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ABSTRACT The organization of functional regions within genomes has important implications for evolutionary potential. Considerable
research effort has gone toward identifying the genomic basis of phenotypic traits of interest through quantitative trait loci (QTL)
analyses. Less research has assessed the arrangement of QTL in the genome within and across species. To investigate the distribution,
extent of colocalization, and the synteny of QTL for ecologically relevant traits, we used a comparative genomic mapping approach
within and across a range of salmonid species. We compiled 943 QTL from all available species [lake whitefish (Coregonus clupeaformis),
coho salmon (Oncorhynchus kisutch), rainbow trout (O. mykiss), Chinook salmon (O. tshawytscha), Atlantic salmon (Salmo salar), and
Arctic charr (Salvelinus alpinus)]. We developed a novel analytical framework for mapping and testing the distribution of these QTL. We
found no correlation between QTL density and gene density at the chromosome level but did at the fine-scale. Two chromosomes were
significantly enriched for QTL. We found multiple synteny blocks for morphological, life history, and physiological traits across species, but
only morphology and physiology had significantly more than expected. Two or three pairs of traits were significantly colocalized in three
species (lake whitefish, coho salmon, and rainbow trout). Colocalization and fine-scale synteny suggest genetic linkage between traits
within species and a conserved genetic basis across species. However, this pattern was weak overall, with colocalization and synteny
being relatively rare. These findings advance our understanding of the role of genomic organization in the renowned ecological and
phenotypic variability of salmonid fishes.
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The arrangement of functional regions within and across
chromosomes has important implications for the evolu-

tion of genomes and phenotypes within and across species
(Lynch and Walsh 2007; Yeaman 2013; Schwander et al.
2014). At the finest genomic resolution, functional regions
are those genes and regulatory mechanisms that determine
phenotypes; more broadly, those regions are considered to be
QTL (Mackay et al. 2009). While considerable emphasis and
research effort has sought to identify the genetic location of

QTL (e.g., McClelland and Naish 2010; Easton et al. 2011; Le
Bras et al. 2011), less effort has been put into identifying the
consistency of how those loci are functionally organized
within genomes, and particularly the extent of synteny across
closely related species.

Within species, the clustering or colocalization of QTL for
ecologically relevant traits is thought to play an important role
in facilitatingphenotypic evolution (Yeaman2013;Schwander
et al. 2014; Charlesworth 2016), adaptation, and ultimately
speciation (Hawthorne and Via 2001; Feder et al. 2012). The
suppression of recombination is thought to be a prerequisite
for the formation and maintenance of clusters of QTL in most
cases (Roberts et al. 2009; Yeaman 2013; Schwander et al.
2014), although exceptions exist (Joron et al. 2006). Such
regions of suppressed recombination can make up a substan-
tial amount of the genome and spread over several megabase
pairs (Mbp) (Schwander et al. 2014; Küpper et al. 2016;
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Lamichhaney et al. 2016). The colocalization of QTL has been
observed in several species affecting a range of traits. Themost
famous examples are “supergenes,” clusters of loci affecting
many complex (adaptive) phenotypes, such as floral hetero-
morphy in several plant species (Mather 1950; Gilmartin and
Li 2010), plumage polymorphism in the white-throated spar-
row (Thomas et al. 2008; Tuttle et al. 2016), alternative mat-
ing strategies in the ruff (Küpper et al. 2016; Lamichhaney
et al. 2016), Batesian mimicry in butterflies (Joron et al.
2006, 2011), and the sex-chromosome system (Uno et al.
2008; Charlesworth and Mank 2010; Vicoso et al. 2013;
Charlesworth 2016). However, even in less pronounced cases
the colocalization of QTL can explain covariation in pheno-
types observed in the wild, such as colocalizations of loci as-
sociated with growth rate and morphological traits (body
weight and length) in coho salmon (Oncorhynchus kisutch)
(McClelland and Naish 2010), eco-morphological traits (jaw
shape and body shape) in cichlid fishes (Fruciano et al. 2016),
or loci for flowering time and winter frost tolerance in pea
(Pisum sativum) (Lejeune-Hénaut et al. 2008).

Althoughmanywell-describedcasesofcolocalizationwithin
species exist in the literature (Mather 1950; Joron et al. 2006,
2011; Thomas et al. 2008; Gilmartin and Li 2010; Miller et al.
2014; Peichel and Marques 2017), the synteny of functional
regions across closely related species has been less explored.
There is some evidence for the reuse ofQTL for a range of traits
in closely related species, such as salinity tolerance and body
weight in salmonid fishes, and components of drought resis-
tance in grass species (Zhang et al. 2001; Reid et al. 2004;
Norman et al. 2011; Swamy et al. 2011; Conte et al. 2012,
2015; Larson et al. 2016). Following this, the probability of
gene or QTL reuse in examples of parallel and convergent
phenotypic evolution in particular has been estimated to fall
in the range of 0.32–0.47 (Conte et al. 2012, 2015), with the
probability of gene reuse declining with increasing divergence
time between species (Conte et al. 2012). For understanding
the clustering and reuse of QTL across species, it is important
to first identify their organization and second determine the
factors influencing the location of such loci within genomes.
For example, studies in sorghum wheat have shown that
QTL-dense regions colocalize with gene-dense regions due to
the suppression of recombination in heterochromatic regions
(Mace and Jordon 2011). Such investigations are only possible
with high-quality reference genomes and until now were lim-
ited to model organisms. However, the increasing availability
of high-quality reference genomes for nonmodel organisms
enables the investigation of factors influencing the distribution
of QTL in a wide range of ecological and evolutionary species
of interest, including salmonid fishes.

