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Carotenoids are primarily responsible for the characteristic red flesh color-
ation of salmon. Flesh coloration is an economically and evolutionarily
significant trait that varies inter- and intra-specifically, yet the underlying
genetic mechanism is unknown. Chinook salmon (Oncorhynchus tshawytscha)
represents an ideal system to study carotenoid variation as, unlike other sal-
monids, they exhibit extreme differences in carotenoid utilization due to
genetic polymorphisms. Here, we crossed populations of Chinook salmon
with fixed differences in flesh coloration (red versus white) for a genome-
wide association study to identify loci associated with pigmentation. Here,
the beta-carotene oxygenase 2-like (BCO2-I) gene was significantly associated
with flesh colour, with the most significant single nucleotide polymorphism
explaining 66% of the variation in colour. BCO2 gene disruption is linked to
carotenoid accumulation in other taxa, therefore we hypothesize that an
ancestral mutation partially disrupting BCO2-I activity (i.e. hypomorphic
mutation) allowed the deposition and accumulation of carotenoids within
Salmonidae. Indeed, we found elevated transcript levels of BCO2-I in
white Chinook salmon relative to red. The long-standing mystery of
why salmon are red, while no other fishes are, is thus probably explained
by a hypomorphic mutation in the proto-salmonid at the time of divergence
of red-fleshed salmonid genera (approx. 30 Ma).

1. Introduction

Many animals acquire carotenoid pigments from their environment and use
them for a variety of biological processes, ranging from enhancing immune
function and antioxidant capacity to integument pigmentation for sexual selec-
tion [1]. Salmonids are one taxonomic group that are well-known for their
allocation of carotenoids, resulting in the bright red coloration of many tissues
[2]. Although carotenoid pigmentation of skin and eggs in fishes is not unique
to salmon, flesh pigmentation has evolved almost exclusively in Salmonidae,
specifically in only four genera including Oncorhynchus, Salvelinus, Salmo and
Parahucho [2]. Those members of Salmonidae diverged before 30 Ma [3] and
exhibit an anadromous life history along with active nest-building activity
[2]. Thus, carotenoids stored in the flesh during their ocean phase may be
used as a source of antioxidants during the spawning phase, when carotenoids
are mobilized to enhance protection of somatic tissues during this demanding
life stage and to serve as sexually dimorphic reproductive signals [2].

Flesh pigmentation is also a key commercial trait of wild and farmed
salmon alike. Consumers often associate the degree of flesh redness with
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Figure 1. Colour variation in Chinook salmon due to genetic polymorphisms influencing carotenoid deposition. (a) Differences in spawning colour of red and white
males underwater and (b) differences in egg colour between female Chinook salmon from the Quesnel River, British Columbia, Canada, where red- and white-flesh
morphs occur in sympatry. () Photographs of the variation in flesh pigmentation generated using Chinook salmon derived from the backcrossing of the two flesh
colour populations from the Harrison River and Big Qualicum River, BC. (Online version in colour.)

product quality [4], and in the aquaculture sector, carotenoid
additives in food can account for up to 25% of feed costs
[4-6]. Characterizing the underlying genetic architecture
of red flesh coloration is thus a major goal in salmonid aqua-
culture [7], but is also important for understanding the
evolution of pigmentation more generally. In teleosts,
genome sequence analyses have revealed five carotenoid
cleaving genes: two beta-carotene monooxygenase genes
(BCMO1 and BCMOI1-like) and three beta-carotene oxygenase
2 genes (BCO2a, BCO2b and BCO2-like) [8]. Previous studies
in salmonids have found that flesh colour variation in red
salmon is likely controlled by just a few major loci [7,9-13],
and in Atlantic salmon (Salmo salar), inhibition of BCMO1
and BCMO1-like can result in increased carotenoid deposition
[14]. Whether the role of pigmentation genes is conserved
across all salmonids, and whether any of these genes are
responsible for the unique ability of salmonids to deposit
carotenoids at any level, remains unknown.

