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INTRODUCTION 

Polyploids are organisms with more than two 

sets of chromosomes. They are very important 

in agriculture and play a fundamental role in 

evolutionary processes, such as differentiation 

of species (Soltiset al., 2016). One of the most 

fundamental descriptions of any organism is its 

ploidy level and chromosome number. Plant 

scientists in particular will be familiar with this 

representation of the chromosomal constitution 

of the sporophyte generation (i.e. the adult 

plant). The second term in this seemingly simple 

equation describes the normal complement of 

chromosomal copies possessed by a member of 

that species, which is generally 2x (“two times”) 

for diploids. Species where this number exceeds 

two are collectively referred to as polyploids. 

Not unexpectedly, each polyploid individual is 

the product of the fusion of gametes from two 

parents, just like their diploid counterparts. In 

other words, polyploids can also be defined as 

individuals derived from non-haploid gametes 

(in the case of triploids derived from diploid × 

tetraploid crosses, only one gamete satisfies this 

condition). The transmission of non-haploid 

gametes is one of the main “complexifying” 

features of polyploidy, leading to a whole range 

of implications for the genetic analysis of these 

“hopeful monsters” (Goldschmidt, 1933). 

Most genetic advances are made in model 

organisms, among which self-fertilising diploid 

species predominate. The ongoing genomics 

revolution can be seen as a rising tide which has 

also lifted the polyploid genetics boat, although 

not quite to the same level as for diploids.  It is 

therefore not surprising that most tools and 

techniques for molecular- genetic studies are 

specific to diploids. However, polyploid species 

are particularly important to mankind in the 

provision of food, fuel, feed and fibre (not to 

mention “flowers”, if ornamental plant species 

are also included), making the genetic analysis 

of polyploid species an important avenue of 

research for crop improvement. Although a 

collective term such as “polyploidy” has its 

uses, it tends to obscure some fundamental 
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differences between its members. For example, 

polyploids are generally subdivided into autopoly-

ploids and allopolyploids (Kihara and Ono, 1926).  

Autopolyploids arise through genomic duplication 

within a single species, generally through the 

production of unreduced gametes (Harlan and De 

Wet, 1975) and exhibit polysomic inheritance, 

meaning pairing and recombination can occur 

between all homologous copies of each chromo-

some during meiosis. One of the well-studied 

examples is autotetraploid potato (Solanumtubero-

sum L.). Allopolyploids, Allopolyploids, on the 

other hand, are the product of genomic duplication 

between species (usually through hybridisation 

involving unreduced gametes (Harlan and De Wet, 

1975)) and display disomic inheritance, where 

more-related chromosome copies (“homologues”) 

may pair and recombine during meiosis, whilst 

less-related chromosome copies (“homoeologues”, 

also spelled “homeologues” (Glover et al., 2016)) 

do not. Among allopolyploids, allohexaploid 

wheat (Triticumaestivum L.) is probably the well-

studied. If pairing and recombination between 

homoeologues occurs to a limited extent, the 

species may be referred to as “segmental 

allopolyploid”, traditionally deemed to have arisen 

from hybridisation between very closely-related 

species (Chester et al., 2012) but which may also be 

the result of partially- diploidisedauto-polyploidy 

(Soltis et al., 2016). In many cases, a species cannot 

be clearly designated as one type or another, leading 

to uncertainty or debate on the subject (Barker et al., 

2016; Doyle and Sherman‐Broyles, 2016).  

From the perspective of genetics and inheritance, 

allopolyploids behave much like diploid species 

and therefore many of the tools developed for 

diploids can be directly applied. The main challenge 

that faces allopolyploid geneticists is in 

distinguishing between homoeologous gene copies 

carried by sub-genomes within an individual (Kaur 

et al., 2012;van Dijk et al.,2012). Autopolyploids 

(and segmental allopolyploids) do not behave like 

diploids, and are therefore in most need of 

specialised methods and tools for subsequent 

genetic studies. In this review we focus primarily 

on the availability of tools and resources amenable 

to polysomic (and “mixosomic” (Soltis et al., 

2016)) species, with less emphasis on 

allopolyploid-specific solutions. Experimental 

populations, in use since Mendel’s ground-

breaking work (Mendel, 1866), are traditionally 

derived from a controlled cross between two 

parental lines of interest (either directly studying 

the F1 or some later generation). Therefore, this 

paper was prepared with the objectives of 

reviewing the polyploidy mapping in genomics. 