Fishof the familySalmonidaearean ideal biological system
for investigating the origins and evolution of the genetic
architecture of ecologically relevant traits. Highly variable
traits include several morphological features, such as body
shape, body size, and trophic morphology, as well as physio-
logical and life history traits (Jonsson and Jonsson 2001;
Klemetsen et al. 2003; Bernatchez et al. 2010; Hale et al. 2013;

Hecht et al. 2013; Elmer 2016). Often this phenotypic diversity is
replicated within and across species, such as trophic poly-
morphisms in Arctic charr (Salvelinus alpinus) (Hindar and
Jonsson 1993; Adams et al. 1998, 2008; Alekseyev et al.
2002; Gordeeva et al. 2015) and whitefish (Coregonus spe-
cies) (Bernatchez et al. 1996, 2010; Kahilainen and Østbye
2006; Vonlanthen et al. 2012; Siwertsson et al. 2013), or
migratory behaviors in various anadromous species (Hale
et al. 2013; Hecht et al. 2013). Colocalization of some traits
has been postulated as a factor underpinning rapid repli-
cated diversification (Bernatchez et al. 2010; Gagnaire
et al. 2013; Elmer 2016; Larson et al. 2016). Compared to
other teleosts, Salmonidae display an elevated speciation
rate that falls into the top 10% of all extant ray-finned fishes
(Rabosky et al. 2013), making them a powerful system for
the analysis of the genomic basis of rapid and replicated
diversification.

Salmonids are distinctive among teleosts in that their
common ancestor underwent an additional whole-genome
duplication (Ss4R) around 80–100 MYA (Berthelot et al.
2014; Lien et al. 2016). Mapping trait-specific QTL to homol-
ogous chromosomes or linkage groups suggests that the Ss4R
had implications for the evolution of phenotypic traits in sal-
monids (Norman et al. 2012). In addition, genetic mapping
studies have shown that most chromosome arms are syntenic
between species, large collinear genomic blocks are retained,
and that the chromosomearmnumber (NF) of�100 is conserved
within the Salmoninae subfamily (Ohno 1970; Danzmann
et al. 2005; Phillips et al. 2009; Lien et al. 2011, 2016;
Timusk et al. 2011; Guyomard et al. 2012), with the exception
of Atlantic salmon, NF = 72–74 (Allendorf and Thorgaard
1984; Phillips and Ráb 2001). The conservation of gene ar-
rangements, and the retention of large collinear blocks across
species, allows for the comparison of QTL arrangements
within those retained regions across species.

Because of their commercial and scientific importance,
hundreds of quantitative loci for a range of phenotypic traits
have been identified in salmonids over the last two decades,
allowing the extensive comparison ofQTL positions for a suite
of ecologically relevant traits within and across species. Stud-
ieshave foundsyntenyof trait-specificQTLacross threeor four
salmonid species at the chromosome level (Norman et al.
2012; Larson et al. 2016), but the extent of this phenomenon
across traits and species more broadly has not been investi-
gated with a genomic approach and little is known about the
extent of colocalization within species.

Here, we conducted a comparative genomic analysis of all
available ecologically relevant traits (specifically: morphol-
ogy, physiology, swimming behavior, and life history) within
and across salmonid species to assess the extent of colocaliza-
tion and synteny of QTL. We focused on this suite of traits in
particular to assess the potential impact of intra- and inter-
specific genome-wide QTL arrangements on the renowned
ecologically relevant phenotypic diversity observed in salmo-
nids (Jonsson and Jonsson 2001; Klemetsen et al. 2003;
Bernatchez et al. 2010; Hale et al. 2013; Hecht et al. 2013;
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Elmer 2016). To date, comparing loci across species has been
complicated bymethodological differences, such as the use of
differentmarker types or genotyping protocols across studies.
The recent publication of the rainbow trout and Atlantic
salmon reference genomes (Berthelot et al. 2014; Lien et al.
2016) makes it only now possible to compare the relative
positions of QTL to each other independent of marker type
and genotyping protocols. First, we developed a comprehen-
sive database of published QTL for salmonid fishes, which is
made available with this study. Second, we assessed the ge-
nome-wide distribution of these ecologically relevant QTL,
including their arrangement across chromosomes and rela-
tive to all available annotated genes. To date chromosome-
level analysis has been the sole comparative level possible in
the rich literature of nonmodel species such as salmonids. We
advanced this by assessing fine-scale positional information
and codistribution of QTL-linked markers and genes along
the reference genome. Third, we used this QTL distribution
to establish a quantitative framework for analyzing colocali-
zation of loci within species and synteny of loci across species.
Fourth, given this analytical framework, we investigated the
extent of synteny across all available salmonid species and
identified genomic regions that might play a conserved role
in the evolution of adaptive phenotypic traits in salmonids,
such as morphological, physiological, or life history traits.
Finally, we quantified the extent of colocalization of QTL
within species to detect phenotypic traits that might be con-
trolled by tight linked genetic changes or by a single pleio-
tropic genetic change. We present evidence for low levels of
QTL clustering across the genome relative to background
gene density and explore factors behind this, identify signif-
icant synteny clustering for morphological and physiological
traits across multiple salmonid species, and find low levels of
significant QTL colocalization within species.

Materials and Methods

Data collection

A literature search was conducted for salmonid QTL informa-
tion on the Web of Science and Google Scholar databases
using the key terms “QTL,” “quantitative trait loci,” and
“salmonid” individually and combined, and also scientific
and common names for various salmonid species (studies
published and accessible up to November 2015). QTL in-
formation was collected for the following ecologically rele-
vant quantitative phenotypic traits grouped into four trait
classes: (1) morphology: body weight, body length, body
shape, Fulton’s condition factor, head shape, and gill raker
number; (2) life history: hatching time, spawning time, age
at sexual maturation, growth rate, and embryonic develop-
ment; (3) physiology: upper thermal tolerance, osmoregula-
tory ability, and salinity tolerance (Na+/K+-ATPase activity);
and (4) behavior: directional change, depth selection, activity,
and burst swimming. For each QTL, the following information
was collected if available: a description of the phenotypic trait

studied, linkage group on which the QTL was located, posi-
tion of QTL on linkage group in centiMorgans, the names of
the closest marker(s) located to the QTL, type of marker(s)
used in the study (e.g. microsatellite markers, restriction
site-associated DNA sequencing tags (RADtags), or SNPs),
nucleotide sequences for the marker(s) closest to the QTL,
logarithm of the odds (LOD)-score and/or percent of phe-
notypic variance explained (PVE) by the QTL, significance
(P-value), and confidence interval (C.I.) [1.5-LOD interval,
2-LOD interval, or 95% C.I. in centiMorgans]. Studies using
anonymous markers were excluded. Repeated uses of the
same marker in different studies were retained in the database.
These redundant markers were excluded from downstream
analyses when they held redundant positional information
within a species (i.e., a marker in different studies on the same
trait in the same species) but retained for synteny analysis when
the same marker is used across species. QTL information was
compiled in a spreadsheet database, where each QTL was
assigned a unique code for reference, e.g., Omy_BW_001 (full
database available in Supplemental Material, Table S1).