Chinook salmon (Oncorhynchus tshawytscha) is an ideal
species to identify candidate genes associated with flesh
colour because, unlike other salmonids, this species exhibits
extreme intraspecific variation in carotenoid pigmentation
of eggs, skin and flesh (figure 1). This carotenoid variation
results in two flesh colour morphs (red and white) in Chi-
nook salmon that vary in frequency among populations
[15]. Phenotypic trade-offs associated with carotenoids exist
between morphs, where, for example, carotenoids can
improve immune function, mating success and embryo survi-
val in salmon [2,16-18], but also lead to greater predation risk
[19] and potentially toxic effects at high levels [20,21]. Despite

the large fitness effect of this genetic colour polymorphism
[10], no studies have yet identified gene loci involved in the
variation of this trait. Nonetheless, breeding studies suggest
pigmentation in Chinook salmon is controlled by a small
number of loci with large effects [10,13], and it is hypoth-
esized that these loci do not influence carotenoid
absorption but rather the rate at which absorbed carotenoids
are metabolized into colourless derivatives [22]. Here, we
take advantage of this unique colour polymorphism in Chi-
nook salmon by crossing populations with fixed differences
in flesh coloration and genetically characterizing their off-
spring using traditional genome-wide associations (GWAs)
to identify the mechanism(s) responsible for flesh pigmenta-
tion in salmon. In addition, the role of candidate gene(s)
in driving flesh colour differences is further examined in
our study through association analysis in a separate wild
population and by measuring gene expression differences.
Overall, this work will answer the long-standing question
‘why are salmon red?’.

2. Material and methods

(a) Breeding design and sampling for flesh colour

genome-wide association study

(i) Inbred strains for flesh colour

Individuals from two populations of Chinook salmon that exhi-
bit fixed differences in flesh colour, including a pure red-fleshed
strain from Big Qualicum River, British Columbia (BC), Canada
and a pure white-fleshed strain from Harrison River, BC, were
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used to create backcrosses in our study. In both populations, the
other flesh colour phenotype is absent; thus, individuals are
expected to be homozygous at flesh colour loci. These two strains
were crossed together in 2005 to generate F; hybrids that were
reared at the Fisheries and Oceans Canada (DFO) laboratory in
West Vancouver, BC, Canada.

(ii) F, backcrosses

In the autumn of 2008, a family of F, backcrosses of Chinook
salmon were bred at DFO by crossing an F; hybrid male (Big
Qualicum red-fleshed x Harrison white-fleshed) to a Harrison
white-fleshed female. This backcross design was chosen for the
association study to allow the segregation of red-fleshed alleles
into a white-fleshed genomic background. Offspring were
reared until weight ranged from 200 to 400 g (approx. 1.7 years
post-fertilization; see electronic supplementary material for rear-
ing details), and at this time, a fillet was taken to quantify the
level of pigmentation in the muscle through visual observation.
The fish were given a score between 1 and 5 (+0.5) as indicated
by the Roche Colour Card for Salmonids (F. Hoffmann-La
Roche, Switzerland). Liver samples were collected for genetic
analysis. Individuals were also assessed for precocious maturation
based on external coloration and gonad development, and all
other individuals were sexed using PCR [23]. A total of 400 indi-
viduals were sampled for phenotype, and a subset of 183
individuals was selected for genotyping. The distribution of flesh
colour phenotypes was the same for the original sample and the
subset of genotyped individuals (electronic supplementary
material, figure S1; Kolmogorov—Smirnov test p =0.99).

(iii) Wild red and white Chinook salmon: Quesnel River

population

A subsample of red and white adult Chinook salmon from a
sympatric population in the Quesnel River, BC was also included
in our design (1 = 32; 17 white and 15 red). Chinook salmon cap-
tured by netting during the spawning season in 2013 and 2014
were characterized as red or white based on external spawning
coloration (for details, see [18]), and colours were scored as
binary values. Fin clips were collected for genetic analysis. Ques-
nel River individuals were included in the analysis to establish
whether any significant loci detected in the backcrossed family
(involving Big Qualicum and Harrison River strains) would
also be present in a different wild population that exhibit both
red and white phenotypes.

(b) Genotyping for flesh colour genome-wide

association study
(i) DNA extraction, genotyping and single nucleotide

polymorphism  discovery
DNA was extracted from fin or liver tissue using a standard
phenol/chloroform extraction method [24]. All genomic DNA
samples were quantified using Quant-iT PicoGreen dsDNA
assay kit (ThermoFisher Scientific Inc.) and screened for quality
by visual assessment on agarose gels. All samples ranged
between 50 and 100 ng pl ™" in concentration. Library preparation
and genotype-by-sequencing (GBS) were carried out following
the protocol described previously [25] at Cornell University’s
Institute of Biotechnology. Briefly, the library preparation and
GBS protocol included the digestion of DNA with a restriction
enzyme, the ligation of adaptors to resulting fragments, the pool-
ing and cleaning of samples and PCR amplification of fragments
followed by sequencing on an Illumina platform [25]. For our
study, the restriction enzyme EcoT221 was used to digest geno-
mic DNA during library preparation. Methods for single
nucleotide polymorphism (SNP) discovery and alignment of

SNPs to the Chinook genome [26] are provided in the electronic
supplementary material.

