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NEWS AND VIEWS

OPINION

Sorting duplicated loci disentangles
complexities of polyploid genomes
masked by genotyping by sequencing

MORTEN T. LIMBORG,*†§ LISA W. SEEB* and

JAMES E. SEEB*
*School of Aquatic and Fishery Sciences, University of

Washington, 1122 NE Boat Street, Box 355020, Seattle, WA

98195, USA; †National Institute of Aquatic Resources,

Technical University of Denmark, Vejlsøvej 39, 8600 Silkeborg,

Denmark

Many plants and animals of polyploid origin are cur-

rently enjoying a genomics explosion enabled by modern

sequencing and genotyping technologies. However, rou-

tine filtering of duplicated loci in most studies using

genotyping by sequencing introduces an unacceptable,

but often overlooked, bias when detecting selection.

Retained duplicates from ancient whole-genome duplica-

tions (WGDs) may be found throughout genomes,

whereas retained duplicates from recent WGDs are con-

centrated at distal ends of some chromosome arms. Addi-

tionally, segmental duplicates can be found at distal ends

or nearly anywhere in a genome. Evidence shows that

these duplications facilitate adaptation through one of

two pathways: neo-functionalization or increased gene

expression. Filtering duplicates removes distal ends of

some chromosomes, and distal ends are especially known

to harbour adaptively important genes. Thus, filtering of

duplicated loci impoverishes the interpretation of geno-

mic data as signals from contiguous duplicated genes are

ignored. We review existing strategies to genotype and

map duplicated loci; we focus in detail on an overlooked

strategy of using gynogenetic haploids (1N) as a part of

new genotyping by sequencing studies. We provide

guidelines on how to use this haploid strategy for studies

on polyploid-origin vertebrates including how it can be

used to screen duplicated loci in natural populations. We

conclude by discussing areas of research that will benefit

from better inclusion of polyploid loci; we particularly

stress the sometimes overlooked fact that basing genomic

studies on dense maps provides value added in the form

of locating and annotating outlier loci or colocating out-

liers into islands of divergence.
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Background

Whole-genome duplication (WGD) is a fundamental evolu-

tionary process known to accelerate adaptation (Ohno

1970b; Selmecki et al. 2015). Many polyploid-origin plants

and animals, especially some crops, amphibians and fish,

are currently enjoying a genomics revolution fueled by

modern sequencing technology (Narum et al. 2013; Dolezel

et al. 2014; Ellegren 2014; Shaffer et al. 2015). However,

potentially large numbers of paralogous1 loci in polyploid-

origin genomes challenge genomic analyses; genome

assemblies are particularly challenging due to equivocal

sequence alignment. Polyploid-origin genomes undergoing

rediploidization are affected by homeologous recombina-

tion. This results in residual tetrasomic inheritance that

retards divergence of duplicated loci at the distal ends of

some homeologous chromosomes (Fig. 1a; reviewed in

Gaeta & Pires 2010; Allendorf et al. 2015; May & Delany

2015). As a result, the extent of rediploidization of dupli-

cated loci following a WGD can vary across the genome,

where some loci, diverged duplicates, are fully diploi-

dized, while other duplicates, referred to as isoloci (Allen-

dorf & Thorgaard 1984), actively share alleles by retained

tetrasomic inheritance (Table 1).

Tetrasomic pairing and homeologous crossovers are

reported in a range of autopolyploid taxa such as plants,

yeast, amphibians and fish. For example, Stift et al. (2008)

showed that the rate of residual tetrasomy differs among

species and chromosomes in plants; the authors inferred

homeologous recombinations from observations of inheri-

tance ratios intermediate to disomic and tetrasomic in

hybrids of the yellow cress plant (Rorippa spp). Similar

inheritance patterns in the autotetraploid grey tree frog

(Hyla versicolor) led Danzmann & Bogart (1982) to conclude

that homeologous chromosomes occasionally pair during

meiosis. Preferential pairing of homeologous chromosomes

in hybrid genomes was postulated to be the cause of the

unusual pattern of joint segregation of unlinked loci in

autopolyploid-origin salmonids (pseudolinkage; Wright

et al. 1983). All of these studies used experimental breeding
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to disentangle the complex inheritance patterns observed

in these polyploid-origin genomes.

Here, we clarify current challenges for conducting popu-

lation genomics in polyploid-origin species. We briefly

review the current strategies and limitations of widely

used genotyping by sequencing (GBS) techniques and

highlight shortcomings of studying unmapped polyploid

genomes where duplicated loci are filtered. Next, we intro-

duce salmonids as a model for studying polyploid-origin

vertebrates by using existing protocols to reduce genome

complexity. We then provide guidelines on how haploid-

assisted mapping can help to identify, map and subse-

quently genotype duplicated loci including isoloci. We end

by presenting general areas where future studies that

include duplicated loci are expected to enhance evolution-

ary insights and improve the conservation of polyploid-

origin species.

