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Abstract

Gene sequence similarity due to shared ancestry after a duplication event, that is paralogy, complicates the assess-

ment of genetic variation, as sequences originating from paralogs can be difficult to distinguish. These confounded

sequences are often removed prior to further analyses, leaving the underlying loci uncharacterized. Salmonids have

only partially rediploidized subsequent to a whole-genome duplication; residual tetrasomic inheritance has been

observed in males. We present a maximum-likelihood-based method to resolve confounded paralogous loci by

observing the segregation of alleles in gynogenetic haploid offspring and demonstrate its effectiveness by construct-

ing two linkage maps for chum salmon (Oncorhynchus keta), with and without these newly resolved loci. We find

that the resolved paralogous loci are not randomly distributed across the genome. A majority are clustered in

expanded subtelomeric regions of 14 linkage groups, suggesting a significant fraction of the chum salmon genome

may be missed by the exclusion of paralogous loci. Transposable elements have been proposed as drivers of genome

evolution and, in salmonids, may have an important role in the rediploidization process by driving differentiation

between homeologous chromosomes. Consistent with that hypothesis, we find a reduced fraction of transposable ele-

ment annotations among paralogous loci, and these loci predominately occur in the genomic regions that lag in the

rediploidization process.
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Introduction

Gene and chromosome duplications appear in the evolu-

tionary history of all species. These duplications create

two paralogous sequences from a single ancestral

sequence. Paralogs can be identified by sequence align-

ment, but sequence similarity complicates genetic analy-

sis. The genetic variation observed within and between

paralogs is often confounded, leaving them uncharacter-

ized. Failure to differentiate paralogs and correctly

resolve loci confuses the assessment of genetic variation

and complicates assemblies of genomes and transcripto-

mes (Davidson et al. 2010; Seeb et al. 2011; Wang et al.

2011). Paralogs are especially difficult to identify and

resolve in nonmodel species that lack a high-quality ref-

erence genome.

A common strategy when faced with confounded par-

alogs is to identify and exclude them. For example, par-

alogous sequence variants (PSVs), that is variant calls

resulting from the alignment of paralogous sequences,

can be distinguished from SNPs by assessing measures

of heterozygosity and Hardy–Weinberg equilibrium (e.g.

Davidson et al. 2010; Keller et al. 2013). Excluding paralo-

gous loci impoverishes our genetic understanding by

discarding all genealogical information they contain, but

is often necessary given our inability to resolve and

genotype them. The cumulative effect of this exclusion

on genetic inferences is not clear, but the potential for

bias is real, especially if the excluded loci experience dif-

ferent rates of evolutionary forces such as genetic drift

and selection than the rest of the genome.

Rather than exclusion, another approach to dealing

with paralogs in nonmodel species is to use a distance-

based metric to separate paralogs based on the underly-

ing sequences (e.g. Seeb et al. 2011; Catchen et al. 2013).

This approach works well if the genetic distances

between sequence haplotypes form a hierarchical pattern

with larger differences between haplotypes originating

from paralogous loci than from the haplotypes within

each locus. Conversely, this approach will fail if haplo-

types are not locus specific and are present at both paral-

ogous loci, a situation akin to incomplete lineage sorting.
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Thus, this distance-based approach depends on the abil-

ity to distinguish alleles and the underlying pattern of

divergence.

Paralogy is an acute issue in species with a recent

whole-genome duplication (WGD). WGDs are a duplica-

tion of each ancestral chromosome and occur in two

forms: auto- and allopolyploid duplications. In autopoly-

ploid duplications, existing chromosomes are duplicated

in-place, creating two complete sets of homeologous

chromosomes. In allopolyploid duplications, hybridiza-

tion assembles two sets of orthologous chromosomes

from related species into a single genome. Polysomic

inheritance occurs directly after an autopolyploid WGD

due to the complete identity of homeologous chromo-

some pairs (Soltis & Soltis 1999). Subsequently, homeolo-

gous chromosomes tend to diverge and the frequency of

polysomic inheritance drops during a process of rediplo-

idization (Makino & McLysaght 2012). The rediploidiza-

tion process is not well understood and has been

characterized as ‘rapid’ in yeast (Scannell et al. 2006) and

‘slow and stepwise’ in salmonids (Berthelot et al. 2014).

Salmonids are particularly well suited for studying

vertebrate genome evolution subsequent to a WGD

because they have experienced at least four WGD events.

Two (1R and 2R) occurred in the ancestral vertebrate

lineage (Dehal & Boore 2005), one (3R) in the ancestral

teleost lineage (Jaillon et al. 2004) and, most recently, the

common ancestor of salmonids underwent an autopoly-

ploid WGD (4R) approximately 100 MYA (Ohno 1970;

Macqueen & Johnston 2014). Since their most recent

WGD, salmonids have only partially rediploidized and

have genes with both disomic and tetrasomic patterns,

but tetrasomic inheritance has only been observed in

males and is understood to not occur in females (Allen-

dorf 1978; Wright et al. 1983; Allendorf & Danzmann

1997). It is not known if the rate of rediploidization is

constant over time, but the ‘extreme stability’ of the

retained salmonid chromosomes subsequent to the WGD

(Berthelot et al. 2014) suggests that tetrasomic inheritance

is being conserved. The majority of genetic studies in sal-

monids take steps to identify and remove paralogs (e.g.

