, genomic DNA was extracted from 

tissue samples using DNeasy Blood & Tissue kits (Qiagen, Valencia, CA, USA) following the 

animal tissue protocol. Ages had been previously determined from a combination of coded wire 

and passive integrated transponder tags, growth rings on scales, and molecular pedigree analyses 

(Table 1). Ages of Chinook, Coho, and Sockeye correspond to age at maturity since these species 

are semelparous. Ages of Steelhead correspond to age at first reproduction since this species is 

iteroparous. There were five Steelhead samples from the Eel River population that matured at age 

six. Due to the low sample size, these individuals were combined with the age-five fish for 

association analyses. When possible, existing molecular pedigrees were utilized to ensure the 

sampling of unrelated individuals, as relatedness may bias results of association analyses (Korte 

& Farlow, 2013). Detailed population descriptions can be found in the Supplementary Information. 

 

Gene primer development 

Sequences for the six6 and vgll3 genes in Atlantic Salmon were obtained from SalmoBase 

(v. 1, Samy et al., 2017) and aligned to the Coho Salmon (GenBank: GCA_002021735.1) and 

Rainbow Trout (GCF_002163495.1; Pearse et al., 2019) genomes using Bowtie2 (v. 2.3.1, 
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Langmead & Salzberg, 2012). The Chinook and Sockeye Salmon genomes were not explicitly 

considered during primer development, as they had not yet been released at the time of 

development. Local alignments, rather than end-to-end, were conducted in Bowtie2 to account for 

potential differences in gene sequences between species, and up to ten alignments were reported 

(k=10) so that multiple alignments, including those to homeologous regions, could be investigated. 

Next, SAM output files from Bowtie2 were converted to sorted, indexed BAM files using samtools 

(v. 1.3.1, Li et al., 2009). Alignments of the six6 and vgll3 genes to the Coho and Rainbow Trout 

genomes were then visualized using the Integrated Genome Browser tool (Freese, Norris, & 

Loraine, 2016). The preferred alignment of each gene was determined by the length and mapping 

quality (i.e. number of mismatches and indels) of the reported alignments, as well as a priori 

knowledge of chromosomal homologies between species obtained from comparative mapping 

(Kodama, Brieuc, Devlin, Hard, & Naish, 2014; Pearse et al., 2019).  

Regions where a portion of the best alignments of the six6 and vgll3 Atlantic salmon gene 

sequences matched, or nearly matched, the Rainbow Trout and Coho Salmon genomes were 

candidates for primer development. For each gene, six candidate regions spanning approximately 

580-780 base pairs (bp) were identified. Next, Primer3 (Koressaar & Remm, 2007; Untergasser et 

al., 2012) was used to design PCR primers within 50-100 bp of the sequence tails; minimum, 

maximum, and optimal primer lengths were set to 21, 25, and 23 bp, respectively. The T7 (59 

TAATACGACTCACTATAGGG 39) and T3 (59 ATTAACCCTCACTAAAG 39) universal 

promoter sequences were then added to all forward and reverse primers, respectively. 

 

PCR amplification  
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The six candidate regions for each gene were amplified using PCR in a subset of samples 

(n=8 per species) to evaluate amplification success, including possible targeting of gene 

duplications. 15 uL PCR reactions were performed, each comprising 1.5 uL of genomic DNA, 7.5 

uL of 2X Qiagen Multiplex PCR Master Mix, 0.3 uL each of the newly-designed forward and 

reverse primers at 10 uM concentration, and 5.4 uL of pure water. The PCR protocol included: 

initial denaturation at 95°C for 15 minutes (min), ten cycles of [95°C for 30 seconds (s), 58°C for 

90 s, 72°C for 90 s], 25 cycles of [95°C for 30 s, 62°C for 90 s, 72°C for 90 s], and a final extension 

at 72°C for five min. PCR products were cleaned using the ExoSAP-IT PCR Product Cleanup kit 

(Applied Biosystems) following the manufacturer9s protocol and then visualized using agarose gel 

electrophoresis. Primers that yielded single, high-quality bands of PCR product that matched the 

expected fragment lengths were deemed suitable for screening in a larger number of samples for 

single nucleotide polymorphism (SNP) identification.  

 

SNP identification and sample screening  

Gene regions were amplified in 16 Chinook, 16 Coho, 16 Sockeye, and 16 Steelhead of 

varying age classes to identify SNPs. For this screening, 10 uL PCR reactions were performed, 

each comprising 1 uL of genomic DNA, 5 uL of 2X Qiagen Multiplex PCR Master Mix, 0.2 uL 

each of 10 uM forward and reverse primers, and 3.6 uL of pure water. The PCR protocol and PCR 

product cleaning were the same as in the initial amplification. Sanger sequencing (Macrogen, Inc.) 

was then used to sequence the cleaned PCR products. 

Geneious (v. 10.1.3; https://www.geneious.com) was used to align sequences for each gene 

region and species using default parameters. SNPs were identified from the alignments, and 

emphasis was placed on SNPs with intermediate frequencies to maximize variability and the 
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potential to detect genotype-phenotype associations. For Chinook, Coho, and Steelhead, consensus 

sequences were extracted for regions that contained SNPs; these sequences were then utilized for 

genotyping in two ways. First, a subset of populations - Cle Elum Chinook, Big Beef Creek Coho, 

and Forks Creek Steelhead - were genotyped using Sanger sequencing, and alignments were scored 

in Geneious. This initial data was then used to develop primers for high-throughput screening of 

all study samples using amplicon sequencing methods (Baetscher, Clemento, Ng, Anderson, & 

Garza, 2018; Campbell, Harmon, & Narum, 2015). All sequences of the six6 and vgll3 gene 

regions obtained from high-throughput screening were aligned and scored as in Baetscher et al. 

(2018). All Sockeye samples were genotyped directly from Sanger sequences rather than 

amplicons due to relatively small sample sizes. 

SNPs were retained for final analyses if the minor allele frequency was greater than 10%, 

and individuals were included if they were genotyped successfully at one or more of the SNPs. 

When six6 or vgll3 contained multiple, highly correlated SNPs (based on Pearson9s r) that passed 

filtering, only one <target= SNP was tested. However, when possible, missing genotypes for the 

target SNP were imputed using the linked SNP(s). Steelhead samples from the Eel River, Forks 

Creek, and Warm Springs populations were the only ones genotyped for the vgll3 SNPs, as there 

was not sufficient material remaining to genotype the Dworshak, Pahsimeroi, and Wallowa 

populations. 