(c) Statistical analyses for flesh colour association

(i) Genome-wide association study analyses in F, generation
TASSEL v. 5.2.19 was used to conduct all GWA analyses using a
mixed linear model (MLM) approach [27]. Prior to analyses,
SNPs were filtered for minor allele frequency (MAF) of 0.05
and genotyped in at least 80% of individuals. No individuals
were lost due to low numbers of reads during sequencing or
due to low genotyping rate. The initial number of SNPs ident-
ified prior to filtering was 32636 SNPs, although additional
individuals not used in this study were included in the SNP dis-
covery pipeline (see electronic supplementary material for details
on SNP discovery). For the F, family, a total of 18 753 SNPs were
genotyped in greater than 80% of individuals, and after MAF fil-
tering, a total of 15974 SNPs were retained. However, 5114 SNPs
were heterozygous in all F;, individuals and thus not informative
for GWA analyses. Thus, a total of 10860 SNPs were used for
GWA analyses in the F, family. We identified loci showing a sig-
nificant association with flesh colour variation using MLM,
where kinship was accounted for in the model. We did not
include sex or weight as covariates in the model because, using
a t-test, we found no significant difference in colour between
sexes (p=0.32) nor the distribution (Kolmogorov—Smirnov test)
of colours between sexes (p =0.73). We also found no significant
relationship between weight and colour (p = 0.18). Genome-wide
significance was determined by Bonferroni correction based on
the total number of SNPs (a=0.05/total number of SNPs
tested). Given that Bonferroni correction is highly conservative,
we also considered loci to be ‘suggestive’ if the model for the
marker had an R? greater than 0.05. Manhattan and Q-Q plots
were created to visualize the results using ggman package [28]
in R software [29]. Gene annotations for regions with significant
SNPs were examined for potential candidate genes associated
with pigmentation with the expectation that long-distance link-
age disequilibrium (LD) would be present in the F, generation.
Gene annotations were downloaded for the Chinook salmon
genome [26] from NCBI (GCA_002872995.1), and a custom R
script was used to extract all genes near SNPs (i.e. within
10000 bp).

(if) Wild Quesnel population genome-wide association study

analyses and outlier tests
Association analyses were also performed within a wild popu-
lation of sympatric red and white Chinook salmon from the
Quesnel River, BC. First, if the F, analysis identified specific
genomic regions of interest, we used association analysis
within that specific genomic region (a 9.69 Mbp region on Chr
30 that included 48 SNPs after filtering; see Results) using the
MLM approach with a kinship matrix calculated from the full
SNP dataset with no covariates included. A less conservative a
level of 0.05 was used for our targeted analysis given that
long-distance LD present in the F, generation may be absent
within the wild population. Therefore, depending on genome
coverage in the region of interest, significant loci may be more
difficult to detect in the wild population, and there were fewer
(n=32) individuals analysed. Second, given that red and white
individuals may differ at additional loci not directly related to
carotenoid pigmentation but linked to the evolutionary differ-
ences between the phenotypes due to the diverse physiological
role of carotenoids, we also examined outlier loci between the
two groups across the genome. We used ArLeQuIN 3.5.2.2 [30]
to detect loci under selection using 20 000 simulations with 100
demes per group, with p-values adjusted for false discovery
rate with the p.adjust function in R. We only considered loci
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Figure 2. Genome-wide association study (GWAS) results for flesh colour in Chinook salmon. (a) Manhattan plot of all loci (SNPs) analysed for association with flesh
pigmentation in an F, family of Chinook salmon derived from the backcrossing of two flesh colour populations. SNPs located above the red line indicate genome-
wide significance based on Bonferroni correction (p < 4.60 X 107°). (b) The quantile—quantile plot obtained from the analysis. (c) The significant peak found on
Chromosome 30 in more detail with the grey bar indicating the position of the carotenoid-associated gene (BC02-/) that aligned next to the most significant SNP.
(d) The phenotype association for genotypes GG and GT at the most significant SNP (S10010_28050034; p = 9.18 X 1072, R2=0.66). Points are jittered hori-

zontally and vertically for visualization. (Online version in colour.)

under divergent selection between red and white to be outliers
(upper tail of the Fgr distribution).