Hohenlohe et al. 2013; Larson et al. 2014; many others).

Exclusion of paralogous loci creates a potential for bias

because modes of inheritance affect evolutionary forces.

In particular, tetrasomic inheritance increases effective

population size relative to disomic inheritance (Charles-

worth 2009), leading to uneven rates of genetic drift

across the genome.

Genotype phase and allele dosage are important

aspects of genetic data that can be hard to infer from

sequence data, especially in polyploids (Dufresne et al.

2014). Codominant genotyping methods rely on the

assumption that a diploid individual has either one or

two distinct alleles at each locus. If two distinct alleles

are observed, a heterozygote genotype is inferred; if only

a single allele is observed, a homozygous genotype is

called. Codominant genotyping breaks down for con-

founded paralogous loci and in polyploid taxa as the

observed allelic presence/absence signals are often con-

sistent with multiple underlying genotypes.

Haploids are relatively easy to produce in salmonids

(Spruell et al. 1999) and provide an opportunity to sort

paralogs (Brieuc et al. 2014; Limborg et al. 2014). Hap-

loids have genetic material from only one parent which

makes them ideal for constructing linkage maps; geno-

types are completely phased, making recombination

events easier to locate (Young et al. 1998), and PSVs

appear as heterozygous genotypes where complete

homozygosity is expected (e.g. Palti et al. 2014). Here we

use gynogenetic haploids, which have their paternal

genetic contribution disrupted by UV radiation and thus

contain only maternal DNA.

Our three primary objectives are to (i) develop a

method to resolve confounded paralogous loci, (ii) build

a chum salmon linkage map that includes the resolved

loci, and (iii) identify and genetically characterize ho-

meologous regions of the chum salmon genome.

We present a novel method to resolve paralogous loci

and use it to genotype the maternal parent of a gynoge-

netic haploid family of chum salmon. We apply a maxi-

mum-likelihood approach that extends the work

described in Brieuc et al. (2014) by formally testing alter-

native parental genotypes. By following segregation pat-

terns in offspring, we are able to resolve cases where

two loci share an allelic sequence (isoloci) and also

resolve loci where the sequence similarity between

alleles at paralogs and homologues is of the same magni-

tude. Both of these cases are frequent in salmonids

where residual tetrasomic inheritance constrains the

divergence of homeologous chromosomes through ongo-

ing gene exchange.

Materials and methods

Haploid families

For this project, we required a single family of haploid

individuals. We obtained eggs from 12 chum salmon

females from the Hoodsport Hatchery, Hoodsport,

Washington, USA, for use in this project and other SNP

discovery projects (data not shown). Success rate of

induced haploidy can vary, and redundancy insured the

availability of adequate numbers of families of validated

haploids. All animal handling procedures and animal

care followed University of Washington IACUC protocol

#4229-01. Fin clips were taken from all adults used in the

matings (12 chum salmon females and one coho salmon

male) and stored in ethanol.
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Haploids were produced by fertilizing chum salmon

eggs with UV-inactivated sperm from coho salmon as

in Seeb & Seeb (1986). Embryos were incubated at a

constant 11 °C; the date of hatch was estimated with

the software IncubWin (http://www.pac.dfo-mpo.gc.ca/

science/aquaculture/sirp/incubwin-eng.html). After 42

days, just prior to hatch, the putative haploid embryos

were euthanized and removed to ethanol.

DNA was extracted from adult and embryo tissues

using DNeasy-96 kits from Qiagen (Venlo, the Nether-

lands). Haploidy was confirmed by screening the parents

and embryos with 50-nuclease assays developed in chum

and coho salmon (Smith et al. 2006; Elfstrom et al. 2007;

Petrou et al. 2013). Only embryos expressing no paternal

(coho salmon) alleles were retained for RAD sequencing;

the family with the largest number of haploid offspring

was selected for use in this study. Genotypes obtained

during haploidy screening were included with the RAD-

derived genotypes (see below) and were subject to the

same downstream filters and analysis.

Sequencing

Haploid and diploid tissues were sequenced on 8 lanes

of a HiSeq 2000 (Illumina, San Diego, CA). A total of 192

haploid offspring were prepared for RAD sequencing

with the SbfI restriction enzyme as per Baird et al. (2008)

and Etter et al. (2011a). Genotyping by sequencing proto-

cols using SbfI-based loci have been well optimized for

salmonid genomes; use of SbfI further enables direct

comparisons across populations and species analysed in

a similar fashion (e.g. see comparisons made by Larson

et al. 2014 to data from Everett & Seeb 2014). The SbfI rec-

ognition sequence is GC-rich (CCTGCA/GG); this may

result in an overrepresentation of SbfI cut sites in gene-

rich regions of the genome. GC-rich sequences have

small, but known, biases during PCR (Davey et al. 2011)

that are not expected to contribute significantly to subse-

quent analyses. DNA from each haploid was uniquely

barcoded (6 bp) and multiplexed into seven libraries for

single-end sequencing. RAD libraries for the female par-

ent and the 11 other diploid adult chum salmon were

prepared as above and multiplexed into one library for

paired-end sequencing. Sequencing was conducted for

101 cycles at the Genomics Core Facility at the University

of Oregon, with one library per lane.