Mapping of QTL sequences against the Atlantic salmon
reference genome

For the six species combined, QTL-linked marker sequences
(totalN=1960 sequences for 943QTL) were aligned against
the Atlantic salmon genome (Atlantic salmon reference ge-
nome ICSASG_v2) using three different approaches to over-
come the caveats of different alignment strategies for the
different marker types and sequence lengths. We used the re-
cently published Atlantic salmon genome (Lien et al. 2016) as
a consistent shared reference throughout as it is the highest
quality reference available at present. First, Bowtie v1.1.1
(Langmead et al. 2009) was used for short microsatellite
primer sequences while allowing for one mismatch, except
in the case of lake whitefish, where three mismatches were
permitted (-n), given its more distant phylogenetic relation-
ship. Second, Bowtie2 v 2.2.6 (Langmead and Salzberg
2012) was used mainly for RAD loci and ESTs but also sec-
ondarily assessed microsatellite primer sequence mapping
using the following settings: -D 5 -R 1 -N 1 -L 23 -i S,0,2.50.
Furthermore, all QTL sequences were blasted against the
reference genome using Blast+ v2.3 (Camacho et al. 2009)
to increase alignment results for phylogeneticallymore distant
species and long EST sequences. The best blast hits with
a minimum e-value of e-13 were used for further analysis.
When markers mapped using two or all methods, the bowtie1-
alignment for primer sequences or bowtie2-alignment for
RAD loci was used for further analyses. To avoid false place-
ment of QTL on the genome, we removed QTL for which
flanking markers mapped to different chromosomes and
those for which markers mapped to different genome lo-
cations with equally high quality scores.

The C.I. for each QTL was determined in one of three
differentways, depending on the information reported in the
original study: (i) if only flankingmarkerswere reported and
mapped, we inferred the C.I. based on the physical distance
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between flanking markers on the chromosome; (ii) if the
peak marker and the C.I. were reported then we converted
the C.I. into physical genome distance from recombination
distance using an approximated conversion ratio of 1 cM =
1 Mbp; or (iii) if only the peak marker was reported without
C.I.s, or only one flankingmarkermapped to the genome,we
estimated theC.I. based on the average C.I. length for a given
species, since these differed between species. In a final
filtering step, we removed redundant QTL-linked markers
in cases where two or more markers for the same trait in the
same species overlapped based on their C.I.s by only keeping
the QTL-linked marker with the highest LOD-score or PVE.
This filtered data set was used for all downstream analysis.
We assessed if PVE differs between the different trait classes
using a Kruskal–Wallis test with a post hoc Dunn test in R.

Analysis of QTL distribution across the genome

To evaluate the distribution of mapped QTL-linked markers
across the reference genome, several statistical analyses in R
software v3.2.2 (R Development Core Team 2016) were
used. Peak marker position or the QTL-midpoint were used
for all analyses of QTL distribution. First, we analyzed the
correlation of chromosome length, number of genes per chro-
mosome, and number of QTL to examine their relationship
and influence on the distribution of QTL across chromosomes
(Table S5). To correct for the impact of chromosome length
on the number of QTL and genes, we also tested if QTL den-
sity (number of QTL per kbp) and gene density (number of
genes per kbp) are correlated. Statistical significance of cor-
relations was assessed using a permutation approach and
Pearson correlations.

Second, to assess if certain chromosomes are enriched for
QTL-linked markers or a specific trait class, we estimated the
expected number of QTL per chromosome (null distribution)
by distributing the number of QTL-linked markers relative to
chromosome length for each chromosome (i.e., 407 QTL for
all trait classes and species combined across all 29 chromo-
somes). This model was found to fit best compared to models
based on a uniform distribution of QTL across chromosomes
or based on the number of genes on each chromosome. This
leads to a (marginal) distribution for each chromosome given
by a binomial distribution (N, chromosome length/total
length). To test if certain chromosomes are significantly
enriched for QTL, we calculated two-tailed P-values using
the qbinom function in R, given the actual number of tested
QTL-linked markers and adjusted for multiple testing using
the Benjamini–Hochberg procedure using the p.adjustmethod
in R. This test was performed for all trait classes combined and
for each trait class separately, each time adjusting the number
of distributed QTL.

Third, to analyze the codistribution of genes and QTL
across the entire genome, the density of genes andQTL-linked
markers was plotted along the genome in 5 Mbp windows,
with a step size of 2.5 Mbp using the R-package ggplot2
(Wickham 2009). The window size of 5 Mbp was empirically
selected as it balances the number of QTL-linkedmarkers and

genes present in each window without returning too many
windows without QTL-linked markers. A Pearson correlation
was used to test if the number of QTL and number of genes
per window are correlated.

Fourth, to identify clusters of QTL in the genome for all
traits combined and for each specific trait class separately, we
used a qbinom test to detect 5 Mbp windows with more QTL
than expected based on the number of genes in each window.
We used the number of genes per window as the null distri-
bution because the number of QTL and genes are significantly
correlated. We calculated a conservative probability of success
in each trial for the qbinom test by using the following formula:
1 – (1 / number of windows tested). This gives a highly con-
servative cut-off probability of 0.9988 (Yeaman et al. 2016).
Windows with more QTL-linked markers (for all traits com-
bined or QTL by trait class) than expected based on the num-
ber of genes in the respective window were then defined as
QTL clusters. The position of QTL and C.I.s for each trait class
was plotted along the genome to visualize and analyze the
distribution using ggplot2.