LITERATURE REVIEW 

Polyploidy 

Polyploidy is a significant evolutionary process in 

higher organisms. A polyploid is any organism 

that carries more than two copies of each 

chromosome, from the Greek “poly-” meaning 

much or many, and “–ploid” from “ploos”, 

meaning fold, thus “many-fold”. Polyploidy was 

discovered more than a century ago (Strasburger, 

1910) and since then has been a topic of continued 

interest and debate. Diploidy, the state of 

possessing two copies of each chromosome, is 

considered the chromosomal “ground state” or 

norm for complex organisms. In diploids, parents 

transmit a single copy of each chromosome to 

each gamete, thereby re-establishing diploidy in 

the offspring. In polyploid organisms, more than 

one copy of each chromosome is transmitted, 

which is one of the main contributing factors to the 

complexity of polyploid genetics. There is a 

tendency for polyploid lineages to return to a 

diploid conformation over evolutionary timescales, 

a process termed “diploidisation” or “re-

diploidisation” (Le Comber et al., 2010).  

In the time scales of interest to breeders and 

researchers however, polyploidy is effectively a 

permanent condition. Although the definition of 

polyploidy is quite unequivocal, there can be 

some confusion over the classification of a 

species as polyploid or not, particularly as many 

complex life-forms were polyploid at some 

point in the past (Van de Peer et al., 2017). 

“Paleopolyploids” are species that were true 

polyploids millions of years ago but have since 

re-diploidised, and the term “neopolyploids” 

refers to newly- formed polyploids (Lloyd and 

Bomblies, 2016), possibly artificially generated 

for research purposes to understand how 

polyploids deal with theinitial “genomic shock” 

of having an extra genome. Neopolyploidy may 

also refer to recently-formed wild polyploid 

populations such as Spartinaanglica, an 

allopolyploid that arose when Spartinaalterniflora 

was introduced outside its native range and 

hybridised with local Spartina species (Soltis and 

Soltis, 2009). Some authors further distinguish 

“mesopolyploids” as re-diploidised species that 

underwent whole- genome duplication (WGD) at 

a less ancient timescale than paleopolyploids and 

which can be detected by genetic or cytogenetic 

analyses (Mandákováet al.,2010). In this thesis 

we are principally concerned with extant 

polyploid species that have not re-diploidised, 

yet have already passed the (presumed bumpy) 
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early generations i.e. they are no longer considered 

neopolyploid. 

Among polyploids, two distinct types are generally 

recognized autopolyploids and allopolyploids. 

These terms can distinguish or emphasise two 

features, namely the origin of the polyploid (also 

termed the “taxonomic” definition), or how its 

chromosomes behave during meiosis (the “genetic” 

definition) (Ramsey and Schemske, 2002). 

Autopolyploids are generally-speaking derived 

from a single species and exhibit polysomic 

inheritance. Polysomic inheritance means that 

all possible combinations of alleles are equally 

likely to end up in a gamete – although we will 

return to this question in more detail in the next 

section as it is one of the fundamental points of 

interest in this thesis. Allopolyploids on the 

other hand are derived from at least two species 

and exhibit disomic inheritance (where disomic 

means diploid-like inheritance, the result of 

exclusive pairing and recombination between 

homologous chromosomes and an absence of 

pairing and recombination between homoeologous 

chromosomes). Although also important, they are 

not the focus of study here. It should be noted 

that classifying a species as either autopolyploid 

or allopolyploid is not always straightforward, 

as demonstrated for example in the debate about 

the correct classification of the polyploid 

ancestor ofsoybean (Glycine spp.) (Barker et al., 

2016;Doyle and Sherman‐Broyles, 2016). 

In other words, the taxonomic and genetic 

definitions do not always neatly overlap, 

particularly in species with a long history of 

inter-specific hybridisation among progenitor 

species of varying relatedness. A large body of 

polyploid research is aimed at understanding 

how different polyploid lineages arose, and how 

these newly-wed genomes adapted and evolved 

to accommodate each other and their changing 

environment. There is a third category of 

polyploid, namely the “segmental allopolyploid” 

as it was originally termed (Stebbins, 1947). Again 

this category can be defined from a taxonomic 

perspective or a genetic perspective – as a 

hybridisation between two very closely-related 

species or subspecies, or as a polyploid which 

demonstrates a meioti cpairing behaviour that 

cannot be classified as fully disomic or fully 

polysomic (recently termed “mixosomic” 

(Soltiset al., 2016)). Throughout this thesis we 

rely on the genetic definition, as it is the pairing 

behaviour that influences how homologues 

recombine, upon which our methods to study 

inheritance are ultimately based. Although it is 

interesting to speculate upon how or why such 

differences arose, in the end we are primarily 

interested in understanding what happens, as 

this is the most solid ground upon which to 

build a model. 