Sequence analysis

We quality-filtered the raw sequence reads and analysed

the remaining high-quality sequences to discover and

genotype SNP loci. Sequence data were received as

Phred33 FASTQ files as produced by CASSAVA (v1.8.x)

(Illumina, San Diego, CA). The single-end sequences

from the haploids and the P1 sequences from the paired-

end sequencing of diploids were demultiplexed,

stripped of the barcode, trimmed to 84 bp and filtered

for chastity and quality with the process_radtags pro-

gram within the STACKS software suite (v1.05) (Catchen

et al. 2013). Stacks pipeline component ustacks was used

to discover and assign variant allelic haplotypes to each

individual de novo. SNP ascertainment (catalogue con-

struction) proceeded on three diploid females including

the parent using cstacks; three individuals were used to

facilitate the relation to other genomic resources. Geno-

typing proceeded in the haploid offspring by matching

the sequences from each individual with the ascertained

variation within the catalogue using sstacks.

Within the Stacks analysis pipeline, catalogue entries

are groups of aligned sequences. Individual catalogue

entries nominally represent a unique locus, but they can

also contain sequences originating from multiple loci. In

these latter cases, we term the catalogue entry con-

founded as it no longer represents a distinct genetic

locus. Genetic variation observed within confounded cat-

alogue entries may be an artifact of aligning sequences

from multiple loci, that is paralogous sequence variants.

The Stacks method for constructing catalogue entries is

designed with the goal of grouping genomic locations

that exchange alleles (i.e. loci) and splitting those that do

not. Our approach seeks to classify variation observed

within each catalogue entry as intra- or interlocus and

establish parental genotypes at all constituent loci. For

simplicity of communication, we refer to both sequence

clusters determined by Stacks and the 50 nuclease assays

used for haploidy confirmation as ‘catalogue entries’;

they were treated identically in downstream analyses.

We used Stacks parameter values similar to those that

have been successfully applied to salmonids and that are

generally consistent with published protocols (Everett &

Seeb 2014; Mastretta-Yanes et al. 2015). The –M parame-

ter, determining the maximum number of nucleotide dif-

ferences used for grouping alleles within a catalogue

entry, was set to 4. The –m parameter, the minimum

depth to observe an allele, was set to 3, and the

bounded-error model was applied with an upper bound

of 0.05. In one important departure from established

methods, we disabled the deleveraging algorithm pres-

ent in ustacks. The deleveraging algorithm attempts to

resolve loci from confounded catalogue entries using dif-

ferences between allelic haplotypes (Catchen et al. 2013).

Given that residual tetrasomic inheritance provides an

avenue for gene flow between paralogs, we do not expect

allelic haplotypes to be unique to a single locus and so a

distance-based metric was unsuitable. In its place, we

leverage the segregation patterns of alleles in gynoge-

netic haploid offspring (see below). We used all the alle-

lic haplotypes observed in each haploid individual at
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each catalogue entry because confounded loci may pro-

duce genotypes with more than one or two alleles. Off-

spring with a no-call rate >0.25 were excluded during a

preliminary analysis. Catalogue entries with a no-call

rate >0.25, with >4 alleles, or without variation, were also

excluded.

Assignment of parental genotypes based on segregation
patterns

Segregation patterns of alleles can be used to infer the

genotype of the parent, even if two loci are confounded

by alignment, analogous to the use of parent–offspring
trios as checks against genotyping errors (e.g. Geller &

Ziegler 2003). We apply a maximum-likelihood approach

that classifies each catalogue entry based on the underly-

ing parental genotype(s). Each parental genotype is

expected to produce offspring with genotypes in a par-

ticular ratio (Fig. 1). We calculate the likelihood of the

observed offspring genotype data given each of the

parental genotypes using a multinomial sampling distri-

bution (see Appendix I), a method similar to calculating

genotype likelihoods from sequencing data using allele

depths (Hohenlohe et al. 2010). Each catalogue entry is

classified with the parental genotype of maximum likeli-

hood. This is a powerful method for assigning parental

genotypes, as it is able to leverage genotype information

derived from all offspring. Notably, we do not rely on

offspring genotypes that include allele dosage; instead,

we assume a codominant model where each allele is

scored for presence/absence, an important distinction

when genotyping polyploid taxa.