Genotyping by sequencing fails to resolve duplicated

loci

Novel genomic-based methods have rapidly accelerated

SNP discovery and acquisition of genome-wide data sets

(Andrews et al. 2016). GBS is a relatively new and espe-

cially popular technique that does not require existing

genomic resources, making it particularly suitable for

nonmodel organisms. GBS targets a reduced representation

of a genome that is then sequenced with next-generation

sequencing to obtain genotypes at thousands of loci (Davey

et al. 2011). Use of GBS enabled genome mapping and QTL

studies in a range of nonmodel taxa (e.g. Barchi et al. 2012;

Houston et al. 2012; Narum et al. 2013); dense meiotic maps

have provided a powerful framework for studying the

genomic architecture of divergence in natural populations

(Baxter et al. 2011; Chutimanitsakun et al. 2011) including

polyploid-origin salmonids (Gagnaire et al. 2012; Hecht

et al. 2013).

A significant problem is that many genotyping tech-

niques, including GBS (Davey et al. 2011), are unable to

properly genotype duplicated loci (Krasileva et al. 2013;

Dufresne et al. 2014; Dufresne 2016). Most researchers

using GBS approaches actively filter such duplicates in

mapping and population studies in order to acquire data

sets that meet standard assumptions such as Mendelian

inheritance and Hardy–Weinberg equilibrium (e.g. Seeb

et al. 2011; Gagnaire et al. 2012; many others). However,

this filtering leads to the exclusion of segmental duplicates

as well as sometimes large portions of the distal ends of a

subset of chromosomes in polyploid-origin species

(Kodama et al. 2014; McKinney et al. 2015; Waples et al.

2016), a fact that is rarely acknowledged in studies

interpreting genome-wide results of both plants (reviewed
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Fig. 1 Model of residual tetrasomic inheritance and the resulting genomic distribution of duplicated loci. (a) Model of partial tetra-

somic inheritance resulting from homeologous crossovers. A1 and A2 represent diverged duplicates that are located near their cen-

tromeres. B1 and B2 represent isoloci that share alleles. Crossovers that sometimes may occur between homeologs will produce

intermediate disomic–tetrasomic segregation ratios for more distal loci (B1 and B2), while loci near the centromere (A1 and A2) will

show disomic inheritance. Homeologs will pair with each other only in distal regions that retain sequence similarity. (b) A subset of

19 linkage groups from the autotetraploid-origin chum salmon (O. keta). Haploid-assisted mapping was used to map nonduplicated

(blue circles) and duplicated (yellow diamonds) loci. Haploid-assisted mapping allowed the identification of homeologous chromo-

some pairs through the inclusion of both loci at some duplicate pairs (loci linked by lines between linkage groups). Areas dominated

by duplicated loci are assumed to represent distal chromosomal regions with residual tetrasomic inheritance. Figure 1b redrawn

from Waples et al. (2016) with permission.
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in Mastretta-Yanes et al. 2014) and animals (e.g. Gagnaire

et al. 2012; Limborg et al. 2014; Leach�e et al. 2015; many

others).

Further, alleles at SNP loci located in duplicated regions

resulting from homeologous crossovers cannot easily be

assigned to their specific chromosomal origin when scored

using GBS (reviewed in Dufresne et al. 2014; Mastretta-

Yanes et al. 2014; Logan-Young et al. 2015). Waples et al.

(2016) inferred that residual tetrasomy (Fig. 1a; Allendorf

et al. 2015; May & Delany 2015) maintains large blocks of

undiverged duplicated loci, isoloci, at the distal ends of

some chromatids in chum salmon (Oncorhynchus keta;

Fig. 1b). Therefore, routine exclusion of such duplicates

from mapping and population studies biases results in a

way that could misinform some interpretations. In humans,

for example, subtelomeric regions are known to be com-

plex, dynamic and variable regions that harbour adaptively

important gene families (Mefford et al. 2001; Mefford &

Trask 2002). Numerous telomere-associated genes in mam-

mals have also been shown to be adaptively important

(Morgan et al. 2013). Clearly, studies that filter duplicated

loci may be missing genomic regions of adaptive impor-

tance.

Another important and related challenge is that GBS

data are blind to allele dosage except in the atypical case

of ultra-deep sequencing (Lighten et al. 2014). Allozyme

markers, which were originally used to describe some

duplicated loci, revealed allelic dosages by amplifying

equally expressed products of four allele copies, facilitating

the detection of duplicated loci with the naked eye (Box 1;

Allendorf & Thorgaard 1984). Similarly, fluorescence data

specific to some SNP calling platforms enabled the scoring

of dosage in duplicated SNPs (Box 1; Gidskehaug et al.

2011; Voorrips et al. 2011). In contrast, inference of dosage

remains equivocal in typical GBS data sets where diploid

heterozygotes [AB] cannot easily be distinguished from

heterozygotes at one or both pairs of duplicated loci that

amplify four allele copies [AA/AB or AB/BB], double

heterozygotes [AB/AB] or alternate homozygotes [AA/BB]

(see also discussions in Dufresne et al. 2014; Waples et al.