Optimal interval size for colocalization and
synteny simulations

To identify the optimal interval size for defining colocalization
and synteny in our simulations of null distributions, we exam-
ined the correlation between the observed synteny (based on
overlapping C.I.s) with the inferred synteny (based on the
distance of peak markers and/or midpoint positions for
different interval sizes), testing across the first five chromo-
somes. We used peak markers or midpoints because simu-
lations of QTL-linked marker distributions, colocalization,
and synteny are unduly complex when calculated using em-
pirical C.I.s. We defined QTL as colocalized if peak markers
werecloser toeachother than theoptimal intervaldistance.We
derived the optimal interval distance by comparing different
interval sizes spanning 25–100% the average empirical C.I.
length (15 Mbp; Figure S1 in File S1): 3.75, 7.5, 10, 12, and
15Mbp. Correlations were assessed using a Mantel test imple-
mented in the vegan R-package (Oksanen et al. 2015). The
10 and 12 Mbp intervals were chosen because the Mantel
r value peaked around those values in the initial analysis.
The optimal interval size was determined to be 12 Mbp (see
Results for details).

Synteny analysis of QTL clusters across species

To identify conserved syntenic regions for trait classeswithin
the genome, we looked for genomic regions in which QTL-
linked markers for the same trait or from the same trait
class in two or more species were syntenic more often than
expected compared to a null distribution of markers. We
calculated a null distribution by simulating a chromosome
with the length of the total anchored reference genome
(1322.7 Mb, Atlantic salmon reference genome ICSASG_v2:
GenBank: GCA_000233375.4 https://www.ncbi.nlm.nih.
gov/assembly/GCF_000233375.1/), randomly distributing
QTL-linked marker points along the simulated chromosome,
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and determining how often those markers for two, three, four,
five, or six species are foundwithin a 12Mbp interval (optimal
interval size, see previous section). The simulations were per-
formed using peak marker positions or the midpoints of C.I.s
(see above) as the interval is the effective C.I. Multiple hits on
the same comparisons were only counted once and at the
highest level of sharing (i.e., QTL synteny across two species
also found across a three-species set was only counted in the
three-species synteny). The simulation was repeated 10,000
times for each trait class and the mean and standard deviation
(SD) were calculated. Synteny of trait class-specific QTL-
linked markers was defined as significant if the number of
colocalized QTL-linked markers between two and six species
was higher than two SDs from the calculated null distribution.
The R-script for the simulation of synteny is attached as a
supplemental file (File S2).

Since the suppression of recombination in most parts of
the genome in male salmonids might cause false-positive
synteny (Ohno 1970; Danzmann et al. 2005), we checked
post hoc if QTL markers in synteny blocks originated from
both sexes or only males. However, markers within all syn-
teny blocks originated from both sexes, and therefore we did
not take sex-specific recombination differences further into
account.

Analysis of colocalization within species

To test if QTL for two traits are colocalized more often than
expectedunder a randomdistribution,weconductedpairwise
analyses of colocalization between two traits within each
species. We did this by counting how often two QTL-linked
markers for two traits were colocalized, defined as having
overlapping C.I.s. We calculated a null distribution of QTL
across the genome for each pairwise comparison within a
species. The simulation of null distributions for colocalization
analyses followed the same rationale as those for the synteny
analysis. In brief, we simulated a chromosomewith the length
of the total anchored reference genome (1322.7 Mb), ran-
domlyplacedeach setofQTL-linkedmarkers for eachpairwise
comparison, and counted how often QTL-linked markers are
within 12 Mbp of each other (File S3). Simulations were
performed based on peak marker positions or the midpoints
of C.I.s (as above). Each pairwise comparison was simulated
10,000 times for each trait comparison and the average was
used as the expected frequency of colocalization under a
random distribution (Table S4). A Pearson’s x2 test was used
to test if markers for traits of interest are colocalized more
often than expected by chance. We corrected for multiple test-
ing using a Benjamini–Hochberg correction implemented in
the R function p.adjust. Colocalization matrices for each spe-
cies were visualized as heatmaps using the heatmap.2 function
implemented in the gplots R-package (Warnes et al. 2014).

Data availability

All data analyzedand customR-scripts usedduring this study
are included in this published article and as supplemental
information files. All supplemental figures are included in

File S1. Information about all supplemental files is included
in File S1.

Results

Creation of an extensive QTL database and mapping to
reference genome

Froma literature search of publication databases, information
on 943 ecologically relevant QTLwas collected from 28 salmo-
nid studies (Table S1). The selected traitswere formorphology
(body weight, body length, body shape, Fulton’s condition
factor, head shape, and gill raker number), life history (hatch-
ing time, spawning time, age at sexual maturation, growth
rate, and embryonic development), physiology (upper ther-
mal tolerance, osmoregulatory ability, and salinity toler-
ance), and swimming behavior (directional change, depth
selection, activity, and burst swimming). Information was avail-
able for six species spanning two subfamilies (Coregoninae and
Salmoninae) and four genera: lake whitefish (C. clupeaformis)
(204 QTL-linked markers), coho salmon (O. kisutch) (66
QTL-linked markers), rainbow trout (O. mykiss) (168
QTL-linked markers), Chinook salmon (O. tshawytscha)
(24 QTL-linked markers), Atlantic salmon (Salmo salar)
(94 QTL-linkedmarkers), and Arctic charr (Salvelinus alpinus)
(387 QTL-linked markers). This selection of species cap-
tures all major salmonid phylogenetic lineages except the
graylings (Thymallinae) (Figure 1) (Crête-Lafrenière et al.
2012). The QTL were inferred by molecular methods for
polymorphic markers: SNPs (either RADseq or EST de-
rived), microsatellite loci, or sequence characterized am-
plified regions (Table S1).