We also utilized 10 SNPs from the six6 genome region in Steelhead that had been 

independently identified using a Pool-seq approach, described in full below (Schlötterer, Tobler, 

Kofler, & Nolte, 2014). Primers were developed with Primer3 based on sequences surrounding 

each target SNP identified from the Pool-seq data. Primers were tested for amplification success 

in a multiplex reaction using the GT-seq protocol (Campbell et al., 2015). A total of 10 target SNPs 
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were successfully developed (Table S13B) and produced reliable results for further genotyping 

following standard methods from Campbell et al. (2015). These 10 SNPs included six markers 

upstream of the six6 gene on chromosome Omy25 that were presumably in regulatory regions from 

existing genome annotation, three markers in the six6 gene sequence, and one SNP downstream of 

the six6 gene.   

Last, all samples were genotyped at suites of putatively neutral loci that had been 

previously developed for other research and monitoring purposes (Table 1; Tables S14-S17). The 

neutral loci served as <controls= during association testing and were also used to account for the 

possible confounding effects of population structure and relatedness in the association analyses. 

 

Association testing 

Associations between age at maturity and SNPs within the six6 and vgll3 genome regions 

were tested using logistic regression and cumulative proportional odds models in R using the stats 

and ordinal packages, respectively (Christensen, 2019; R Core Team, 2019). Logistic regression 

models were employed for Coho and Sockeye since age at maturity was a binary trait for these 

species (Coho: ages two and three; Sockeye: ages four and five; Table 1). Cumulative proportional 

odds models were used for Chinook and Steelhead, as age at maturity in these species was an 

ordinal trait (Chinook and Steelhead: ages two to six; Table 1).  

Age at maturity was modeled as a function of SNP, sex, and their interaction. To account 

for population stratification, a principal component analysis was conducted for each species using 

putatively neutral loci and the R package adegenet (v. 2.1.3, Jombart, 2008; Jombart & Ahmed, 

2011). The PCs that reflected population structure (PC1 for Coho and Sockeye; PCs 1-4 for 

Chinook and Steelhead; Figures S1-S18), as well as their interactions with the SNP, were then 
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included as covariates in the models. Relatedness between samples could not be explicitly included 

in the models. However, molecular pedigrees were utilized during study design to maximize the 

sampling of unrelated individuals for most populations (Table 1). Molecular estimates of pairwise 

relatedness between samples within each population were also generated to determine whether 

relatedness might have influenced the results (Supplementary Information). 

The general form of each full model for Coho and Sockeye was: 

           y = β0 + β1SNP + β2Sex + β3PC1 + β4SNP*Sex + β5SNP*PC1 + ε 

where y is the binary age at maturity (0 = younger age class, 1 = older age class), SNP is the 

genotype, Sex is the sex of the individual, and PC1 is the coordinate of the individual on principal 

component 1. Two full models were constructed for each species, one where the target SNP effect 

was modelled as additive (i.e. genotype treated as numeric, A/A=1, A/T=2, T/T=3) and a second 

where the SNP effect was non-additive (i.e. genotype treated as categorical instead of numeric). 

Models for Coho were evaluated using only males, as females were nearly invariant for age, and 

thus did not include sex as a covariate.  

The general form of each full model for Chinook and Steelhead was: 

y = β0 + β1SNP + β2Sex + β3PC1 + β4PC2 + β5PC3 + β6PC4 + β7SNP*Sex + β8SNP*PC1 + 

β9SNP*PC2 + β10SNP*PC3 + β11SNP*PC4 + ε 

where y is the standardized age at maturity (i.e. youngest age class of each population = 1; Table 

1; Table S5), SNP is the genotype, Sex is the sex of the individual, and PCs 1-4 are the coordinates 

of individuals along the first four principal components. Total age and a binomial age classification 

were also tested (Tables S5-S6). Four full models were constructed for these species, where the 

target SNP effect was modelled as additive or non-additive, and, within these models, the threshold 

structure was either constant or allowed to vary by sex since maturation thresholds may differ 
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between the sexes. For all species, interactions between the SNP and other covariates were 

included in the full models to determine if SNP effects varied by Sex or location on the PCs (i.e. 

population). Additional interactions (e.g. Sex*PC1) were not included, as SNP effects were of 

primary interest.  

Backward model selection was performed on all full models within a species (additive 

versus non-additive for all species; constant versus flexible threshold structure by sex for Chinook 

and Steelhead) using the dredge function of the MumIn package (Barton, 2016), and a preferred 

model was identified using corrected Akaike Information Criterion (AICc) scores. The 

significance of the SNP effect was then quantified by comparing the likelihood of the preferred 

model that included terms with the SNP to the likelihood of a model without the SNP effects. 

When AICc favored the non-additive SNP model, SNP effects were subsequently partitioned into 

additive and non-additive components and quantified using the same model comparison approach.  

The significance of SNP effects may have been spuriously inflated by cryptic relatedness 

and residual population structure (Price et al., 2006) despite attempts to sample unrelated 

individuals and the incorporation of PCs into the models. To monitor and account for such genomic 

inflation, all polymorphic, putatively neutral loci (n=84 to 242 loci per species, Table 1) were 

evaluated using the same parsimonious model structures as the six6 and vgll3 SNPs. The 

significance of the six6 and vgll3 SNPs were then ranked among those obtained from the putatively 

neutral SNPs. Genomic inflation factors (i.e. lambda) were also estimated by dividing the median 

of the observed chi-square values by the median of the expected chi-square distribution of the same 

degrees of freedom (Devlin & Roeder, 1999; Marchini, Cardon, Phillips, & Donnelly, 2004). Chi-

square test statistics of the six6 and vgll3 SNPs were then divided by the inflation factors, which 
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were then used to obtain <corrected= p-values. It should be noted, however, that lambda values 

may be overly conservative due to the relatively few number of loci used to estimate them.  