2016). When duplicated loci are either filtered or treated as

diploid, downstream analyses will be biased potentially

leading to erroneous interpretations (Allendorf et al. 2015).

Hence, initial discrimination between duplicated and

nonduplicated loci based on GBS data alone must rely on

arbitrary thresholds of sequence coverage, sequence simi-

larity and statistical fit to disomic models (e.g. Hardy–
Weinberg; see Box 1 for further discussion).

Salmonids as models for studying polyploid

vertebrates

Protocols for performing experimental breeding in verte-

brates are generally much more cumbersome than proto-

cols for plants. Duplicated loci are more easily resolved

in plants because often-simple husbandry easily enables

the implementation of inbred lines, backcrosses and

doubled haploids (e.g. Ogugo et al. 2015; Siger et al.

2015); as a result, economically important crops sometime

serve as models for studying genome evolution (see

Wallace et al. 2014). Chromosome set manipulations such

as the production of doubled haploids aided mapping of

polyploid plant genomes (e.g. Poland et al. 2012; Chap-

man et al. 2015; Fan et al. 2015), and tissues in plants are

often readily accessible from haploid life stages (e.g. Fins

& Seeb 1986; Richier et al. 2009), enabling unambiguous

genotyping and map-based genomic study (Eckert et al.

2010; Sork et al. 2013). Unfortunately, reproductive biology

and potentially complicated husbandry of many verte-

brates greatly limit the execution of similar breeding and

genotyping protocols. Here, we focus on how to advance

studies in vertebrates.

Salmonids provide an ideal system for addressing chal-

lenges with analyses of duplicated genomes in vertebrate

species. A common ancestor to salmonids went through a

WGD (Ohno 1970a) dated to 88-103 MYA (Macqueen &

Johnston 2014), and the salmonid genome is still undergo-

ing rediploidization. Numerous inheritance studies using

allozyme loci during the 1970s and 1980s demonstrated

tetrasomic inheritance patterns in males for pairs of isoloci

that remain undiverged and thus share alleles (Wright

et al. 1983; Allendorf & Thorgaard 1984; Allendorf & Danz-

mann 1997). Importantly, isoloci were shown to cluster at

the distal ends of chromosomes both from allozyme (Thor-

gaard et al. 1983; Allendorf et al. 1986; Seeb & Seeb 1986)

and subsequently from microsatellite data (Sakamoto et al.

2000; Guyomard et al. 2012). These often large syntenic

blocks of duplicated genes are generally found on a subset

Table 1 Different states of duplicated loci during rediploidization after whole-genome duplication. Within a rediploidizing genome,

some loci can be fully diploidized, while other loci maintain partial tetrasomic inheritance depending on their location in the genome

(Fig. 1)

Locus type Duplication status Inheritance Definition*

Isolocus Duplicated Residual

Tetrasomic

A pair of genetically distinct loci that still share identical alleles (from

ongoing, or recent, tetrasomic inheritance); alleles cannot be

unambiguously assigned to a single locus

Diverged duplicates Duplicated Disomic Different alleles have become ‘fixed’, or nearly so, at the two duplicates

Single locus Nonduplicated Disomic Only one gene copy exists in the genome resulting from either loss or

functional divergence of the other duplicate

*Based on nomenclature and definitions given in Allendorf & Thorgaard (1984).
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of eight conserved pairs of chromosome arms in more

recently published high-density maps of several salmonid

species (Fig. 1b; Gidskehaug et al. 2011; Brieuc et al. 2014;

McKinney et al. 2015; Waples et al. 2016).

Genomic resources for salmonids are exceedingly com-

mon further facilitating genomic studies (Thorgaard et al.

2002; Davidson et al. 2010). Their life history (especially

anadromy and fine-scale homing) has made them ideally

suited for using genetic data to improve population man-

agement (e.g. Dann et al. 2013), improve fish culture (e.g.

Allen et al. 2014) and advance our understanding of local

adaptation in the wild (reviewed in Fraser et al. 2011). Fur-

ther, fecundity of salmonids readily enables studies of

transmission genetics and gene mapping: single-pair mat-

ings yield 100s to 1000s of embryos, permitting the enumer-

ation of large numbers of meioses. Finally, details of ploidy

manipulation are well worked out (Komen & Thorgaard

2007), and the use of haploid families has been shown to

greatly enhance the characterization of duplicated loci (e.g.

Spruell et al. 1999; Lien et al. 2011; Waples et al. 2016).

Linkage mapping based upon chromosome set

manipulations offers a solution

The use of chromosome set manipulations can greatly

simplify the identification and mapping of duplicated loci.