(d) Gene expression at B(02-/ gene

The above analyses identified a probable candidate gene respon-
sible for flesh coloration variation in Chinook salmon. To
evaluate differences in the activity of this gene (beta-carotene oxyge-
nase 2-like, BCO2-1), we designed primers to measure transcription
of BCO2-l in muscle tissue of red and white Chinook salmon
groups reared as part of separate study examining physiological
effects of carotenoid pigments (unpublished). Post-smolt Chinook
salmon from the pure red-fleshed Big Qualicum River strain and
from the pure white Harrison River strain were fed either a com-
mercial pigmented or unpigmented diet over a three-month
period. Fish were sampled pre- and post-diet manipulation. At
the time of sampling, the Big Qualicum strain had deposited sig-
nificantly more pigment in the flesh than did the Harrison River
white strain. At the end of the trial, muscle tissue was preserved
in RNAlater and RNA was isolated using standard Trizol
method as described by the manufacturer (Thermo Fisher Scienti-
fic). First-strand cDNA was synthesized from total RNA (0.5 pg)
using the High-Capacity c¢cDNA Reverse Transcription Kit
with RNase Inhibitor (Applied Biosystems, California, USA).
Quantitative PCR was performed using primers specific to the
BCO2-1 gene: Forward, CACAGAGGTGTGTGGGACCAT; Reverse,
GACTCACTGTTGGTTTCCGAACT. gPCR reactions were per-
formed on a 7500 Fast Real-Time PCR System (Applied

Biosystems) under Fast conditions with Fast SYBR™ Green
Master Mix (Thermo Fisher Scientific). A reference gene, ubiquitin,
was used to normalize mRNA levels (Forward primer,
ACAGCTGGCCCAGAAGTACAA; Reverse primer, GGCGAGCG
TAGCATTTGC). Relative mRNA expression levels were calculated
using the 27*“* method [31]. Data were log transformed to meet
assumptions of normality for statistical analyses.

3. Results

(a) Genome-wide association study for carotenoid

pigmentation
Using GWA analyses of offspring from one F, backcross
family (n = 183 offspring) with a range in flesh colour pheno-
types (electronic supplementary material, figure S1), we
found 17 SNPs (out of 10 860 SNPs) were significantly associ-
ated with flesh coloration at the genome-wide level (all p-
values < 4.60 x 107°; figure 2a,b) and were primarily localized
to a region on chromosome 30 (figure 24,c). The most signifi-
cant SNP (510010_28050034; p =9.19 x 107>%) explained 66%
of the variation in colour and was adjacent to the beta-carotene
oxygenase 2-like locus (BCO2-I). BCO2 genes have been linked
to carotenoid pigmentation in mammals and birds, where its
disruption increases the accumulation of carotenoids in tis-
sues [21,32-36]. In our study, the most significant SNP
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showed a clear association with flesh colour (figure 2c,d),
although three fish for each of the GG and GT genotypes
(figure 2d) were distinct from the main genotype associations
for colour, suggesting that this SNP (510010_28050034) locus
is not causal, but is in LD with the causal BCO2-I gene.
Additional significant SNPs on Chr 30 probably reflect
an association with the same functional locus due to long-
distance LD (figure 2c) due to the single generation of
recombination between the red and white parents and low
recombination rates in salmonids [37]. Indeed, the signifi-
cance of these additional associated SNPs decreased with
distance from BCO2-I gene (p=0.007; R%2=0.46; electronic
supplementary material, figure S2).