 

Whole genome resequencing collections, library preparation, and sequencing 

In order to assess whether other genome regions may harbor loci associated with age at 

maturity, whole genome resequencing was conducted in Steelhead. Specifically, whole genome 

resequencing of pooled sample collections was completed with six pools of returning adult male 

Steelhead that exhibited variable ocean age at maturation phenotypes and originated from three 

different locations (Table S9A). Individual fish for each pooled sample were collected at a fish 

trap at Bonneville Dam on the Columbia River (on the border between Oregon and Washington, 

U.S.A.), and the origin of their specific hatchery was identified through parentage analyses (see 

Hess et al., 2016 for details). Ocean age at maturation was determined by examination of scale 

annuli collected from each fish at Bonneville Dam, and total age was determined from parentage 

assignment results. Samples were grouped by ocean age at maturity phenotypes (one or two years 

in the ocean, or 1- and 2-ocean) within each population, with an average sample size of 48 male 

fish per pool (Table S9A). DNA was extracted individually with Chelex beads. 

Phenotype pools within each population were prepared and sequenced using a standardized 

Pool-seq protocol described in Micheletti, Hess, Zendt, and Narum (2018). This pooled approach 

provides estimated allele frequencies for variants across the genome but not individual genotypes. 

Library preparation included normalizing individual DNA quantity using picogreen fluorescence 

on a Tecan M200 (Tecan Trading, AG, Switzerland). To ensure a 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 
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fragmented with NEBNext Ultra dsDNA Fragmentase (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 400-500 bp were selected for purification using a 

25X AMPure beads solution (Beckman Coulter Inc, Indianapolis, IN). 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 150bp reads (2x150bp).  

 

Whole genome resequencing bioinformatics and statistical analyses 

For each Pool-seq library, raw 150 bp paired-end reads (2x150 bp) were processed using 

the PoolParty pipeline (Micheletti & Narum, 2018) 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 (Kofler, Pandey, & Schlotterer, 2011). Trimmed reads were then aligned to the O. 

mykiss genome assembly (GCF_002163495.1) using bwa-mem (Li, 2013) with default parameters. 

PCR duplicates were identified and removed using SAMblaster (Faust & Hall, 2014). SAMtools 

view module (Li, 2011) was used to sort BAM files, which were then combined using the 

SAMtools mpileup module that extracts SNP and coverage information for each pool. Best 

practices were implemented following Kofler et al. (2011) to filter out SNPs within 5 bp of indel 

regions from further analysis and those with minor allele frequency < 0.05. Variant positions were 

kept with a minimum of 15X depth of coverage and a maximum of 250X depth of coverage, which 
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was intended to filter out regions that may be paralogs (and thus have high coverage) or regions 

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

Filtered allele frequency data were then used to calculate fixation index (FST) between the 

collections comprising different ocean ages at maturity (1- or 2-ocean) within each population with 

a sliding window of 8000 bases with a step size of 100 bases. Genomic regions with statistically 

significant differentiation were determined using a local score technique that accounts for linkage 

disequilibrium of SNPs (Fariello et al., 2017). These local score analyses iteratively determined 

the tuning parameter (ξ) based on mean log10 p-values for each comparison, and significant regions 

were displayed (Bonferroni corrected α= 0.05) in the form of Manhattan plots using the R package 

qqman (Turner, 2014). 

We also implemented a Cochran–Mantel–Haenszel (CMH) test that computes significance 

between groups of interest (Kofler et al., 2011); in this case, between pairs of 1-ocean and 2-ocean 

males from each of the three hatchery locations.  

Genomic regions associated with differentiation in ocean age were deemed significant if 

they were shared between both local score analyses (analogous to a Bonferroni corrected α = 0.05) 

and the CMH test (Bonferroni corrected α = 0.05). These regions were then investigated for variant 

annotations using SnpEff (Cingolani et al., 2012) with *.gff files available for the genome assembly 

for Rainbow Trout (GCF_002163495.1). 

 

Results 

Gene primer development and PCR amplification 

The preferred alignments of the Atlantic Salmon six6 and vgll3 gene sequences to the Coho 

Salmon and Rainbow Trout genomes were located on the chromosomes predicted by comparative 
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mapping (Tables S10, S12). Gene sequences also aligned to other chromosomes, including 

homeologous chromosomes (e.g. Co26 in Coho and Omy22 in Rainbow Trout for vgll3), but the 

alignments were shorter and had lower quality (i.e. more mismatches and indels; Table S10). Six 

candidate regions for PCR amplification and SNP discovery were identified throughout each gene 

based on these alignments (Table S11A-B), and most regions amplified successfully.  

 

SNP identification and sample screening 

Three regions from six6 and vgll3 were then screened in a larger number of samples (n=16 

of varying ages per species) to identify SNPs and to generate consensus sequences (Table S11C-

D) for further SNP development using amplicon sequencing methods. After genotyping and 

filtering for minor allele frequency, one to two target SNPs were identified for association analyses 

within each gene for Chinook, Coho, and Sockeye (Tables S1-S4, S13A). Five SNPs were 

identified within the vgll3 gene for Steelhead, and there were 10 SNPs within the six6 gene 

identified from the Pool-seq approach (Table S13B). For species-gene combinations with multiple 

target SNPs, we only present results for the SNP with the strongest association; results for other 

SNPs are in Table S6. Samples were also genotyped at putatively neutral loci (n=84 to 242 loci 

per species, Table 1; Tables S1-S4, S14-S17).  

Association testing in species with two age classes 

Age at maturity in male Coho Salmon was not significantly associated with six6 or vgll3 

(Table 2; Figure 1; Table S7). In contrast, six6 was significantly associated with age in Sockeye 

Salmon, before and after correcting for potential genomic inflation (p=0.008, Table 2; Figure 1; 

Table S7). When partitioned, the non-additive SNP effect was significant while the additive effect 

was marginally non-significant (Table 2). The probability of delaying maturation (i.e. mature at 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 24, 2020. ; https://doi.org/10.1101/2020.07.24.220111doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.24.220111
http://creativecommons.org/licenses/by-nc-nd/4.0/


19 

age five rather than at age four) was 0.34 and 0.53 for the two alternative homozygous genotypes 

in female Sockeye, while those for male Sockeye were 0.48 and 0.66, respectively (Figure 1). That 

is, female and male Sockeye Salmon with the C/C genotype were 1.56 and 1.38 times more likely 

to mature at age five than individuals with the A/A genotype (Figure 1; Table S8A). There was no 

significant difference in maturation probability between the two sexes. The association of six6 with 

age at maturity in Sockeye was greater than any of the 172 putatively neutral SNPs (Table 2). 