A variety of chromosome set manipulations produce hap-

loids, triploids or inbred diploids by the use of either or

both of two steps: (i) irradiation to enucleate spermatozoa

or ova and (ii) blocking a cell division with a thermal or

pressure shock to disrupt the spindle apparatus (Komen &

Thorgaard 2007; Abu-Daya et al. 2012; Box 2). These

manipulations can be implemented easily in many species

with external fertilization including amphibians (e.g. Sel-

man 1958; Kondo & Kashiwagi 2004), fish (e.g. Kroeger

et al. 2014; Xu et al. 2014; Molina-Luzon et al. 2015) and

molluscs (e.g. Li et al. 2004; Bottger et al. 2011).

Meiotic maps generated from families of gynogenetic

haploid individuals provide several very important

advantages, particularly in polyploid-origin species (Spru-

ell et al. 1999; Waples et al. 2016). Haploids only contain

a single gene copy at diploid loci, so the presence of

two or more different alleles at a locus signals a duplica-

tion where alleles from both duplicates have been assem-

bled into a single locus due to retained sequence

similarity. Previous GBS-based studies have used this

asset to either filter duplicated loci from QTL and popu-

lation genetic studies (Everett & Seeb 2014; Limborg et al.

2014) or map duplicated loci (Brieuc et al. 2014; Waples

et al. 2016). Another benefit of haploids is that they con-

tain only half of the DNA of diploids, reducing sequenc-

ing costs.

Box 1. Comparing allozymes, GBS and SNP arrays: The issue with dosage

The ability to infer allele dosage is required for de novo detection and screening of duplicated loci. An inherent

hurdle for understanding duplicated genomes using genotyping by sequencing (GBS) is that, in contrast to allo-

zymes, allele dosage (i.e. allele copy number) is not directly conveyed (Fig. A).
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Fig. A. Scoring allele copies at a duplicated locus using allozyme or GBS markers. Downward and upward pointing triangles

represent alternate nucleotides at a SNP locus and link to the A (red) and B (blue) allele of the true genotypes listed above. Allo-

zyme markers signal allele dosage based on the ratios of observed gel bands. In contrast, inference of allele dosage remains a

major challenge with typical GBS data. This inevitably results in misclassification of some duplicated loci that will be scored as

disomic heterozygotes because allelic ratios of 1:3 cannot be distinguished from ratios of 2:2 with routine sequence coverage.
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Gynogenetic diploids have also been shown to be extre-

mely useful in genome mapping. All gynogenetic diploids

possess recombination information because they are half-

tetrads that contain both sister chromatids from meiosis II

(Thorgaard et al. 1983). As a result, observed recombination

frequencies provide direct estimates of gene–centromere

distances (Thorgaard et al. 1983; Seeb & Seeb 1986; Lindner

et al. 2000). Gynogenetic diploids have more recently been

used to locate centromeres on medium-density (Sakamoto

et al. 2000; Gharbi et al. 2006) and high-density (Brieuc et al.

2014; Limborg et al. 2015) linkage maps.

Although powerful for mapping, most of the attention

given to doubled haploids in fish has its origin in the utility

of isogenic lines for aquaculture and breeding studies (cf.,

Thorgaard 1992; Grimholt et al. 2009). Doubled haploids are

technically difficult to produce compared to haploids, and

low survival rates impede the generation of large mapping

families (cf., Parsons & Thorgaard 1985). However, doubled

haploids have been instrumental in the projects to assemble

whole-genome sequences of Atlantic salmon (Davidson

et al. 2010; Davidson 2013) and rainbow trout (O. mykiss;

Berthelot et al. 2014); these projects relied on just a single

doubled haploid individual for sequencing.

Approaches for genotyping duplicated loci in natural

populations

Using haploids to identify and map duplicated loci is a

practical first step towards genotyping duplicated loci in

Box 1 continued

Gidskehaug et al. (2011) presented an approach that allows genotyping thousands of markers while considering

allele dosage at duplicated loci (Fig. B). The relative strengths of fluorescent signals from two allele-specific bead

arrays, using Illumina’s Infinium� technology, allowed inference of dosage at duplicated SNP loci. Paralogous loci

were then classified as multisite variants (MSV); when one paralog was homozygous and the other heterozygous,

three distinct genotype clusters were distinguished (MSV-3). Five genotypes were distinguished when both paralogs

were heterozygous (MSV-5). This technique was used to presents one of the first efforts to map duplicated loci on a

linkage map of Atlantic salmon (Salmo salar) illustrating subtelomeric clustering of duplicated loci (Lien et al. 2011).

Fig. B. Examples of fluorescence-based genotype clustering for different marker categories. (a) A biallelic SNP (strength of fluo-

rescence is measured by the theta parameter on the x-axis). (b–c) The MSV-3 type of a duplicated marker where only one of the

duplicates is polymorphic; the three clusters conform to allelic ratios of: 4:0 (AAAA), 3:1 (AAAB) and 2:2 (AABB). (d) An MSV-5

duplicated marker where both duplicates are polymorphic results in five clusters corresponding to all combinations of the two

alleles: 4:0 (AAAA), 3:1 (AAAB), 2:2 (AABB), 1:3 (ABBB) and 0:4 (BBBB). The figure is reproduced from Gidskehaug et al. (2011)

with permission.