A total of 407 nonredundant QTL-linked markers could be
successfully mapped to the Atlantic salmon genome (ICSASG_v2)
(Table 1, positional information in Table S2). This map-
ping success differed between alignment methods depend-
ing on species and marker type. Between 63.2 and 87.2%
of markers could be mapped to the Atlantic salmon refer-
ence genome depending on the species (Table 1). Across
species, 25–68% of mapped QTL-linked markers were re-
dundant and removed, meaning those markers overlapped
in their C.I.s with other QTL-linked markers for the same
trait in the same species and had a smaller effect size or a
lower LOD-score (Table 1 and Table S1). Interestingly, the
average effect size of QTL, measured as PVE, was signifi-
cantly higher for physiological traits compared to morpho-
logical and life history traits (Figure S2 in File S1).

Chromosome level: QTL distribution and enrichment of
chromosomes for QTL

To examine how QTL drawn from six salmonid species are
distributed across the genome, we analyzed the chromosomal
locationof allQTL-linkedmarkers relative to the distribution of
annotated genes in the Atlantic salmon reference genome. We
found a significant positive correlation between chromosome
length and the number of QTL from all speciesmapped on that
chromosome (Figure S3B in File S1: R2 = 0.835, P , 0.001)
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and the number of genes and number of QTL-linked markers
per chromosome (Figure S3C in File S1: R2=0.733, P, 0.001).
The number of genes per chromosome was also highly cor-
related to chromosome length (Figure S3A in File S1: R2 =
0.898, P, 0.001). However, we found no correlation between
the number of QTL-linked markers per kbp (hereafter, QTL
density) and chromosome length (Figure 2A; R2 = 0.224,
P = 0.249). QTL density was not significantly correlated
with the number of genes per kbp (gene density), suggest-
ing that the density of genes does not predict the density of
QTL on any given chromosome (Figure 2B: R2 = 0.078, P=
0.687). However, we observed a heterogeneity in the dis-
tribution of QTL and gene density across chromosomes,
with pronounced peaks on chromosomes 8, 17, 26, 27,
28, and 29 (Figure 3A and Figure S4 in File S1). Such local
peaks in QTL density can be observed on many chromo-
somes and in some cases coincide with decreased gene
density (e.g., chromosome 4) (Figure S4 in File S1).

After controlling for chromosome length, we found
that chromosome 1 and chromosome 6 are significantly
enriched for QTL of all traits combined (Figure 4A; P =
0.04) and that chromosome 22 is significantly enriched for
swimming behavior QTL (P= 0.04). However, no chromo-
somes were enriched for morphology, physiology, or life
history QTL.

Genomic level: salmonid QTL distribution
within chromosomes

To investigate the observation that local peaks of QTL density
donot seem tocoincidewith regionsof increasedgenedensity,
we examined the fine-scale relationship between QTL-linked
marker and functional gene codistribution across the genome.
We found that the number of genes and QTL-linked markers
per 5 Mbp window are highly correlated (Figure 3B; R2 =
0.118, P , 0.001). We used this correlation to identify clus-
ters of QTL-linked markers (“QTL clusters”) compared to the
gene background distribution by comparing the number of
QTL-linked markers to the number of genes in each window,
and used the qbinom function to detect windows that contain
more QTL than expected. We detected 12 QTL clusters in the
genome for all traits combined (Figure 5). In most but not all
cases, QTL frommultiple species fall in the QTL cluster. Those
clusters generally contained QTL-linkedmarkers for different
traits and trait classes. However, compared to the overall
number of tested windows (Nwindows = 853), these results
suggest a generally even distribution of QTL-linked markers
in salmonids, with a few elevated regions.

We thencompared thepositionsofQTLclusters forall traits
combined to thepositions of peaks inQTLdensity. All detected
QTL clusters overlap with local peaks in QTL density but not
necessarily themost pronounced peaks, i.e., we did not detect
a QTL cluster within the peak on chromosome 8 (Figure 5 and
Figure S4 in File S1). Also, not every peak in QTL density is
associated with a significant clustering of QTL-linkedmarkers.
Peaks in QTL density that are not associated with QTL clusters
do not contain more QTL-linked markers than expected by
chance or are associatedwith increased background gene den-
sity. These were not detected in our clustering analysis, since
our criterion for detecting QTL clusters was based on elevated
QTL density compared to gene density.

Genomic level: synteny of QTL distribution
within chromosomes

Using the newly available salmon reference genome and a
novel analytical framework, we identified genomic regions
enriched in QTL-linked markers for the same trait class and
shared across salmonid species. The aimof this analysiswas to
identify genomic regions with conserved synteny for specific
trait classes across salmonids. To accomplish this, we looked
for QTL-linked markers from the same trait class (i.e., traits

Figure 1 Phylogenetic relationship between study species [(following
relationships inferred in Crête-Lafrenière et al. (2012) and Macqueen
and Johnston (2014)].

Table 1 QTL markers identified, mapped and retained for each of six salmonid species

Species
Number of

Markers Compiled
Number and Percentage of

Markers Mapped
Number and Percentage of

Redundant Markers
Total Nonredundant
Markers Retained

Rainbow trout 168 132 (78.6%) 38 (28.8%) 94 (55.9%)
Chinook salmon 24 20 (83.0%) 5 (25.0%) 15 (62.5%)
Coho salmon 66 44 (66.7%) 30 (68.2%) 14 (21.2%)
Arctic charr 387 268 (69.3%) 117 (43.7%) 151 (39.0%)
Atlantic salmon 94 82 (87.2%) 31 (37.8%) 51 (54.3%)
Lake whitefish 204 129 (63.2%) 47 (36.4%) 82 (40.2%)

For each species, the number of QTL markers that were compiled from the literature, the number and percentage of markers that were uniquely mapped to the Atlantic
salmon (Sa. salar) genome, and the total number of retained markers after removing redundant markers.
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within the categories of morphology, life history, or physiol-
ogy), that were syntenic with QTL-linked markers from the
same trait class in at least one other species (“syntenic QTL-
linked clusters”). We identified a total of 179 genomic re-
gions that contain syntenic QTL-linked markers for a given
trait class (life history, morphological, or physiological traits)
across multiple (two or more) salmonid species, with the
highest number of clusters for morphology (N = 138) and
the lowest for physiology (N=9) (Table S3). If we only focus
on regions highly conserved across species, such with QTL-
linked markers from at least three species, we find 49 differ-
ent syntenic clusters (Table S3).