As any number of loci can become confounded by

alignment, testing all possible maternal genotypes is not

feasible. In the light of this, we considered a limited set

of 18 genotype categories that cover all the relevant

cases. A restricted list of the genotype categories consid-

ered is presented in Fig. 1; the full list is available in

Appendix S1 (Supporting information). Of the 18 mater-

nal genotype categories, only five have the possibility of

recovering segregating loci suitable for inclusion on a

linkage map, and an additional nine maternal genotypes

do not allow a resolution of the constituent loci. The

remaining four categories predict alleles appearing at

random in the offspring (one-four allele doses, sampled

with replacement) and serve as dummies, meant to

attract nonsense allelic segregation patterns.

Genotyping errors

We accounted for errors in haploid genotype assign-

ments by including estimates of the genotypic error rate

into the likelihood calculations for parental genotypes

(Appendix II). A separate error rate was estimated

within each catalogue entry for each of the parental

genotype categories. We estimated an error rate that is a

maximum-likelihood estimate of the rate at which a hap-

loid’s genotype call is replaced by a random genotype.

The error rate is a function of the number of impossible

offspring genotype assignments given the parental geno-

type under consideration. This approach is similar to

that of Stacks (Catchen et al. 2013) and Hohenlohe et al.

(2010), which accounts for sequencing errors by estimat-

ing an error rate for each possible genotype. When calcu-

lating likelihoods of parental genotypes, we place upper

(0.1) and lower bounds (0.01) on the error rate. Bounding

the error rate estimates has the desirable effect of penal-

izing the likelihood of parental allele distributions that

result in very high or low estimates of the error rate.

Resolving confounded loci

Some confounded catalogue entries can be resolved into

one or more constituent loci, while others remain unus-

able. We convert each catalogue entry into zero, one or

two distinct loci by observing the segregation of locus-

specific alleles (Fig. 1). The resolved loci are segregating

in the parent and suitable for linkage mapping. Loci

were tested for segregation distortion using the binomial

Maternal
chromosomes

Maternal 
genotype

Haploid offspring 
genotypes

Offspring 
genotype

ratio

# Loci   with 
observable 
segregation

AB A, B 1:1 1

AB/AA AA, AB 1:1 1

AB/AC AA, AB, AC, BC 1:1:1:1 2

AB/CD AC, AD, BC, BD 1:1:1:1 2

AA/BC AB, AC 1:1 1

AB/AB AA, AB, BB 1:2:1 0

AA/BB AB 1 0

AA/xx Ax 1 0

A A B C

A B A A

A B C D

A B A C

A B

A A A A
A A

= Observable segregation

A B A B

A A B B

Fig. 1 Model relating parental and offspring genotypes. Con-

founded catalogue entries can be resolved into their underlying

loci by observing the segregation of up to four alleles. Maternal

chromosomes diagram the location of maternal alleles across

one or more loci, here assumed to be on separate chromosomes

for simplicity. Maternal chromosomes are assumed to segregate

strictly disomically (see Methods). A, B, C and D are alleles;

AA/xx represents our inability to distinguish any number of

confounded homozygous loci; boxes connect maternal loci that

align in a de novo analysis. The maternal alleles segregate diso-

mically, forming the offspring genotypes shown in column three

in the ratio seen in column four. Observed haploid genotypes

are matched to the segregation patterns expected for each mater-

nal genotype with a maximum-likelihood model (Appendix I).

Figure 1 is incomplete, see supplemental Table S1 for a list of

considered parental genotypes.
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test within the Python package SciPy (Oliphant 2007)

and corrected for false discovery rate (FDR) using the

Python package MNE (Gramfort et al. 2013). Loci with

significant segregation distortion at a ≤0.05 after FDR

correction were excluded from further analysis. Loci

with >0.25 missing data, or with a genotyping error rate

>0.2, were also excluded.

Python code used in the analysis is available at the

GitHub repository ml-psv.

Linkage map construction

Phase of the diploid female parent was initially

unknown and was inferred from offspring genotypes as

the first step of linkage map construction. A preliminary

linkage map was constructed using arbitrarily phased

data (see below for map construction methods). With

arbitrarily phased data, we expect to produce twice the

final number of linkage groups (LGs), one for each true

LG in each phase. Using the linkage group assignment

criteria of Wu et al. (2008), we identified pairs of loci that

would be colocated in alternate phase. We then identi-

fied pairs of LGs that contained many loci that would be

colocated in alternate phase. Next, we switched the

phase of loci in nonoverlapping pairs of LGs and rebuilt

the linkage map. Parental phase was visually confirmed

in R/qtl (Broman et al. 2003) (data not shown).

Linkage maps were constructed with MSTMAP (Wu

et al. 2008); loci were ordered by minimizing the number

of inferred of recombination events (COUNT objective

function). Loci were spaced with the Kosambi mapping

function (Kosambi 1943) due to strong recombination

interference within salmonid chromosome arms (Thorg-

aard et al. 1983). Two separate linkage maps were con-

structed: Map1 from the 5221 loci resolved from

nonconfounded catalogue entries and Map2 including an

additional 1015 loci resulting from confounded catalogue

entries (Appendix S3, Supporting information). LGs con-

taining only a single locus were excluded from the final

maps. Kendall’s rank correlation (s) was calculated for

each corresponding pair of LGs to compare the consis-

tency of locus orders between Map1 and Map2.