Currently, fluorescent signals to genotype duplicated SNPs are not commonly used, although this should be possi-

ble (Gidskehaug et al. 2011; Johnston et al. 2013). A more immediate drawback of this approach is that the genera-

tion of species-specific SNP arrays for thousands of loci is an expensive and time-consuming task that makes this

approach exceedingly challenging for many nonmodel species compared to the immediate genotyping available

through GBS. Unfortunately, many existing SNP arrays exclude duplicated loci. For example, the major effort that

produced the 57K fluorescent-based array for rainbow trout was made after most duplicated loci had been actively

filtered (Palti et al. 2015).

© 2016 John Wiley & Sons Ltd
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Box 2. Chromosome set manipulations

We briefly review different chromosome set manipulations in fish to clarify the advantages and difficulties of each

and provide a clearer understanding of the simplicity of mapping polyploid-origin species using haploid gynogene-

sis. These methods work well in any organism with external fertilization, such as most fish and amphibian species.

Gynogenetic offspring can be created by the inactivation of the DNA in the sperm prior to fertilization (Thorgaard

et al. 1983). Sperm DNA is readily denatured by exposure to ultraviolet (UV) light; activation of ova using irradi-

ated spermatozoa produces gynogenetic haploid zygotes (Fig. C). Haploid embryos survive for many weeks, pro-

viding DNA for family genotyping, but haploids die prior to hatch. The second technique, formation of

gynogenetic diploids, is possible because meiosis in fish ova is temporarily arrested in anaphase II, and the appli-

cation of a shock to gynogenetic haploids shortly after fertilization disrupts cell division in meiosis II. That treat-

ment incorporates the second polar body into the nucleus, forming gynogenetic diploids (Fig. C). Survival of

gynogenetic diploids varies, but typically is adequate for most experimental studies (Allendorf et al. 1986). Alterna-

tively, the application of a shock to gynogenetic haploids during first mitosis disrupts that cell division and creates

gynogenetic doubled haploids (Fig. C). Survival of doubled haploid salmonids is exceedingly low (Komen & Thor-

gaard 2007).

Gynogenetic haploids

X
Female meiosis

1st meiotic division

2nd meiotic division

Half-tetrads

Fertilization

Spermatozoa

UV irradiation

Gynogenetic diploids

1st mitotic division

Gynogenetic doubled haploids

Heat/pressure shock

Heat/pressure shock

Fig. C. Chromosome set manipulations for generating gynogenetic haploids, gynogenetic diploids and gynogenetic doubled hap-

loids. UV irradiation of spermatozoa prior to fertilization ensures that only maternal DNA is incorporated into developing embryos.

Haploids are generated with no further treatment. A shock to disrupt meiosis II interrupts extrusion of the second polar body and

generates gynogenetic diploids, and a shock to disrupt first mitosis in haploids generates fully homozygous doubled haploids.

Androgenetic haploids can be generated in a similar, but much more technologically challenging treatment, by

gamma irradiation of ova followed by fertilization with normal spermatozoa. Disruption of the first mitosis will

generate androgenetic doubled haploids (Fig. D). These diploid androgens have a 1:1 ratio of males to females, but

again, survival is low (Parsons & Thorgaard 1985). Doubled haploids generated from the heterogametic parent will

create both male and female offspring; in salmonids for example, males are the heterogametic sex, so androgenesis

was routinely used if multigenerational doubled haploid lines were needed because both male and female off-

spring were produced (Scheerer et al. 1991; Thorgaard 1992).

© 2016 John Wiley & Sons Ltd
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natural populations of polyploid organisms. A promising

example is given in Waples et al. (2016) who used a maxi-

mum-likelihood model to characterize the segregation of

duplicated loci in haploid families generated through chro-

mosome set manipulation. These types of efforts will help

standardize methods to identify and map duplicated loci

across laboratories and taxa.

Improved sequencing technologies now provide longer

read lengths (e.g. Mosher et al. 2014) that will improve

the ability to distinguish diverged duplicates and facili-

tate direct genotyping of these loci (e.g. Clevenger &

Ozias-Akins 2015). Diverged duplicates residing in chro-

mosomal regions that exhibit only disomic inheritance

have accumulated novel mutations and will be easier to

differentiate with longer reads. Such improvements will

be particularly useful for species where mapping is diffi-

cult (e.g. many birds and mammals with low fecundi-

ties). Unfortunately, isoloci with residual tetrasomic

inheritance will remain unresolved because the sharing

of alleles prevents unambiguous mapping, regardless of

read length, and isoloci will have to be considered as

single tetraploid loci.