 
 
 
 

Figure 1. Predicted probabilities of delaying maturation with 95% confidence intervals for male Coho 
Salmon and Sockeye Salmon of both sexes for the genotypes of target SNPs in the six6 and vgll3 genome 
regions, obtained from the logistic regression models. When the most parsimonious model included PCs, 
the mean PC value was used when calculating probabilities. Only male Coho Salmon were analyzed, as 
females were nearly invariant in age. Probabilities for Sockeye Salmon at vgll3 apply to both sexes since 
sex was not included in the most parsimonious model. 
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Vgll3 was also significantly associated with age at maturity in Sockeye Salmon, although 

the effect became non-significant after accounting for genomic inflation (Table 2; Table S7). 

Further, the probabilities of delaying maturation were not significantly different between the two 

homozygous genotypes (Figure 1; Table S8A). Eleven neutral SNPs exhibited stronger 

associations with age than vgll3 in Sockeye Salmon. 

 

Association testing in species with four age classes 

Both six6 and vgll3 were significantly associated with standardized age at maturity in 

Chinook Salmon (Table 2; Figure 2; Table S7). However, the SNP effects became non-significant 

after accounting for potential genomic inflation. The cumulative probabilities of maturation were 

not significantly different between the two homozygous genotypes in both gene regions, although 

the maturation probabilities of male Chinook with the T/T genotype appeared to be lower, albeit 

non-significant, for the younger age classes than the G/G genotype in vgll3 (Figure 2; Table S8B). 

In addition, the p-values for 10 and 22 putatively neutral loci were smaller (i.e. more significant) 

than the six6 and vgll3 genes, respectively. The specific effects of vgll3 in Chinook Salmon may 

vary by population, as suggested by the interactions of the SNP with PCs 2-4. The influence of 

vgll3 decreased as the location of individuals along PC2, PC3, and PC4 increased (Table S7). 

However, there is no apparent geographic gradient in population separation along PCs 2-4 (Figures 

S2-S5), so extrapolating these effects to other populations may be difficult. The overall effects of 

six6 and vgll3 did not differ significantly between the sexes of Chinook Salmon. 

Six6 was highly associated with age at maturity in Steelhead Trout (p = 4.46x10-9 after 

adjusting for genomic inflation), with additive effects being greater than non-additive effects 

(Table 2). The probabilities of maturing at younger ages were higher for the G/G genotype than  
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Figure 2. Cumulative probabilities of maturation with 95% confidence intervals for each standardized age 
class of male and female Chinook Salmon for the genotypes of target SNPs in the six6 and vgll3 gene 
regions, obtained from a cumulative proportional odds model. Mean PC values were used when calculating 
probabilities. As standardized age four was the oldest age, cumulative probabilities of maturation equal one 
for this class (i.e. all fish must mature by standardized age four). 
 

the A/A genotype (Figure 3). Specifically, female Steelhead with the G/G genotype were 2.53 and 

1.34 times more likely to mature by age one and by age two, respectively, than fish with A/A 

genotype; male Steelhead with G/G were 2.96 and 1.34 times more likely to mature by age one 

and by age two than those with A/A (Figure 3; Table S8B). While the maturation thresholds varied 

by sex, the effect of six6 on age did not differ significantly between females and males (Table S7). 

There was a significant interaction between six6 and PC2, which separated the Forks Creek 

population from all others (Figure S17); the probability of delayed maturation increased slightly 

as the position along PC2 increased (Table S7). The other nine SNPs within six6 were also 

significantly associated with age at maturity (Table S6), and all 10 six6 SNPs exhibited stronger 

associations with age at maturity than the 242 putatively neutral SNPs tested (Table 2).  
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Similar to Sockeye Salmon, vgll3 was significantly associated with age in Steelhead Trout, 

but the effect became non-significant after correcting for genomic inflation (Table 2). The  

Figure 3. Cumulative probabilities of maturation with 95% confidence intervals for each standardized age 
class of male and female Steelhead Trout for the genotypes of target SNPs in the six6 and vgll3 gene regions, 
obtained from a cumulative proportional odds model. Mean PC values were used when calculating 
probabilities. As standardized age four was the oldest age, cumulative probabilities of maturation equal one 
for this class (i.e. all fish must mature by standardized age four). 
 

cumulative maturation probabilities of the three vgll3 SNP genotypes were very similar (Figure 3; 

Table S8B), indicating that age was not strongly correlated with variation at vgll3. Last, 47 of the 

242 neutral SNPs exhibited stronger associations with age than vgll3 (Table 2). 

 

Whole genome resequencing in Steelhead Trout 

Whole genome resequencing provided a means of assessing whether other genome regions 

may harbor loci associated with age at maturity. After filtering, the six male libraries representing 
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paired collections (one versus two years in the ocean) from three populations had sequence 

coverage greater than 15X for a range of 48.6-67.0% of the genome (mean 62.2%; Table S9A). 

The mean depth of coverage for the six libraries was 23.0X with a range of 20.2-25.6X. There 

were a total of 2,850,964 SNPs identified across all six libraries, and allele frequencies were 

estimated for each variant in each of the six collections. 

Tests for differences in allele frequencies of each paired collection of males (one versus 

two years in the ocean) within each of the three populations revealed several SNP markers on 

chromosome Omy25 that were significantly different for each pair based on FST and Fisher's exact 

tests. Additionally, CMH tests that compared pools of different ages at maturity for each of the 

three population pairs identified a region on chromosome Omy25 as consistently significant (Table 

S9B). Finally, local score results that account for multiple SNPs in physical linkage demonstrated 

that the signal on chromosome Omy25 remained as the strongest signal (p < 0.001 after Bonferroni 

correction; Figure 4; Table S9B). However, two regions on chromosomes Omy15 and Omy26 

were also identified from local score results but with much lower levels of significance (Table 

S9B). The highly significant region on chromosome Omy25 included markers that were located 

within and upstream of six6, with a total of 216 SNPs between positions 61.27-61.32Mb (Figure 

4).  