Paired-end assembly

Paired-end sequence reads from the 12 diploid individu-

als were quality-filtered with process_radtags using

default settings. Paired-end reads were assigned to cata-

logue entries by alignment to the allelic sequences associ-

ated with all catalogue entries. Only alignments with full

identity were accepted. Paired-end sequences assigned

to catalogue entries present on Map1 or Map2 were

locally assembled with CAP3 (Huang & Madan 1999) in

a process derived from Etter et al. (2011b); all reported

contigs were retained for annotation (Appendix S4, Sup-

porting information). Many confounded catalogue

entries were comprised of two or more loci that shared

alleles (isoloci), preventing the assembly of locus-specific

contigs. For this reason, a separate assembly occurred for

each catalogue rather than each locus. The set of loci

comprising a catalogue entry received at most a single

annotation shared across them.

BLAST annotation and GO analysis

Contigs were compared to the SwissProt annotated pro-

tein database (version date 12/13/2013) (Magrane &

Consortium 2011) with the BLASTX algorithm (Altschul

et al. 1990). For each Catalogue entry, the lowest e-value

match (<10�4) was taken as the protein annotation. In

cases of a tie, an annotation was selected at random from

among the highest scoring matches. Catalogue entries

associated with low complexity were identified using

REPEATMASKER (Smit et al. 2010). Gene Ontology (GO)

terms were assigned to each protein annotation using

AmiGO’s generic GO slim (Carbon et al. 2009). A chi-

squared test was applied to the counts for each GO term

to test whether the term was equally prevalent in the

resolved paralogous loci as in the rest of the loci. A false

discovery rate (FDR) procedure was applied to the

resulting P-values using the FDRTOOL package (Strimmer

2013); resulting q values ≤0.05 were taken as significant.

Results

Screening and sequencing

Sequencing was successful on the 192 haploid offspring

(single end) and 12 diploids (paired end). Species-spe-

cific genotypes establishing haploidy are available on

Dryad (doi: 10.5061/dryad.5b64r). We excluded 17 off-

spring with a no-call rate >0.25, resulting in a final set of

175 haploid offspring averaging 1 681 625 (SD 819 952)

retained sequence reads. The female parent had

1 501 228 retained reads, and a total of 69 543 466

sequence reads were retained across all diploid individu-

als (Appendix S2, Supporting information).

We removed 82 023 (83% of 98 913) catalogue entries

with no variation observed within the haploid family;

we also removed 104 catalogue entries with more than

four allelic sequences observed in the offspring, leaving

16 786.

Assignment of maternal genotype based on segregation
patterns

The segregation patterns of alleles within the 16 786 poly-

morphic catalogue entries were used to assign maternal
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genotypes. We identified 6603 catalogue entries consist-

ing of loci with observable segregation patterns

(Table 1). Of these, 5321 consisted of a single segregat-

ing locus; the remaining 1282 consisted of confounded

loci. In 154 of the confounded catalogue entries, both

loci had observable segregation patterns, allowing the

recovery of two loci. In all other cases (1128), only one

of the confounded loci had observable segregation. Of

the 6757 resolved loci, 262 loci failed the test of segrega-

tion distortion, 372 loci had estimated genotyping error

rates >0.2, and 153 loci had >25% missing data. These

sets are not exclusive; 6236 loci were found eligible for

linkage map construction.

Many polymorphic catalogue entries could not be

resolved into distinct, segregating loci. The female parent

was determined to be homozygous for 8252 (49%) catalo-

gue entries; the observed variation was probably due to

genotyping errors in one of the offspring. A total of 669

catalogue entries were best explained by maternal geno-

types that confounded more than two loci, suggesting

that the sequences comprising them appear >2 times

across the genome, and 1006 catalogue entries were best

explained by two confounded loci homozygous for alter-

nate alleles. Our dummy models with random allelic

presence/absence were assigned to only 15 catalogue

entries (Appendix S3).

Linkage map construction

A preliminary linkage map was constructed to determine

parental phase. After setting aside LGs comprised of a

single locus, the preliminary map included 74 LGs con-

taining 6159 loci. A total of 3075 loci on 37 LGs were

phase-switched, and the linkage map was subsequently

rebuilt to demonstrate successful phasing. Two final

linkage maps were constructed from the phased data:

Map1 included only loci resulting from nonconfounded

catalogue entries; Map2 also included paralogous loci

resolved from confounded catalogue entries. Within

Map1, 5221 loci were placed at 3401 unique locations on

37 LGs. In Map2, 37 LGs contained a total of 6162 loci in

4006 unique locations (Table 2), with an additional 74

unplaced loci not considered further. The 37 LGs proba-

bly correspond to the 37 chromosomes present in chum

salmon karyotypes (Sasaki et al. 1968; Phillips et al.