A promising alternative is to use a dominant genotyping

model that can provide a pathway to more immediate

insights. A dominant genotype can be inferred by scoring

the presence or absence of alleles at duplicated loci (e.g.

Tomiuk et al. 2009; Dufresne et al. 2014). Dominance

approaches have been successfully applied with duplicated

microsatellite markers for parentage analyses in polyploid

sturgeon (Wang & Scribner 2014) and appear promising

for obtaining conservative estimates of population diver-

gence at isoloci. One drawback of dominant genotyping is

its reduced statistical power because it does not control for

allelic dosage uncertainty at heterozygote genotypes

(Box 1). A potential solution is to consider the number of

sequence reads at individual loci to estimate allele frequen-

cies in a population sample that can then be used for anal-

yses of population differentiation and genome scans for

selection (see Blischak et al. 2015).

Many nonmodel species are expected to have a genome

reference sequence available in the foreseeable future. This

will facilitate genotyping through whole-genome resequenc-

ing allowing denser genome sampling compared to GBS.

Nevertheless, assembling a genomic reference sequence in

duplicated regions exhibiting residual tetrasomic inheritance

is not trivial (see Rondeau et al. 2014). Therefore, analyses of

isoloci will continue to rely on chromosome set manipula-

tions for distinguishing diverged diploid regions from

homeologous regions with residual tetrasomic inheritance. It

will be possible to more effectively study all duplicated

regions with whole-genome resequencing once a genomic

reference sequence correctly accounts for retained homeol-

ogy. The ability to perform whole-genome resequencing will

also mitigate some limitations presented by GBS including

issues relating to missing data (Andrews et al. 2016).

Finally, it is important to note that most of these meth-

ods require an a priori assumption about duplication status,

or ploidy, of each locus (cf., Table 1). Haploid individuals

provide a pathway to obtain this information for many

nonmodel species. These genotyping approaches may then

Box 2 continued
Male meiosis

1st meiotic division

2nd meiotic division

Spermatozoa

Fertilization

1st mitotic division

Androgenetic doubled haploids

Heat/pressure shock

X

Eggs

Gamma irradiation

Fig. D. Chromosome set manipulations for generating androgenetic doubled haploids. Gamma irradiation is used to enucleate

female gametes to ensure that only paternal DNA is incorporated into developing embryos. Shock to disrupt first mitosis gener-

ates doubled haploids.
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enable the scoring of dosage at duplicated loci in popula-

tions, which is useful, but alone they will not provide the

genotypes of individual loci in pairs of isoloci. This neces-

sitates the consideration of isoloci as single tetraploid loci

when interpreting these gene duplicates in a population

genetic framework.

Future perspectives

We believe that increased focus on using available tech-

niques such as haploids to resolve duplicated genes will

increase the inclusion of these loci in population genomics

studies in the foreseeable future; it is therefore not too

early to ignite excitement about potential studies of species

with polyploid genomes. Below, we discuss specific ques-

tions that can help elucidate the evolutionary role of gen-

ome, and local gene duplications, as well as improve

management and conservation of polyploid-origin species

in general. Obviously, this list is far from exhaustive, but

we hope our examples will spark further ideas across all

polyploid taxa.

1 Map-based population genomics. When a high-quality refer-

ence genome is not available, which is still the case for

most nonmodel species, linkage maps provide a basis to

improve the interpretation of population genomic data.

Studies that complement genome scans with linkage

maps demonstrate increased power to detect biologically

meaningful signals of adaptation in both animals (Hem-

mer-Hansen et al. 2013; Santure et al. 2013) and plants

(Eckert & Dyer 2012; St€olting et al. 2013; see also discus-

sion in Limborg et al. 2014). Here, we highlight the need

for proper genotyping of duplicated loci as well as pro-

vide an improved pathway to map-based genomics in

polyploid-origin vertebrates.

2 Evolutionary role of gene duplications. Genome duplications

are thought to catalyse evolutionary processes and play

a key role in speciation events (Ohno 1970b; Wolfe 2001;

Comai 2005; Mable et al. 2011). In a recent study, Wu

et al. (2015) showed that duplicates of genes involved

with stress response in the green alga (Chlamydomonas

reinhardtii) tended to have both copies retained more

often than genes that are not involved with stress

response. These results illustrate that gene duplications

have played an important adaptive role in shaping green

alga’s resiliency to stress. The ability to interrogate exten-

sive, and hitherto ignored, distal regions dominated by

duplicated genes will expedite insights into the func-

tional fates of gene duplicates (cf., Allendorf 1978).

3 Adaptive potential of duplicated genes. Isoloci are expected

to have larger effective population sizes than disomic

loci which will increase their effective response to selec-

tion (Charlesworth 2009). This leads to the expectation

that genes with tetrasomic inheritance will show signa-

tures of selection more often than disomically inherited

genes. This hypothesis can now be tested, and insights

will add to the ongoing debate on why some polyploids

have been evolutionarily successful in contrast to diploid

relatives (Allendorf & Thorgaard 1984; Comai 2005; Pari-

sod et al. 2010; but see also Mayrose et al. 2011).