 

Discussion 

We examined whether two genes known to influence age at maturity in Atlantic Salmon 

(genus Salmo), six6 and vgll3, also contribute to the phenotypic variation in this trait within four 

species of Pacific salmonid fishes (genus Oncorhynchus). We also examined the broader genetic 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 24, 2020. ; https://doi.org/10.1101/2020.07.24.220111doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.24.220111
http://creativecommons.org/licenses/by-nc-nd/4.0/


24 

architecture of this trait in one species, Steelhead Trout, to determine the relative genetic 

contribution of these genes to phenotypic variation compared to other loci. Two to six populations  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Genome-wide association test for Steelhead Trout including a) Manhattan plot of genomic regions 
associated with ocean-age at maturity in paired collections (1-ocean vs. 2-ocean) of male Steelhead from 
three populations (Local score results from CMH test of each pair of collections per location); b) Manhattan 
plot (p-values from Fishers exact test) zoomed to the significant region on chromosome Omy25 with green 
SNPs from the six6 gene and gray SNPs intergenic, dashed red line is Bonferroni-corrected significance 
threshold; c) gene diagram for six6. 

 

representing different phylogenetic, phenotypic, and geographic backgrounds were sampled per 

species. We found significant associations between six6 and age at maturity in both Sockeye 

Salmon and Steelhead Trout after correcting for genomic inflation, with the association in 

Steelhead being particularly strong. Indeed, the odds of maturing by certain ages in this species 
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differed by factors of 1.34 to 2.96 between the two alternative homozygotes, and those in Sockeye 

differed by factors of 1.38 to 1.56. In contrast, while vgll3 has been found to be strongly associated 

with age at maturity in Atlantic Salmon, no significant associations were detected in the four 

Pacific salmonid species following correction for genomic inflation. Our examination of the 

relative contribution of these loci in one species, Steelhead, using whole genome resequencing 

also revealed the role of additional loci on separate chromosomes, although the significance of the 

associations were lower than six6. We sought to expand our understanding of the extent to which 

the genetic architecture of ecologically and evolutionarily important polymorphic traits may be 

conserved across species radiations. Combined, our results indicate that there is a heterogeneous 

genetic basis for age at maturity in salmonid fishes, including shared evolutionary pathways for 

age at maturity involving polymorphisms in the six6 genomic region in at least two Pacific salmon 

species, but no clear evidence for vgll3 being linked with this trait in the genus Oncorhynchus.  

The presence of significant associations in both Pacific and Atlantic salmonids suggests 

that the influence of six6 on age at maturity has been at least partially conserved over 21 million 

years of evolution (Lien et al., 2016). Given that significant associations were observed between 

six6 and age at maturity in two populations of Sockeye and six populations of Steelhead, this study 

provides evidence that this genome region harbors broad, ecologically significant variation in 

salmonid fishes. The six6 region has frequently been identified as an outlier in numerous 

evolutionary genetic studies in Atlantic Salmon (summarized in Prichard et al. 2018) and has been 

associated with landscape factors related to flow rate (Pritchard et al., 2018) as well as the run-

timing life-history trait (Cauwelier, Gilbey, Sampayo, Stradmeyer, & Middlemas, 2018). Further, 

a RAD locus associated with spawning site selection in Sockeye Salmon (Veale & Russello, 2017) 

was identified to be located very close to the six6 genome region (Pritchard et al., 2018). However, 
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associations between six6 and age at maturity have been inconclusive until recently. Early studies 

in Atlantic Salmon suggested that strong associations were inflated, or even entirely driven, by 

population structure (Barson et al., 2015; Johnston et al., 2014). Yet, a recent study detected a 

strong association between six6 and early maturation (one year post smoltification, also known as 

8grilsing9) in >11,000 male Atlantic salmon from a single aquaculture strain, where population 

stratification is unlikely to be an issue (Sinclair-Waters et al., 2020). The results reported here 

strengthen the evidence that this locus is relevant to polymorphisms in age at maturity in additional 

salmonid species. 

The molecular functions of six6 uncovered thus far in vertebrates provide insight into the 

range of potential functional mechanisms that could link genotype and phenotype in salmonids. 

The sine oculis homeobox (SIX) protein family consists of evolutionarily conserved transcription 

factors found in organisms from flies to vertebrates (reviewed by Kumar, 2009). Specific functions 

of six6 include playing a role in eye development (Seo, Drivenes, Ellingsen, & Fjose, 1998) and 

circadian timing in both mammals and fish (Clark et al., 2013; Watanabe et al., 2012). Six6 has 

also been identified as a key fertility regulator in mammals (Larder, Clark, Miller, & Mellon, 2011) 

and has been linked with human pubertal timing (Hou et al., 2017; Perry et al., 2014). Further, six6 

has reported roles in the establishment of the brain-pituitary-gonad (BPG) axis in vertebrates (Jean, 

Bernier, & Gruss, 1999; Seo et al., 1998). Gene expression studies in Atlantic salmon support the 

known roles of six6 in BPG axis signaling in the hypothalamus and pituitary, as well as eye 

development, and also suggest links with the Hippo signaling pathway (Kurko et al., 2020). The 

Hippo pathway is known to regulate cell fate commitment and organ (including gonadal) growth 

(Kjaerner-Semb et al., 2018; Li et al., 2015). Interestingly, vgll3 is also known to be involved in 

the Hippo pathway (Kjaerner-Semb et al., 2018; Kurko et al., 2020), suggesting that genes in this 
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pathway may be relevant to several ecologically important traits in salmonid fishes. However, 

linking genes of this pathway more directly with the ecological traits of interest awaits further 

study. 

The vgll3 gene has been linked to age at maturity in Atlantic Salmon in a number of 

independent studies (Ayllon et al., 2015; Ayllon et al., 2019; Barson et al., 2015; Debes et al., 

2019; Verta et al., 2019), as well as with pubertal timing in humans and other mammals (e.g. 

Cánovas et al., 2014; Cousminer et al., 2013; Cousminer et al., 2016; Perry et al., 2014). The 

conserved nature of this gene region-phenotype association led us to hypothesize that the same 

region may be associated with age at maturity in Pacific salmonids. However, our results did not 

provide conclusive evidence to support this hypothesis. Although vgll3 genotypes were non-

randomly associated with age at maturity in Chinook, Sockeye, and Steelhead, the associations 

became non-significant after correcting for genomic inflation. Additionally, in each species, a 

number of randomly chosen SNPs across the genome exhibited even stronger associations with 

age, suggesting that any effect of vgll3 is, at best, minor in the Pacific salmon populations assessed 

in this study.  