2007). The 175 offspring provide a potential map resolu-

tion of ~0.57 cM (1 Morgan/175), very close to our

observed mean marker spacing of ~ 0.6 cM.

Comparison of Map1 and Map2

Map2 is longer than Map1 (3728 vs 3246 cM) and has a

slightly increased marker density (1.65 vs. 1.60 loci per

cM) (Table 2). LG assignment was consistent for all loci

between the two maps (Fig. 2). There were some changes

in the order and spacing of loci within LGs, shown as

crossed blue lines in Fig. 2. The few discrepancies in

order that do occur are small in scale; mean Kendall’s s
rank correlation coefficient of the locus orders was 0.971

(range 0.889–0.999) (Appendix S3). MSTmap and other

linkage mapping algorithms do not produce confidence/

credible intervals for mapping results, complicating the

interpretation of between-map comparisons.

Identification of paralogous loci and homeologous
chromosomes

The distribution of paralogous loci is not random; the

majority of these loci (821, 87%) are located on just 14

LGs, each composed of up to 51% paralogs (range

18–51%) (Fig. 2; cf., Brieuc et al. 2014). Within these 14

LGs, paralogs are concentrated near chromosome ends

(Fig. 3). The remaining paralogous loci are scattered,

with no apparent pattern, across the remainder of the

genome.

The striking pattern of paired paralogous loci pro-

vided insight into their origins. Multiple pairs of para-

logs were identified on regions of the 14 LGs noted

above, forming eight matched sets. The LG pairs are

[36,2], [2,14], [30,37], [5,32], [32,10], [13,33], [16,29] and

[31,34] (Fig. 3). These paired regions probably connect

homeologous portions of LGs that have not diverged

due to residual tetrasomic inheritance in salmonid males

(e.g. Lien et al. 2011). Two of the 14 LGs are present in

two distinct pairs (2 and 32), with a discrete association

specific to each end of the LG, representing distinct ho-

meologous relationships. In five other cases, we placed

pairs of paralogs onto the same LG, always separated by

no more than 2 cM; these probably represent segmental

duplications and or regions of low sequence complexity.

Notably, there are many LGs without identified homeol-

ogous relationships with paralogs placed at or near the

end of LGs (Figs 2 and 3) which is consistent with the

Table 1 Catalogue entries are classified into four categories.

Nonconfounded catalogue corresponds to individual loci;

confounded catalogue entries can be resolved into one or two

constituent loci. Some catalogue entries could not be resolved

into loci and are listed as unresolved. Notice that in many con-

founded genotypes, the same allele is present at both constituent

loci (e.g. AB/AA)

Category Parental Genotype Count

Resolved 6603

Nonconfounded AB 5321

Confounded, recover one AB/AA, AA/BC 1128

Confounded, recover two AB/AC, AB/CD 154

Unresolved All others 10 183
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known concentration of segmental duplications (Rieth-

man 2008; del Carmen Calder�on et al. 2014).

Paired-end assembly

A total of 710 775 (~1% of 69.5 M) paired-end sequences

were assigned to a catalogue entry included on Map2,

leading to an average of 117.8 (SD 44.3) sequence pairs

available for assembly at each catalogue entry. Local

assembly was successful, with >99% of catalogue entries

producing contigs. These assemblies resulted in 14 157

total contigs representing 6034 loci on Map2 and ranged

in length from 93 to 595 bp.

BLAST annotation and GO enrichment

We successfully annotated 1049 catalogue entries with

proteins found in the SwissProt database (Appendix S4,

Supporting information). Tc1/mariner transposable ele-

ment-associated (TE) sequences were the most common

annotation, constituting 98 (9.3%) of the annotations. A

total of 104 catalogue entries had more than 50% of their

length masked as low complexity by REPEATMASKER. There

were 243 distinct GO terms associated with the annota-

tions, occurring from 1 to 562 times each. After FDR cor-

rection, 17 GO terms (7.4%) were significantly differently

represented between paralogous and nonparalogous loci

(<0.05), with 10 being enriched in paralogous loci,

whereas seven were less frequent. The most enriched

GO term was nucleoplasm (0005654), largely due to an

abundance of RNA polymerase annotations. Under-rep-

resented GO terms included DNA binding (0003677),

transposition (0032196) and DNA metabolic process

(0006259), all terms related to TE-associated sequences.

We are more interested in general patterns of functional

differences between paralogous and nonparalogous cate-

gories than specific GO terms. Taken together, the pat-

tern of significant GO terms under-represented in the

paralogous loci suggests that fewer TE-associated

sequences are found in paralogous loci.