4 Evolutionary success of polyploids. The use of haploids can

further add to the long-standing debate on the actual

mechanisms explaining why many polyploids are suc-

cessful (Ramsey & Schemske 1998). For instance, one

hypothesis for the apparent success of many polyploid

plants is their high origination rate allowing more

opportunities for the polyploid variant to adapt and

become successful (Otto & Whitton 2000). The use of

haploids will allow future studies to consider a broader

range of species, and this will undoubtedly help eluci-

date the general importance of origination rate and other

mechanisms.

5 Origin of duplicated genes. Knowing the type of origin and

genomic location of gene duplicates is essential for

understanding the evolution of duplicated genes. Warren

et al. (2014) detected paralog pairs from the Atlantic sal-

mon transcriptome and considered map location to infer

whether paralogs originated from a WGD (paralogs

located on different chromosomes) or from a segmental

gene duplication (paralogs located on the same chromo-

some). Whereas Warren et al. (2014) only considered

diverged duplicates (see Table 1), techniques reviewed

here promise to further improve such insights by allow-

ing the inclusion of isoloci, assuring more complete cov-

erage of the genome (Waples et al. 2016).

6 Early stages of polyploidy in plants. Many plants repeatedly

create new autopolyploids where little to no intragenome

differentiation occurs in recently formed populations (Par-

isod et al. 2010). The use of haploids with genome-wide

linkage mapping has the potential to reveal segregation

patterns across genomes in recently formed autopoly-

ploids (Stift et al. 2008). This is a promising way to directly

detect and distinguish loci with disomic or polysomic

inheritance. Using this approach, it may be possible to bet-

ter distinguish recently formed populations from more

ancient polyploids and add to our understanding of the

earliest stages of genomic and allelic diversification in

newly formed polyploid lineages.

7 Genomic architecture of adaptive divergence. Subtelomeric

regions are known to harbour genes of adaptive

importance (Mefford & Trask 2002; Morgan et al. 2013).

Interestingly, a recent study performing whole-genome

resequencing in two flycatcher species (Ficedula spp.)

revealed a heterogeneous genomic landscape with an

overrepresentation of divergence peaks ‘in the very end

of chromosomes’ (Ellegren et al. 2012). Hohenlohe et al.

(2010) observed elevated nucleotide diversity at the ends

of chromosomes in threespine stickleback (Gasterosteus

aculeatus), although this diversity was not linked to pop-

ulation divergence. Genes important for host–pathogen
interaction were also found to reside in subtelomeres

(Kooij et al. 2005) or at the ends of chromosomes (Cor-

nejo et al. 2015) in Plasmodium species. The degree to

which these patterns are conserved across taxa, includ-

ing polyploids, can only be tested with proper represen-

tation of the entire distal regions of all chromosomes.
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8 Inbreeding and outbreeding depression. Resolving the effects

of inbreeding and outbreeding depression is a classic

theme in the study of genetics of natural populations.

Inbreeding depression occurs when increased drift in

small populations leads to either an increase in deleteri-

ous alleles or loss of variation at loci exhibiting heterozy-

gote advantage. It can be speculated that gene duplicates

that have retained the same function, for example all iso-

loci, will be more resilient to inbreeding depression from

recessive mutations than will nonduplicated or function-

ally diverged gene duplicates (Allendorf & Thorgaard

1984; Comai 2005). Alternatively, outbreeding depression

can occur from two different processes: reduced fre-

quency of locally adapted alleles or from breakdown of

coadapted genes. It remains unclear whether disomically

inherited genes are differentially affected than isoloci

exhibiting tetrasomic inheritance in autopolyploids (Pari-

sod et al. 2010). Future insights may reveal more about

the genomic mechanisms responsible for either suscepti-

bility or resiliency to inbreeding and outbreeding depres-

sion in polyploid-origin species.

9 Hybridization and invasive alleles. Another outstanding

question relates to invasive alleles in hybridized popu-

lations (Fitzpatrick et al. 2010). Invasive alleles have also

been detected in populations of native westslope cut-

throat trout (O. clarkii) hybridized with invasive rain-

bow trout (Hohenlohe et al. 2013). Considering that

these hybrids experience reduced fitness (Muhlfeld et al.

2009), it will be interesting to assess whether invasive

alleles are more likely to introgress in regions exhibiting

tetrasomic inheritance (Chapman & Abbott 2010).

Indeed, if an invasive allele conveys a fitness advantage

by virtue of a dominant mutation, it is expected to be

more often incorporated at a tetrasomic locus than at a

disomic locus (Allendorf & Thorgaard 1984). The ability

to map invasive alleles to both nonduplicated and

duplicated genomic regions will help answer this ques-

tion and increase our understanding of the genetic

mechanisms affecting fitness in hybridized populations.