There are several possible biological explanations for the heterogeneous results observed 

between the four Pacific salmon species analyzed here, as well as between Pacific and Atlantic 

salmon. First, the age at maturity trait may have evolved a different genetic architecture in some 

or all of the species investigated, a point discussed in greater detail below. Further, while salmonid 

fishes are known to exhibit local adaptation (Fraser, Weir, Bernatchez, Hansen, & Taylor, 2011; 

Taylor, 1991), including for age at maturity (Quinn, Wetzel, Bishop, Overberg, & Rogers, 2001; 

Roni & Quinn, 1995), there is also substantial variability in the degree of local adaptation in 
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different traits among populations (Fraser et al., 2011), and age at maturity may not always be a 

key trait involved.  

Differences in the degree to which age at maturity is under sexual conflict and how it is 

resolved may have also contributed to the heterogeneous results across species. Age at maturity is 

under sexual conflict in many salmonid species, whereby the optimal maturation age differs for 

males and females. One common evolutionary solution to resolve sexual conflict in other taxa is 

for genes controlling traits subjected to sexual conflict to reside on the sex chromosomes, which 

more readily allows for sex-specific expression patterns to evolve (Mank, 2017). Although they 

have a sex-determining locus (sdY; Yano et al., 2013), salmon do not have morphologically 

differentiated sex chromosomes, and therefore other evolutionary solutions are needed. In Atlantic 

Salmon, the sex-dependent dominance observed at the vgll3 locus has been suggested to contribute 

to the partial resolution of sexual conflict (Barson et al., 2015). In Chinook salmon, it was recently 

reported that age at maturity in males is associated with male-specific haplotypes from a region on 

Ots17 (McKinney, Nichols, & Ford, 2020; McKinney et al., 2019). While this region may include 

the sex determining locus sdY, McKinney et al. (2020) also showed that the sex determination 

region can be translocated between two chromosomes, Ots17 and Ots18. Age at maturity loci have 

also been linked to the sex chromosome in Coho Salmon, the sister species to Chinook Salmon, in 

QTL mapping studies (Kodama, Hard, & Naish, 2018). Linkage of a large effect gene or suite of 

haplotypes controlling age at maturity with the sex determining region may be an effective strategy 

for intra-locus sexual conflict resolution, but the specific gene(s) involved are still unknown. 

Further, it remains to be determined whether similar mechanisms may occur in additional 

populations and species of salmonids.  
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Third, only one of the four species studied here, Steelhead Trout, exhibits similar age at 

maturity characteristics compared to Atlantic Salmon, as both species are iteroparous and exhibit 

more than two maturation ages. Interestingly, Steelhead Trout was also the species where the 

strongest single locus association with age at maturity was observed, albeit at six6. Yet, six6 was 

also significant in Sockeye Salmon, a species not known to be iteroparous (Quinn, 2005), and this 

association was detected in two populations compared to the larger number of populations 

surveyed here for Steelhead. The age structure in Coho Salmon was the simplest within species 

studied here – only the males were polymorphic for this trait, and there were only two age classes. 

However, a broader range of species and populations needs to be studied before it can be concluded 

whether or not certain life-history characteristics (e.g. iteroparity) may be important in determining 

the genetic architecture of age at maturity. 

There may also be technical explanations for the heterogeneous results we observed that 

are associated with study design. Specifically, we relied on populations with extensive, individual-

based phenotypic and genetic collections. As such, Coho and Sockeye Salmon were represented 

by only two populations each, while Chinook Salmon and Steelhead Trout represented very 

diverse lineages. The power to detect associations may have been reduced in species with few 

populations, although we note that a significant association with six6 was detected in Sockeye 

Salmon. Lineage divergence in interior and coastal populations of Chinook Salmon and Steelhead 

Trout is substantial (Nielsen, 1999; Waples, Teel, Myers, & Marshall, 2004), reflecting past 

glaciation events that may have resulted in the evolution of different architectures underlying the 

trait. Efforts to reduce the influence of population structure were implemented here; nevertheless, 

trait-associated loci are known to have population-specific effects in Chinook Salmon (McKinney 

et al., 2020). In fact, our results also suggest population-specific effects. Our study also included 
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both hatchery and wild fish. Hatcheries have been known to truncate age at maturity (Larsen et al., 

2019), and different selection regimes and environments of hatcheries might influence the genetic 

architecture underlying the phenotype (McKinney et al., 2020). We addressed the former by 

standardizing age at maturity between populations, but acknowledge that the latter may have 

played a role in our study.  

Differences in results between species might also be associated with the genotyping. 

Specifically, surveys were not conducted over the entire genome. Instead, we used a relatively 

small number of putatively neutral SNPs for estimating genome inflation and correcting for 

population structure, which may have influenced the statistical power of the analyses. Similarly, 

relatedness could not be explicitly incorporated into the models. However, we took advantage of 

known pedigrees where possible to select unrelated individuals, and molecular estimates of 

pairwise relatedness suggest that fish within populations were predominately unrelated. The fact 

that a full genome-wide analysis was conducted in only one of the four species means that 

additional loci that influence age at maturity were not taken into account in three species, although 

it appears that six6 has had a significant role in explaining the divergence between phenotypes in 

Steelhead compared to the other two loci detected on chromosomes Omy15 and Omy26.  

Despite these caveats, the results presented here provide an intriguing insight into the 

evolution of a key trait that is polymorphic across Atlantic and Pacific salmonids. We can conclude 

that while the genetic basis of age at maturity appears to be heterogeneous both between and within 

salmonid genera, phenotypic polymorphisms associated with six6 represent shared evolutionary 

processes across the two genera, although at this stage we cannot identify the exact mechanisms 

involved (Jamie & Meier, 2020). It is interesting to examine the relationships within Pacific 

salmonids within this context (Crete-Lafreniere, Weir, & Bernatchez, 2012; Macqueen & 
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Johnston, 2014). Steelhead is the most divergent (i.e. outgroup) of the species studied here. This 

means that the common ancestor for Steelhead Trout and Sockeye Salmon, the two species that 

share the trait association with six6, pre-dates the divergence of all four species, and so the role of 

the locus has persisted throughout their radiation. If six6 is indeed not associated with age at 

maturity in the remaining species examined, then it implies that alternative pathways have evolved. 