Toassess if sometrait classeshavemore syntenicQTLclusters
than expected by chance, we compared the number of observed
syntenic clusters to a simulated null distribution. As the null
distribution was simulated using peakmarkers/QTL-midpoints,
we empirically determined the optimal interval length for
detecting colocalization of syntenic markers (see Materials and
Methods: Optimal interval size). We found the highest corre-
lation between colocalization determined by peak markers
and overlapping C.I.s for an interval length of 12 Mbp
(Mantel’s r = 0.7599). The correlation for the other tested
interval lengths ranged from 0.5499 for 3.75 Mbp to
0.7589 for 15 Mbp.

Using this interval, we found that the number of syntenic
clusters for morphology (specifically two-, four-, and five-
species synteny) and for physiology (three-species synteny)
is significantly higher than expected by chance (Figure 4B).
However, the syntenic clustering of life history QTL-linked
markers was not significant in our analyses.

We checked post hoc if significant syntenic QTL-linked
clusters were associated with a specific trait or several differ-
ent traits. However, syntenic clusters did not seem to be
enriched for any particular traits but rather contain a mix
of different traits. Six out of the 49 syntenic clusters highly
conserved across species ($ three species) overlapped with
identified QTL clusters (i.e., QTL-enriched relative to back-
ground gene density): three of the morphology synteny
clusters (chromosome 1, 20, and 23), two life history syn-
teny clusters (chromosome 1 and 17), and one physiology
synteny cluster (chromosome 9) (Table S3). These regions

are candidates for containing QTL that affect several differ-
ent traits across salmonid species.

Colocalization of QTL within species

To identify potential genetic linkage between phenotypic traits
within species, i.e., colocalization, we analyzed the genome-
wide distribution of QTL-linked markers in each of the six spe-
cies separately. QTL were considered colocalized if the C.I.s of
associated QTL-linked markers overlapped (Figure 5). Overall,
we found that lake whitefish shows the lowest frequency of
colocalization, with only 25% of traits being colocalized (7 of
28 trait comparisons). Arctic charr had the second highest fre-
quency of colocalization among traits (25 of 36 trait compari-
sons, 69.4%) and Chinook salmon the highest, with all three
traits being colocalized (Figure 6). Given the high possible num-
ber of pairwise comparisons, we calculated a null model for the
chance that two traits are colocalized within a species (seeMa-
terials and Methods). This is therefore an empirically derived
definition of colocalization and its significance is assessed statis-
tically compared to an empirically derived null model.

Only 8 out of 134 trait pairs were significantly colocalized and
those significant colocalizations were found in three species (Fig-
ure 6). In lake whitefish, depth selection and gill raker number as
well as directional change and burst swimmingwere significantly
colocalized (Figure 6B). In coho salmon, 3 out of 10 trait pairs
were significantly colocalized: growth rate with body weight and
body length, and body length with body weight (Figure 6D). In
rainbow trout, body lengthwas significantly colocalizedwith em-
bryonic developmental rate, timing of sexual maturation, and
upper thermal tolerance (3 of 36 pairwise comparisons; Figure
6E). No significant colocalizations were observed for Arctic charr,
Atlantic salmon, or Chinook salmon.

We also found that in lake whitefish, body shape and di-
rectional change were colocalized significantly less often than
expectedby chance [false discovery rate (FDR), 0.1;TableS4].

Discussion

In this study,we assessed for thefirst time the extent of colocaliza-
tion and synteny of QTLwithin and between six salmonid species
by mapping QTL-linked markers associated with ecologically

Figure 2 QTL density not corre-
lated with chromosome length
and gene density. QTL density
per chromosome, defined as the
number of QTL-linked markers
per kbp, is not correlated (A) with
chromosome length nor (B) with
gene density.
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relevant traits to the Atlantic salmon reference genome.
These species represent the breadth of salmonid phyloge-
netic diversity, including four genera (Oncorhynchus, Salmo,
Salvelinus, and Coregonus). Of these, Arctic charr and lake
whitefish are particularly renowned for their morphological
and ecological variability (Bernatchez et al. 2010; Vonlanthen
et al. 2012; Klemetsen 2013). We detected two chromosomes
that are enriched for QTL but only found a low amount of local
clustering of QTL-linked markers across the genome. Further-
more, we found significant synteny for morphological and
physiological traits, indicating the clustering of homologous
QTL-linked markers for the same trait class across species.
Focusing within species, our analyses revealed a statistically
significant colocalization of QTL-linked markers for several
phenotypic traits within lakewhitefish, coho salmon, and rain-
bow trout. This study provides an important advance by syn-
thesizing across multiple species to infer general patterns of
genomic organization and QTL reuse, and how this relates to
the famous morphological, physiological, and ecological phe-
notypic variability in salmonids.

A new quantitative definition of QTL colocalization

As part of this study, we developed a general statistical frame-
work for detecting QTL colocalization and fine-scale synteny
usinga heterospecific reference genome.Thismaybeuseful for
the research community in general because it is independent
of the way in which QTL were identified and reported in their
original study; therefore, our method can be applied to any
QTL data set and related or conspecific reference genome.
Our framework is based on comparing observed colocaliza-
tion of QTL-linked markers with different interval sizes,
using the average distribution of C.I. lengths as a starting
point, to inform simulations for testing the statistical signif-
icance of QTL and gene distributions. Overall, this criterion

allowed us to investigate several aspects of QTL distributions
in this study: the extent of colocalization within species, the
identification of highly conserved QTL within species com-
bined across several studies, and the identification of con-
served synteny regions for trait classes across species.