Only three of the 17 significant SNPs did not map to Chr
30 (figure 2a) and may represent spurious associations or
misplaced SNPs due to off-target alignments or genome mis-
assemblies, as no other SNPs were associated with flesh
colour in those regions (expected with high LD in F, gener-
ation). Additionally, the closest genes located near these
significant SNPs were not associated with obvious functions
related to carotenoid pigmentation, and these included
Krueppel-like factor 2 on Chr 5 and WD repeat-containing protein
43-like on Chr 12, and the third SNP did not align to a phys-
ical position in the genome. Although our analysis did not
identify other candidate loci, association analysis in the F;
backcross generation (not presented here) did not yield sig-
nificant association with BCO2-I (or any other loci),
suggesting either no other loci influence pigmentation in
these families or that their effects are minor. It is possible
that the F, fish selected as parents to generate the F5 progeny
groups possessed a pigmented phenotype that arose from
multiple minor loci affecting carotenoid pigmentation that
segregated among F; progeny to generate weak pigmentation
phenotypes that were individually not strongly associated
with a specific chromosomal region. Further investigation
of the effects of minor loci and their interactions acting on
pigmentation in Chinook salmon is warranted.

(b) Genetic variation associated with pigmentation in a

wild population of Chinook salmon
The above evidence suggests that BCO2-I is the probable can-
didate responsible for flesh coloration variation in Chinook
salmon. Thus, we further explored the nature of pigmentation
variation using a wild population of sympatric red and white
salmon from the Quesnel River (n =32), where we targeted
the candidate region of Chr 30 and performed a MLM
GWA analysis. Out of the 48 SNPs used in the analysis, five
SNPs (from three sequence tags) within the region were sig-
nificant at o level 0.05 (electronic supplementary material,
figure S3). In addition, Fsr-based outlier analysis revealed
low genome-wide divergence between red and white indi-
viduals (mean Fsy=-0.0008; 7 =8940 SNPs) with only 35
SNPs considered outliers under divergent selection (elec-
tronic supplementary material, table S2 and figure S4A). No
outliers were found on Chr 30, although notably, mean Fsr
was highest for Chr 30 (mean Fsy=0.007) relative to all
other chromosomes (electronic supplementary material,
figure S4B). Outliers identified here may highlight other loci
indirectly related to differences between carotenoid pheno-
types (electronic supplementary material, table S2), and
more genome coverage may be needed in the BCO2-I
region to detect loci of significant effect in the wild
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Figure 3. Boxplot of relative expression (log;, transformed) of BC02-/ gene in
red (Big Qualicum) and white (Harrison) Chinook salmon strains reared under
common garden conditions. Gene transcription was measured in muscle
tissue prior to diet manipulation (red =R and white = W), and 3 months
after a diet manipulation where each strain was fed both a pigmented (P)
and unpigmented (U) diet. Asterisk (*) indicates significance between W
and R phenotypes. (Online version in colour.)

population because long-distance LD is not expected to
be as strong due to extensive prior opportunity for genetic
exchange.

(c) Gene expression differences at B(02-/

In other taxa, the disruption or downregulation of the BCO2
gene has been linked to the accumulation of carotenoids in tis-
sues [21,32-36,38,39], and consequently, we hypothesized that
increased expression of BCO2-I should be exhibited in white
Chinook salmon resulting in greater cleavage and reduced
accumulation of coloured carotenoids. To assess this directly,
we analysed gene transcript levels of BCO2-I in the muscle of
red (Big Qualicum) and white (Harrison) salmon fed a pigmen-
ted and unpigmented diet under common garden conditions
(Material and methods). Consistent with our prediction, rela-
tive expression of BCO2-I was found to be significantly
greater in white relative to red Chinook salmon prior to diet
manipulation (t-test: ¢t =-2.43, d.f.=7.95, p=0.041) as well as
post-diet manipulation (two-way ANOVA: F=31.902, p=
2.05 % 107%), with no effect of diet type (F=0.045, p=0.833)
or interaction of diet and colour strain (F=0.198, p=0.659)
on BCO2-I gene transcription (figure 3).