The evolution of quantitative traits depends on the relative role of large and small effect loci, their 

interactions, and the nature of selection acting upon them (Barton & Keightley, 2002; Kardos & 

Luikart, 2020; Oomen, Kuparinen, & Hutchings, 2020). For example, simulation studies have 

suggested that the evolution of large effect genes may only be favored under conditions where 

there is strong selection toward different (local) optima combined with moderate levels of gene 

flow (Yeaman & Whitlock, 2011). Rates of straying (i.e. gene flow) in salmonids vary between 

species, populations, and even life-history types, with those of Coho and Sockeye Salmon being, 

on average, lower than Atlantic Salmon, Chinook Salmon, and Steelhead Trout (Keefer & Caudill, 

2014), and levels of gene flow may have played a role in the evolution of the trait within individual 

species. It has also been shown that the molecular basis of ecologically relevant traits is 

heterogeneous and does not always involve conserved mechanisms. For example, different genes 

in the same molecular pathways have been linked with similar phenotypes (Kronforst et al., 2012). 

As a transcription co-factor, vgll3 expression likely influences a number of other genes (Kurko et 

al., 2020; Simon, Faucheux, Zider, Theze, & Thiebaud, 2016), and thus it is possible that variation 

in a different gene or genes in the same pathway could be more directly linked with age at maturity 

in some of the species investigated here. Indeed, six6 may also be such a gene. 

The discovery of genetic variation underlying ecologically important phenotypic traits 

across species has significant potential to inform their conservation and management, because 
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architectures that predict evolution in one might be applied to the other. Age at maturity has been 

declining in many species of Pacific salmonids over recent decades (Bowersox et al., 2019; Cline 

et al., 2019; Lewis et al., 2015; Ohlberger et al., 2018), leading to lower reproductive potential of 

females (Ohlberger et al., 2020) and decreased population resilience through reduced phenotypic 

diversity (Greene et al., 2010; Schindler et al., 2010). Although six6 is a candidate gene 

significantly associated with age at maturity in Sockeye and Steelhead, markers developed from 

this study need to be validated more broadly to determine population and sex-specific effects 

across the geographic distribution of each species, and the relative contributions of other loci to 

phenotypic variance need to be identified. In populations where markers from six6 effectively 

predict phenotypic variation for age at maturity, it is possible to use this information to better 

understand mechanisms underlying observed phenotypic changes collected across temporal and 

spatial replicates, including monitoring anthropogenic effects such as fisheries-induced selection 

and supportive breeding. Monitoring of both adaptive and neutral (e.g. Schwartz, Luikart, & 

Waples, 2007) genetic variation might inform management actions such as harvest regulations 

aimed at conserving a broad portfolio of life-history variation that can be vital for species to persist 

in dynamic ecosystems (e.g. Schindler et al., 2010). While acknowledging that gene-targeted 

conservation can be problematic (Kardos & Luikart, 2020; Shafer et al., 2015; Waples & Lindley, 

2018), there are scenarios where large effect loci can be expected to provide direct applications for 

conservation management. 
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Tables 

Table 1. Populations of hatchery (H) and wild (W) Chinook Salmon, Coho Salmon, Sockeye Salmon, and Steelhead Trout that were 
analyzed in this study with sample sizes of females (F) and males (M) for each age class. Ages denote total age at maturity, with 
standardized ages (i.e. youngest age class of each population = 1) reported in parentheses for Chinook and Steelhead. Standardized ages 
were analyzed for these two species to account for inherent differences in age structure of the populations. The number of putatively 
neutral, polymorphic loci genotyped to serve as controls and assess potential confounding effects is also listed for each species. 
Population locations are given by State; CA - California, OR - Oregon, WA - Washington, AK - Alaska. 

Population Location 
Years 

collected 
Age structure and sample sizes Aging methods 

Genotyping 

methods 
Reference 

Chinook salmon 

(neutral loci = 90)      

Cle Elum, WA            
(H) 

47°18'N, 
120°96'W 

1998-2014 

Age 3 (1): F = 3, M = 45 

Tags and scales 
Primary = GT seq 
Secondary = Sanger 

Waters et al., 2018 Age 4 (2): F = 49, M = 51 

Age 5 (3): F = 22, M = 16 

Feather River, CA (H) 
39°31'N, 
121°33'W 

2009-2017 

Age 2 (1): F = 14, M = 21 

Genetic pedigree GT seq Clemento, 2013 
Age 3 (2): F = 43, M = 45 

Age 4 (3): F = 45, M = 46 

Age 5 (4): F = 4, M = 8 

Chickamin River stock, 
Little Port Walter, AK 
(H) 

56°38'N, 
134°64'W 

2013-2016 

Age 4 (1): F = 0, M = 47 

Tags GT seq Templin, 2001 Age 5 (2): F = 41, M = 43 

Age 6 (3): F = 36, M = 22 

Unuk River stock, 
Little Port Walter, AK 
(H) 

56°38'N, 
134°64'W 

2014-2016 

Age 3 (1): F = 0, M = 43 

Tags GT seq Templin, 2001 
Age 4 (2): F = 4, M = 39 

Age 5 (3): F = 46, M = 47 

Age 6 (4): F = 54, M = 40 

Sacramento River, CA 
(W) 

40°36'N, 
122°26'W 

2012-2017 

Age 2 (1): F = 48, M = 46 

Genetic pedigree GT seq Myers et al., 1998 Age 3 (2): F = 48, M = 48 

Age 4 (3): F = 2, M = 8 
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Coho salmon (neutral 

loci = 84)     
  

    

Big Beef Creek, WA 
(W) 

47°39'N, 
122°46'W 

2008-2009 
Age 2: F = 0, M = 96 

Genetic pedigree 
Primary = GT seq 
Secondary = Sanger 

Kodama et al., 2012 
Age 3: F = 40, M = 54 

Klamath River, OR 
(W) 

41°55'N, 
122°26'W 

2009-2012 
Age 2: F = 6, M = 44 

Genetic pedigree GT seq Starks, 2014 
Age 3: F = 42, M = 41 

Sockeye salmon 

(neutral loci = 172)   
 