Use of gene markers with known invasive alleles can

be used for early detection of ongoing hybridization

and guide conservation efforts towards populations at

the highest risk of suffering from outbreeding depres-

sion.

Conclusions

Herculean efforts were marshalled to sort duplicated

regions in the genome assemblies of some polyploid organ-

isms. For example, the entire genomes of preduplication

ancestors were sequenced in order to sort the homeologs

in wheat (Triticum sp.; Krasileva et al. 2013) and Atlantic

salmon (Rondeau et al. 2014). Many tools have been

applied to explore the polyploid genomes of plant species

(Aversano et al. 2012); central to these and possibly the

most powerful remains the genome map (Poland & Rife

2012; Mascher et al. 2013).

Yet application of GBS for genotyping and mapping

polyploid animals and some polyploid plants has lagged

compared to the rapid advances in diploid organisms (Bog-

art & Bi 2013). Single-cell sequencing is an interesting new

technology potentially allowing direct sequencing of game-

tes and other haploid cells (Huang et al. 2015). However,

for most nonmodel species, chromosome set manipulation

combined with linkage mapping provides a technologically

straightforward and robust approach and remains the most

feasible method to interrogate gene duplicates that share

alleles. For example, duplicated regions in polyploid

amphibians remain unsorted (e.g. Robertson & Cornman

2014; Savage et al. 2014); haploid-assisted mapping could

provide a substantial progress in a single generation.

We believe that future efforts interrogating duplicated

genes, including haploid-assisted mapping and GBS, will

advance our understanding of the evolutionary role of gen-

ome and gene duplications. Lessons from these studies will

lead to an increased appreciation of the underlying genetic

mechanisms of adaptation and translate into improved

management of natural populations.

Acknowledgements

We appreciate discussions during the 2014 American Genetic

Association Workshop Escape from Homeolog Hell that sharpened

our understanding of the intricacies of homeologous recombina-

tion. The spirited exchanges among Fred Allendorf, Roy Danz-

mann, Gary Thorgaard and Bernie May were especially helpful.

Tyler Dann, Ryan Waples, Fred Allendorf and five anonymous

reviewers provided useful comments on previous versions of

this manuscript. MTL was supported by The Danish Council

for Independent Research’s career programme Sapere Aude

Grant 12-126687 and a postdoctoral fellowship from the Carls-

berg Foundation CF15-0721. JES and LWS were supported by

grants from the Alaska Sustainable Salmon Fund, NOAA Sal-

tonstall-Kennedy Grant Program and the State of Washington

Sea Grant.

Glossary

Chromosome set (ploidy) manipulations: A suite of

breeding techniques that can be implemented to modulate

the DNA content of resulting embryos to deviate from a

classic diploid cross between a male and a female parent.

Diverged duplicates (See Table 1): Different alleles have

become ‘fixed’, or nearly so, at the two duplicate genes.

Doubled haploid: Diploid individual formed by dou-

bling the chromosomes of a haploid gamete. Doubled hap-

loid progeny are fully homozygous.

Gynogenetic diploid: A diploid individual that contains

both products from the first meiotic division from a single

meiosis of the female parent.

Gynogenetic haploid: A haploid individual that only

contains a single set of chromosomes inherited from the

female parent.

Half-tetrads: A single progeny with two parental meiotic

products recovered from the same meiosis.

© 2016 John Wiley & Sons Ltd

NEWS AND VIEWS: OPINION 2125



Haploid family: A full-sib family where all progeny

have only inherited haploid DNA from a single parent.

Homeologous: Pairs of chromosomes originating from the

same ancestral chromosome before a whole-genome dupli-

cation. Homeology destabilizes meiosis; recombination can

occur among different combinations of homeologs leading

to improper disjunction. Divergence of homeologs during

rediploidization re-introduces meiotic stability and starts

from the centromere, moving distally. Residual tetrasomic

inheritance will retain gene duplication in the distal ends of

ancestral homeologs in otherwise fully rediploidized taxa.

Isoloci (See Table 1): A pair of duplicated loci that still

share alleles from ongoing, or recent, tetrasomic inheri-

tance. Alleles at isoloci cannot be unambiguously assigned

to a single locus.

Paralogous: Homology between two DNA segments

(paralogs) in the same genome originating from a duplica-

tion event. Includes both whole-genome and segmental

duplications.

Rediploidization: The process whereby a duplicated

genome reverts back to a diploid state. Rediploidization is

hindered by recombination among homeologs and may

occur at different rates throughout duplicated genomes.

Residual tetrasomic inheritance: Inheritance of two loci

where observed segregation ratios are intermediate

between those expected with disomic and tetrasomic inher-

itance. This results when occasional recombination between

homeologs occurs.

Segmental duplicates: A common feature of many gen-

omes resulting from a locally restricted DNA duplication

not related to a whole-genome duplication event.
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