How are QTL and genes distributed across the genome?

The codistribution of genes and QTL across the genome is
important for understanding the factors shaping the genomic
architecture underlying phenotypic traits and potential re-
use or conservation of QTL for traits across species. To date,
there has been little research on the genome-wide relation-
shipbetweenQTLregions and local genedensity inany species.
This dearth has existed because such analyses require genetic
markers that can be mapped, a biological system with a rela-
tively large number of quantitative trait studies linking geno-
type andphenotype in related species, and a genetically closely
related, high-quality, and well-annotated reference genome.
Agricultural crop plants are a biological system that tends to
meet these requirements, and a study in sorghum wheat
showed that gene and QTL enrichment in localized genomic
regions is due to suppressed recombination in heterochromatic
regions (Mace and Jordon 2011), leading to the association of
QTL- and gene-dense regions. A major finding of our study is
that although QTL density is not correlated with gene density
on a chromosome level, we find an overall significant correla-
tion between the number of QTL-linkedmarkers and genes on
a finer scale (Figure 2B and Figure 3, A and B). However, as no
information is currently available on the distribution of eu-
chromatic and heterochromatic regions along the Atlantic
salmon genome, we cannot test the association of gene and
QTL densities with chromatin distribution. While there are
many local peaks, only 12 clusters were significant (Figure
5). Local peaks in QTL density across the genome, which in

Figure 3 Characterization of QTL and gene codistribution. (A) The distribution of QTL and gene densities along the Atlantic salmon genome. (B) The
number of QTL per 5 Mbp window is significantly correlated to the number of genes per 5 Mbp window.
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most casesdonot coincidewith regionsof increasedgenedensity,
suggest that linkage of causal variants and/or pleiotropy as well
as structural genomic rearrangements (i.e., inversions)might play
a role in the colocalization of QTL generally (Yeaman 2013;
Schwander et al. 2014; Peichel and Marques 2017).

Our finding that some chromosomes are significantly
enriched for QTL (Figure 4A) supports the hypothesis that
QTL-linked markers are not randomly distributed and that
certain genetic factors, such as linkage, pleiotropy, and struc-
tural rearrangements, may drive their clustering in salmonids.
Similar amounts of QTL enrichment were found in stickleback
(Miller et al. 2014; Peichel and Marques 2017) and suggest
that the enrichment of QTL on some chromosomes is not
unique to salmonids. However, similar to salmonids, stickle-
backs diversify rapidly (McKinnon and Rundle 2002), which
raises the question of whether the significant clustering of QTL

in genomic regions or on certain chromosomes is a shared
feature of rapidly diversifying lineages. Detailed comparisons
to closely related nondiversifying or more slowly diversifying
lineages are needed to address this question.

Understanding the genomic arrangement and linkage of
QTL within the genome is important for understanding the
correlated evolution of traits during adaptation, especially in
the face of gene flow (Feder et al. 2012; Yeaman 2013). The
colocalization of QTL for developmentally correlated genes is
a common biological phenomenon, as many previous com-
parative mapping studies have shown (Badani et al. 2006;
Lejeune-Hénaut et al. 2008; McClelland and Naish 2010;
Sauge et al. 2011; Larson et al. 2016). By combining QTL data
from several independent studies with a common reference
genome and a simulated null model of expected colocalization
events under the assumption of random distribution, we de-
tected significant colocalizations of QTL-linked markers for
different traits within species (Figure 6 and Table S4).

The significant colocalization of trait pairs within species
suggests genetic linkage of these traits. However, the generally
very low level of significant colocalizations detected in this study
suggests that genetic linkage of ecologically relevant traits within
salmonid species is considerably less common than expected.

Our data set does not allowus to determinewhether linkage,
pleiotropy, or genomic arrangements (or combinations of those)
arethedrivingforcebehindtheclusteringofQTL-linkedmarkers,
as the causal variants underlying those traits are not known.
Further, we lack the genomic resources to identify the role of
small- and large-scale structural variations in salmonids. Given
the new breadth of tools and resources becoming available,
future research linking ecologically relevant phenotypes with
the identification of causal variants and associated genomic
architecturesmayelucidate the interplayofgenomecomposition
and quantitative traits.

QTL synteny: conserved functional regions
across salmonids?

Our analyses across several species revealed significant syn-
teny for morphology and physiology QTL-linked markers
across species. Although we also detected several syntenic
QTL-linked markers for life history, they were not significant
compared to the null expectation (Figure 4B). However, not
finding significantly syntenic QTL-linked markers for some
traits does not necessarily mean that they are not syntenic
across species, as genomic rearrangements might have affected
the position of thosemarkers in Atlantic salmon. The significant
synteny of QTL-linked markers for morphology and physiology
suggests that the genetic basis of these trait classes is conserved
across salmonid species. Interestingly, we did not find that these
clusters were enriched for a specific trait but were rather a mix
of different traits across species. The presence of a few regions
with large effect on phenotype, e.g., pleiotropic QTL clusters
that affect several phenotypes in one (significant colocalization)
or several species (syntenic QTL clusters), but numerous small
effect, unclusteredQTL, follows the predictions of the geometric
model of adaptation (Fisher 1930; Albert et al. 2008).