4. Discussion

Carotenoid deposition is critical for the red coloration dis-
played by salmonids during courtship and additionally
influences multiple fitness processes (e.g. antioxidation, cryp-
sis and immunity) [2,19,40]. While carotenoids provide many
benefits, carotenoid pigmentation of flesh has evolved almost
exclusively in salmonid fishes [2], yet the underlying gene
responsible for the ability to deposit carotenoids has not
been identified until now. In our study, multiple lines of evi-
dence indicate that BCO2-I is the gene responsible for
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variation in carotenoid accumulation in Chinook salmon, and
by extension, other salmonids as well. We propose that an
ancestral mutation partially disrupting BCO2-I (i.e. hypo-
morphic mutation [41]) in proto-salmonids provided an
adaptation that allowed the group to exploit carotenoids as
an antioxidant resource in their muscle tissue during stress-
ful spawning migrations and nest building, thereby
facilitating the evolution of anadromy [2]. Within Chinook
salmon, a more recent mutation that elevated BCO2-I
activity (i.e. hypermorphic mutation [41]) and increased
the rate at which carotenoids were metabolized into colour-
less derivatives [22] probably drove the evolution of the
white flesh phenotype prior to the end of the last glaciation
[15]. The white flesh morph exists within many populations
of Chinook salmon, and while different mutations can lead
to convergent phenotypes [42], given the expected handicap
associated with a loss of flesh carotenoids in salmon, it
seems more likely that a mutation increasing the activity of
the major candidate locus (BCO2-I) in muscle tissue evolved
rarely but provided a sufficiently large advantage during
post-glacial recolonization of particular river environments
[15]. Indeed, the rarity of the mutation is supported by the
lack of a derived white morph in other salmonid species.
Furthermore, this is consistent with our finding of signifi-
cant but weaker associations near BCO2-l in a different
population. The weaker associations found in the Quesnel
population may be a result of a smaller sample size and
the need for higher density genomic markers in the BCO2-I
region in wild populations with extensive opportunity
for recombination to break down long-distance patterns
of LD.

Hypermorphic mutations are often co-dominant and this
mode of action, involving two loci [10], has previously been
proposed for pigmentation of Chinook salmon. Our data sup-
port that variation at the BCO2-I locus arises from regulatory
changes, and these results are comparable with a recent study
in reptiles that found cis-acting regulatory changes in BCO2
could explain differences in carotenoid coloration [38]. None-
theless, while regulatory changes are likely, changes in amino
acid sequence that influence BCO2-I activity may also be
possible. In addition, it is likely that there are other minor
loci that, together with environmental influences, could
explain the range of carotenoid variation found among and
within pigmented salmonid species. Future genomic studies
that examine the gene—phenotype associations across mul-
tiple Chinook salmon populations as well as among
salmonid species with varying rates of carotenoid deposition
would provide further information on the specific genetic
changes that have occurred at the BCO2-I locus.

Consistent with our findings, studies in reptiles and birds
have found that colour polymorphisms can often be
explained by a single major effect locus [38,43]. The role of
a single gene in driving differences between colour morphs
is surprising given that morphs often show correlated differ-
ences in other key traits [38,43]. Indeed, differences in
reproduction, predation, and physiology have been associ-
ated with carotenoid pigmentation in salmonids [16-19,44—
47]. Therefore, fitness-related differences between morphs
suggest that BCO2-I may have pleiotropic effects on other bio-
logical processes in Chinook salmon. The maintenance of this
colour polymorphism in nature may thus be explained by
multitrait divergence that can lead to balanced fitness
trade-offs.

In Chinook salmon, the occurrence of the white pheno-
type has puzzled scientists given that higher carotenoid
content in salmonids has demonstrated benefits on egg survi-
val, immune function, mating success and antioxidant
capacity [2,16,18,40,45,46]. However, the white phenotype
may have evolved primarily due to advantages of reduced
predation in fresh water [19], and potentially through
reduced toxicity associated with high levels of carotenoids
[20,21]. Under experimental conditions, red eggs experience
greater predation relative to white eggs, and in a high preda-
tion environment, the advantage of reduced predation risk in
white eggs is predicted to outweigh the expected cost of their
lower incubation survival [19]. Furthermore, despite the
expected immunity benefit of carotenoids, differences
between red and white Chinook salmon in immune function
(viral susceptibility) have not been found [40]; however,
morphs exhibit significant functional genetic differences in
immune genes, potentially highlighting the use of alternative
mechanisms by morphs to enhance immunity [18]. In
addition, morphs display differences in sexual selection, as
evidence suggests that red females employ pre-spawning
mate choice and white females use cryptic processes (post-
spawning) to bias paternity of their eggs in favour of males
of their own colour morph [17,18].

Overall, in Chinook salmon, the colour polymorphism
associated with variation in BCO2-I appears to be maintained
through the interplay of both natural and sexual selection
processes, and the identification of the genomic mechanism
underlying this fitness trait provides further insight into
these evolutionary mechanisms. By investigating this poly-
morphism in salmon, our study reveals an interesting
evolutionary history in Salmonidae and ultimately offers an
answer to the long-standing question of ‘why are salmon
red?’.
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