Table 2 The scope, length and density of Map1 (paralogs removed) and Map2 (including paralogs)

Loci Unique map positions # of LGs Mean loci per LG Total length (cM) LG size range (cM) Loci per cM

Map1 5221 3401 37 141.1 3246 51–145 1.60

Map2 6162 4006 37 166.5 3728 54–174 1.65

0

50

100

150

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37

LG

cM

Fig. 2 Linkage maps constructed with and without the inclusion of paralogs. Each of 37 linkage groups is represented by two adjacent

parallel vertical lines: Map1 (no paralogs) on the left and Map2 (with paralogs) on the right. Blue lines connect the positions of loci

appearing on both maps. Yellow diamonds are loci resolved from confounded catalogue entries (paralogs) and appear only on Map2.

LGs are numbered 1–37 according to the number of loci present on each LG in Map2.
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Discussion

We produced the first dense linkage map of chum sal-

mon, and our method of resolving confounded paralogs

allowed the inclusion of an additional ~20% loci. These

paralogs were concentrated in subtelomeric regions of 14

linkage groups. Our method does not distinguish para-

logs derived from a whole-genome duplication event

from paralogs derived from other types of duplication,

but the clustered distribution of paralogs on the linkage

map is striking and well explained by residual effects of

the ancient WGD. The pairwise association of paralogous

regions (black lines, Fig. 3), and the presence of identical

alleles at paralogous loci (Table 1), suggest regions of 14

chromosomes are still undergoing residual tetrasomic

inheritance due to incomplete rediploidization (May

et al. 1979; Allendorf & Danzmann 1997).

Subtelomeres are known to harbour segmental dupli-

cates in the most distal 500 kb (cf., Riethman 2008); how-

ever, the eight matched regions of paralogs identified

here are orders of magnitude larger, given an estimate of

the salmon genome of 3 gb (Davidson et al. 2010). We

infer these to be eight regions of homeology (cf., Lien

et al. 2011; Brieuc et al. 2014). These pairs probably repre-

sent 16 (2*8) ancestral chromatids that joined into 14

chromosomes through Robertsonian translocation (Rob-

ertson 1916), as in Atlantic salmon (Brenna-Hansen et al.

2012), Chinook salmon (Brieuc et al. 2014) and coho sal-

mon (Kodama et al. 2014). Noticeably, LGs 2 and 32 form

two pairwise associations each, one on each end. These

LGs are probably metacentric chromosomes formed by

the fusion of at least two ancestral chromosome arms.

Inclusion of paralogous loci on the linkage map

Linkage maps provide an important resource for the

assembly of complicated genomes such as those in spe-

cies with a recent WGD (e.g. Davidson et al. 2010; Felcher

et al. 2012; Zhao et al. 2012). The additional 941 loci

included in Map2 expand the coverage of the genome

represented by the linkage map and allow additional

recombination events to be observed. The increased map

Fig. 3 Identification of homeologous chromosomes and regions of residual tetrasomic inheritance in Map2, which includes resolved

paralogous loci. Nonduplicated loci are shown as blue circles and duplicated loci presented as yellow diamonds. Black lines connect

confounded paralogs that have been resolved into two loci. The 16 subtelomeric concentrations of paralogs form 8 pairs; notice LGs 2

and 32 form distinct pairings on each end. LGs have been reordered from Fig. 2 to facilitate illustration.
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(cM) length of Map2 reflects these additional recombina-

tion events; the increased cM length also reflects

increased genotyping error rates among the paralogous

loci. Many high-density linkage maps of salmonids are

already published (e.g. Miller et al. 2012; Everett & Seeb

2014), but most of these exclude paralogous loci, produc-

ing an incomplete picture of the genome (but see: Lien

et al. 2011; Brieuc et al. 2014; Kodama et al. 2014).

Transposable elements and genome evolution

GO terms relating to DNA binding and transposition are

under-represented among the paralogous loci. This is

largely due to a reduced fraction of the paralogous

loci annotating to transposable element-associated

sequences. TEs make up a large fraction of many eukary-

otic genomes and have been a driving force in eukaryotic

genome evolution (Fedoroff 2012). Following polyploidy,

the differential accumulation of TEs between homeolo-

gous chromosomes facilitates differentiation and, ulti-

mately, rediploidization (Parisod et al. 2010). It is not

clear whether the residual tetrasomic inheritance in sal-

monids is stable, or whether rediploidization is still

ongoing.

Salmonidae is a species-rich family, and TEs can be

important in generating Dobzhansky–Muller incompati-

bilities (DMI) where negative epistatic interactions

between paralogs generate reproductive isolation and

speciation (de Boer et al. 2007; Brown & O’Neill 2010).

Small and isolated populations are ideal conditions for a

rapid build-up of DMI, making this model of speciation

especially compatible with the populations of anadro-

mous salmonids (Dittman & Quinn 1996). Recent work

by Macqueen & Johnston (2014) found little support for

the tight coupling in time of the salmonid 4R WGD and

speciation rates. However, their results are consistent

with a scenario in which the ancestral WGD provided

the raw genomic material that, when coupled with an

anadromous life history and isolated populations, pro-

vides ideal conditions for DMI to promote speciation. A

dearth of TE annotations in regions of tetrasomic inheri-

tance has not been previously reported in salmonids and

merits further investigation in Salmonidae and other par-

tially rediploidized taxa.