Figure 4 QTL enrichment and synteny analysis. (A) Number of QTL-linked
markers on each chromosome. Red dots indicate the observed number of
QTL-linked markers per chromosome. (B) Number of clusters found to be
syntenic across 2–6 species for physiology, morphology, and life history
traits separately. The observed number of syntenic QTL clusters per trait
class are shown by dots (dark blue = physiology; light blue = morphology;
and orange = life history). In (A and B) gray dots show the mean and bars
the 95% C.I.s of the inferred null distribution; statistical significance is
indicated by asterisks: * P , 0.05 and ** P , 0.01.
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However, evenwithoutasignificantexcess in syntenicQTL-
linked markers, conserved homologous QTL for osmoregula-
tion, trophic morphology, or life history are of special interest
in salmonid fishes generally (Carlson and Seamons 2008;
Elmer 2016) due to the variability in anadromous behavior
(Norman et al. 2011; Hale et al. 2013; Hecht et al. 2013) and
the great diversity in ecology, morphology, and life history
(Jonsson and Jonsson 2001; Klemetsen et al. 2003; Adams
et al. 2008; Kahilainen et al. 2011; Küttner et al. 2014). Since
these QTL-linked markers are conserved across several spe-
cies, it is likely that the associated genomic organization plays
a major functional role in the variability of ecologically im-
portant traits more generally.

Based on the close but variable phylogenetic distances
between the species in this study (Figure 1), we expected to
findmore instances of synteny betweenmore closely related
species. However, this relationship is not clear in our study,
probably due to the strong sampling bias and uneven re-
search effort into different species and traits. Overall, our
power to infer synteny is influenced by the combined num-
ber of mapped QTL across species.

Limitations due to unequal research effort
across species

In this study, we developed valuable resources and analytical
frameworks with a great potential for application in future

Figure 5 QTL and synteny blocks for each functional group on the Atlantic salmon genome. Distribution of all QTL-linked markers (6 C.I.) for each trait
class (swimming behavior in red, life history in yellow, morphology in light blue, and physiology in dark blue) for each of six species (Arctic charr, Atlantic
salmon, Chinook salmon, rainbow trout, coho salmon, and lake whitefish) across 29 chromosomes. We identified 12 significant QTL clusters for all traits
combined across the genome (dashed rectangle outline).
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studies on the genetic architecture of phenotypic traits and
their genomic basis. However, there are several limitations that
shouldnotbeignored.First, thereisaspecies-specific information
bias since there is a huge difference in the amount, type, and
accuracy of QTL information that is available for different sal-
monid species (Table 1 andTable S1). Studies are usually biased
toward economically important traits such as body weight, con-
dition factor, growth rate, and thermal tolerance, and aquacul-
ture species such as rainbow trout, Atlantic salmon, or Arctic
charr. This bias is clear in the number of QTL markers and traits
observed: with 649 (68.8%) of the 943 QTL used in this study
originating from studies on these three species and 374 (39.6%)
QTL for those four economically important traits.

Oneimportant limitation incomparingacrossQTLstudieshas
been the heterogeneity in the amount and quality of reported

information. We suggest that it would be helpful if information
such as C.I.s, LOD-scores, PVE, and marker sequences were
reported and accessible. This would increase the reproducibility
of QTL-mapping studies and facilitate empirical comparisons
and comparative genomic analyses.

We may see these limitations be overcome in the future
with the increasing amount of QTL information available and
the increasing quality and availability of reference genomes
for nonmodel species in combination with high reporting
standards (Murray et al. 2008).

Applications across evolutionary scales

This study has important applications to other species and evo-
lutionary scales regarding a quantitative approach to assess
colocalization. Specifically, as the availability of high-throughput

Figure 6 Colocalizations of ecologically relevant traits within species. For each species (A–F) the pairwise comparison of traits is shown, with a heatmap
of the relative proportion of genomic colocalizations that occurred between two traits. The numbers within the cells refer to the number of colocalized
QTL-linked markers, as phenotypic traits can be represented by multiple markers. Significance was tested against a simulated random distribution [False
discovery rate (FDR) , 0.1] and significant colocalizations between traits are shown with asterisks (Table S4).
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genomic data for wild populations increases, the results of this
study provide a useful framework for investigating the coloc-
alization and annotation of population genomic markers or
linkage maps. They could be used a priori to identify genomic
regions associated with the trait of interest or a posteriori to
annotate, e.g., genome scans to find out if outlier loci overlap
with certain QTL or QTL-rich genomic regions (Marques et al.
2016). The use of reference genomes for closely related spe-
cies to facilitate the comparison of genomic architectures be-
tween species will become more common with the increasing
availability of such reference genomes (Macqueen et al. 2016).
Furthermore, the QTL database we developed here for salmo-
nids is made available for the revision and addition of new
species, additional traits, and new QTL studies. This will facil-
itate future extensions of this study to other salmonid species
or different suites of traits depending on research interests.

Conclusions

We mapped 407 QTL-linked markers for functional traits
associated with morphology, life history, and physiology from
six salmonid fish species to the Atlantic salmon reference
genome. We were able to identify significant QTL synteny
clusters across species and colocalized traits within species.
We showed that it is possible to use existing reference ge-
nomes of closely related species to analyze the genomic
arrangement ofQTL-linkedmarkerswithin and across species
and developed a transferable analytical framework for such
studies across different species and reference genomes.

The identification of significant QTL synteny clusters for
physiological and morphological traits across the genome high-
lights the potentially conserved genetic basis of diverse traits
across salmonid species. Contrary to expectation, we only de-
tected low levels of colocalization between ecologically relevant
traits. Overall, the low levels of clustering, synteny, and colocal-
ization suggest that genetic linkage and pleiotropy may play a
role in the overall phenotypic diversification of salmonid fishes
but that this is not a prevailing phenomenon across the genome
and across species. However, the presence of a few regions of
large effect on phenotype (e.g., syntenic QTL clusters) and nu-
merous small effect loci (e.g., unclustered QTL scattered across
the genome) follows the predictions of the geometric model of
adaptation. In the future, comparing the degree of fine-scale
synteny and colocalization between salmonids and other less
diverse lineages of fishes, in combination with high-quality ref-
erence genomes, will make it possible to better assess the role of
genomic architecture of QTL on phenotypic variability and di-
versification. This study enables detailed analyses of genomic
mechanisms and QTL reuse that may facilitate the rapid adap-
tive diversification found in salmonid species.
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