  

A Creek, AK (W) 
59°34'N, 
159°07'W 

2008-2010 

Age 4: F = 47, M = 25 

Genetic pedigree Sanger 
Lin et al., 2008; 
Peterson et al., 2014; 
May et al., 2020 

Age 5: F = 19, M = 17 

C Creek, AK (W) 
59°34'N, 
159°09'W 

2008-2010 

Age 4: F = 20, M = 23 

Genetic pedigree Sanger 
Lin et al., 2008; 
Peterson et al., 2014; 
May et al., 2020 

Age 5: F = 13, M = 22 

Steelhead trout 

(neutral loci = 242)     
  

    

Dworshak, ID (H) 
46°30'N, 
116°19'W 

2015-2016 
Age 3 (1): F = 0, M = 30 Genetic pedigree 

and scales 
GT seq Hess et al., 2016 

Age 4 (2): F = 92, M = 73 

Eel River, CA (W) 
39°23'N, 
123°07'W 

2012-2015 

Age 2 (1): F = 4, M = 14 

Genetic pedigree GT seq Unpublished data 

Age 3 (2): F = 41, M = 41 

Age 4 (3): F = 43, M = 29 

Age 5 (4): F = 14, M = 1 

Age 6 (4): F = 5, M = 0 

Forks Creek, WA (H) 
46°33'N, 
123°35'W 

2000-2009 

Age 2 (1): F = 1, M = 30 

Genetic pedigree 
Primary = GT seq 
Secondary = Sanger 

Naish et al., 2013 
Age 3 (2): F = 55, M = 60 

Age 4 (3): F = 55, M = 45 

Age 5 (4): F = 27, M = 14 

Pahsimeroi, ID (H) 
44°41'N, 
114°02'W 

2015-2016 
Age 3 (1): F = 42, M = 44 Genetic pedigree 

and scales 
GT seq Hess et al., 2016 

Age 4 (2): F = 74, M = 38 
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Age 5 (3): F = 29, M = 18 

Wallowa, OR (H) 
45°25'N, 
117°18'W 

2015-2016 

Age 2 (1): F = 6, M = 3 

Genetic pedigree 
and scales 

GT seq Hess et al., 2016 
Age 3 (2): F = 20, M = 19 

Age 4 (3): F = 3, M = 7 

Age 5 (4): F = 0, M = 30 

Warm Springs, CA (H) 
38°43'N, 
122°59'W 

2009-2011 

Age 2 (1): F = 52, M = 75 

Genetic pedigree GT seq 
AbadÍa-Cardoso et al., 
2013 Age 3 (2): F = 47, M = 49 

Age 4 (3): F = 10, M = 5 
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Table 2. Results of association analyses between age at maturity and the six6 and vgll3 genes for each species based on the most 
parsimonious models. Multiple SNPs within the six6 and vgll3 gene regions were tested for Chinook and steelhead. Results reported 
here are for the SNPs with the most highly-associated additive components; those for the other SNPs are reported in Table S6. SNP 
rank indicates the relative significance of the six6 and vgll3 SNP associations compared to all putatively neutral SNPs that were tested 
in the same models. Significant p-values are in bold. 

Gene Species 
N, {Age 

classes}1, Npop 
Parsimonious model2 

AICc 

with SNP 

Overall 

(adjusted3) 

SNP p-values 

Lambda 

Additive (non-

additive4) 

component p-

values 

SNP 

Rank 
Model Notes 

six6 Chinook 1042, {1-4}, 5 
six6allelic + PC1 + PC2 + 

PC3 + PC4 + six6allelic*PC4 
2453.2 0.002 (0.075) 2.46 N/A  11 / 91 

Ordinal, 
nominal = 

sex 

one of two SNPs 
tested 

 Coho 233, {2-3}, 2 six6allelic+PC1 313.1 0.104 (0.319) 2.65 N/A 21 / 85 Binomial  Only males5 

 Sockeye 176, {4-5}, 2 six6geno + Sex 226.9 0.003 (0.008) 1.22 0.093 (0.003) 1 / 173 Binomial  

 Steelhead 1207,{1-4}, 6 

six6geno + PC1 + PC2 + PC3 

+ PC4 + Sex + six6geno*PC1 

+ six6geno*PC2 + 

six6geno*Sex 

2633.4 
1.835E-19 

(4.456E-9) 
1.94 

2.664E-16 

(0.002) 
 1 / 243 

Ordinal, 
nominal = 

sex 

SNP 
Omy25_61294400 

vgll3 Chinook 1046, {1-4}, 5 

vgll3geno + PC1 + PC2 + 

PC3 + PC4 + Sex + 

vgll3geno*PC2 + 

vgll3geno*PC3+ 

vgll3geno*PC4 +vgll3geno*Sex 

2460.7 
8.286E-6 

(0.147) 
2.86 

0.028 (3.425E-

5) 
 23 / 91 

Ordinal, 
nominal = 

sex 

one of two SNPs 
tested 

 Coho 203, {2-3}, 2 vgll3allelic + PC1 274.9 0.856 (0.900) 2.11 N/A 83 / 85 Binomial Only males5 

 Sockeye 160, {4-5}, 2 vgll3geno 203.2 0.047 (0.095) 1.30 0.804 (0.071) 12 / 173 Binomial  

  
Steelhead 656,{1-4}, 3 

vgll3allelic + PC1 + PC2 + 

PC4 + Sex + vgll3allelic*PC1 

+ vgll3allelic*PC2 

1483.4 0.016 (0.185) 2.14 N/A  48 / 243 Ordinal SNP vgll3.1_309 

 
1age classes for coho and sockeye salmon represent total age at maturity, while those for Chinook and steelhead have been standardized (i.e. youngest age class of each 
population  = 1) to account for inherent differences in age structure between populations. 

 2geno and allelic refers to non-additive and additive modelling of genotypes, respectively. Null models do not include any terms with the SNP. 

 3p-values after correcting for genomic inflation (i.e. lambda). 
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4additive vs. non-additive effects were partitioned when a non-additive model was preferred by model selection; these p-values are unadjusted for possible genomic 
inflation. 

 5age at maturity was nearly fixed in females: six age 2 fish and 82 age 3 fish 
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