Evolutionary significance of tetrasomic inheritance

The lack of tetrasomic inheritance within female salmo-

nids removes the necessity to account for the possibility

of tetrasomic inheritance within gynogenetic haploid off-

spring, but this also prevents direct estimates of tetra-

somic inheritance rates (Lien et al. 2011). The approach

of Wu et al. (2004) simultaneously estimates rates of

homeologous pairing and recombination fractions; this

approach could be applied to investigate patterns of tet-

rasomic inheritance in male meioses. As presented, the

method of Wu et al. (2004) assumes fully informative loci

such that a segregating parent has four distinct alleles.

But in the chum salmon linkage map presented here, we

find only eight catalogue entries (16 loci) with four dis-

tinct alleles in the female parent (i.e. fully informative),

so some adaptation would be necessary. In males, rates

of homeologous pairing can vary between individuals

and populations and are sensitive to outbreeding and

hybridization (Allendorf & Danzmann 1997). Chromo-

some pairing during meiosis is mediated, at least in part,

by sequence similarity, which is maintained by gene flow

between homeologs (Scannell et al. 2006).

Loci undergoing tetrasomic inheritance have larger

effective population sizes than the rest of the diploid

genome, raising the effectiveness of selection and lessen-

ing the effects of drift (Charlesworth 2009). Tetrasomic

inheritance can also reduce inbreeding depression by

increasing heterozygosity (Tomekpe & Lumaret 1991),

particularly relevant for anadromous salmonids with

many small, reproductively isolated populations. The co-

occurrence of disomic and tetrasomic regions within

chromosomes, as in salmonids, results in loci colocated

on a chromosome experiencing different levels of genetic

drift and other evolutionary forces.

The common approach of identifying and excluding

duplicated loci in genetic studies provides a restricted

view of genetic variation and can introduce bias into

genetic estimates of population parameters (Meirmans &

Van Tienderen 2013). Recent studies have shown ele-

vated levels of genetic divergence near telomeres during

speciation with gene flow (Ellegren et al. 2012; Gagnaire

et al. 2013). In many salmonid chromosomes, these

regions are dominated by paralogous loci and excluding

them from genomic analyses such as genome scans will

return an incomplete account of genomic divergence

patterns.

Comparisons across salmonid taxa would facilitate

analysis of post-WGD genome structure in a phylogenetic

context, providing better dating of significant genome

restructuring events and better estimates of the rate of re-

diploidization. The approach presented here is directly

applicable to other polyploid taxa but cannot be applied

to wild populations without a pedigree. In wild popula-

tions, the inability to observe allele dosage makes esti-

mating basic population genetic parameters such as allele

frequency much more difficult (Dufresne et al. 2014).
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Appendix I

The likelihood of a parental genotype (Gp) was assessed

as the probability of the observed offspring genotype

counts, given the parental genotype, and accounting for

genotyping error:

LðGpÞ ¼ Pðhi; . . .; hkjGpÞ
¼ n

hi; hiþ1; hiþ2; . . .; hk

� �
P
k

i¼1
PðhijGpÞ; ð1Þ

where [hi, . . ., hk] is the vector counting the number of

offspring with genotype hi, summing to n, with k distin-

guishable offspring genotypes. The last term on the right

is calculated as follows:

PðhijGpÞ ¼ rþ e
k
� ðp � eÞ

� �hi
; ð2Þ

where r is the error-free probability of a parent of geno-

type Gp producing an offspring with genotype i (Supple-

mental File s1), and ɛ is the genotyping error rate in the

offspring (the rate at which true genotypes are replaced

by random genotypes). r is modified by two error terms:

the e
k term represents genotyping errors that result in the

genotype i, and the p � e term represents the assignment

of a random genotype when the genotype specified by hi
is true.

Appendix II

A na€ıve estimate of the genotyping error rate (ɛnaive) is
the fraction of offspring genotypes that are impossible

given the considered parental genotype:

enaivejGp ¼
Pn
i

hi 2 herrorjGp

� �

n
; ð3Þ

where Gp is the parental genotype, there are n offspring,

hi is the genotype of offspring i, and herror is the set of off-

spring genotypes impossible without error.

This na€ıve estimate is too low, however, because

actual errors do not exclusively result in nonsense geno-

types. We can correct this bias if we assume that all pos-

sible combinations of alleles are equally likely to be the

result of an error and then scale our na€ıve estimate by

the fraction of errors that we can observe. The total num-

ber of distinguishable combinations (hall) of k alleles,

given our inability to observe allele dosage, is as follows:

hall ¼ kþ k� 1
k

� �
: ð4Þ

This allows up to k alleles to appear in each genotype

and is not restricted to the bi-allelic case to allow for con-

founded loci. After correction, our estimate of the geno-

typing error rate ɛ is as follows:

e ¼ enaive � hall
length hðherrorÞ : ð5Þ
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