Polyploidy occurs in animals, plants and fungi, 

with the ancestors of all angiosperms and 

vertebrates thought to have experienced at least 

two whole-genome duplications (Putnam et al., 

2008; Jiao et al., 2011). In the plant kingdom 

there are numerous examples of extant 

polyploids. There are fewer known examples of 

polyploid animals, which some suggest is due to 

difficulties in re-establishing a balance in 

chromosomal sex-determination systems 

following genome duplication (Muller, 1925). 

However, examples do exist, particularly in 

amphibians and fish (but much less so in other 

vertebrates) (Mable et al., 2011). Among fish, it 

is now well-established that a whole genome 

duplication (WGD) occurred in the ancestor of 

all salmonids (e.g. salmon, trout etc.) between 

50 and 100 million years ago (Allendorfet al., 

2015). Polyploidy is also sometimes artificially 

induced in animals, for example in Pacific 

oysters (Crassostreaegigas) (Benabdelmouna 

and Ledu, 2015) or the silkmoth (Bombyxmori 

L.). There continues to be debate about whether 

any polyploid mammals exist, with the initial 

claim that the Argentinian red vizcacha rat 

(Tympanoctomysbarrerae) is tetraploid being 

more recently challenged in light of new data 

(Evans et al., 2017). 

Polyploidy occurs widely among plant species, 

with recent advances in whole-genome sequencing 

allowing a detailed analysis of recent and ancient 

polyploidisation events in an increasingly large 

number of plant lineages (Van de Peer et al., 

2017). In natural populations of plants there is 

always a small possibility of a new polyploid 

species arising (usually although not exclusively 

through unreduced (2n) gametes (Harlan and De 

Wet, 1975)). In the case of autotetraploids, one 

possible path for their establishment is through the 

initial formation of a triploid bridge (from a fusion 

of n + 2n gametes) (Ramsey and Schemske, 1998; 

Schinkelet al., 2017). These triploids, although 

generally infertile, may also produce 2n gametes 

and hence through selfing or pollination by 2n 

gametes from diploids, tetraploids may be formed 

(Ramsey and Schemske, 1998). Note that for a 

new polyploid lineage to establish and diversify, 

an even-numbered ploidy is required. An 

exception to this is when plants exclusively 

reproduce vegetatively or apomictically, thereby 

avoiding the disruptions that odd-numbered 

ploidies pose to balanced meiotic division. 
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However, such lineages would be expected to 

evolve more slowly than sexually-reproducing 

ones (McDonald et al., 2016). The fusion of 

unreduced pollen with an unreduced egg cell, both 

from diploid parents, is also theoretically possible 

(“one-step” tetraploids (Ramsey and Schemske, 

1998)). 

Induced polyploidy (man-made) can also occur 

through somatic chromosome doubling, although 

its status as a means to polyploid formation in 

natural populations is uncertain (Harlan and De 

Wet, 1975). An interesting alternative pathway 

that has only recently been explored is the 

possibility of polyspermy, where more than one 

sperm cell fertilises an ovule (Dresselhaus and 

Johnson, 2018). Interestingly, stressed plants are 

found to produce more unreduced gametes (such 

stresses may relate to environmental variables 

like extreme temperatures, wounding, drought 

or nutrient deficiency (Ramsey and Schemske, 

1998)). Unreduced gametes are thought to arise 

as a result of defective spindle fibres or cell-

plate formation, both of which have been shown 

to regularly occur at extreme (particularly higher) 

temperatures (Bomblieset al., 2015)). In most 

cases, neopolyploid plants are usually at an 

immediate disadvantage, being un-adapted and 

reproductively isolated (what is termed “minority 

cytotype disadvantage” (Husband, 2000)). The 

speed at which newly-established polyploid 

lineages prosper and diversify varies, with 

indications that there may be a significant time 

lag before this occurs (Schranzet al., 2012).  

Polyploids are particularly common among 

domesticated crops (Salman-Minkovet al., 2016), a 

fact that has helped drive interest to better 

understand these species. In many cases polyploidy 

is deliberately induced – for example modern 

ornamental breeding often relies on inter-specific 

hybrids to create novel varieties, which are often 

“polyploidised” (through colchicine treatment for 

mitotic polyploidisation, or through selection of 2n 

gametes) to overcome sterility in the F1. Fruit 

breeders also generate seedless fruit by crossing 

parents of different ploidy levels, resulting in 

sterile fruit-bearing (usually triploid) offspring 

(Bradshaw, 2016). Many of the native attributes of 

polyploids may also have endeared them to the 

early agriculturalists, e.g. larger organs (tubers, 

fruits, flowers etc.), also known as the “gigas” effect 

(Sattler et al., 2016), or their ability to be clonally 

propagated. We therefore find ourselves in the 

position of relying on some of the most genetically-

complex species to provide us with the basic 

necessities for life. Examples of some globally-

important polyploid crops include allopolyploids 

such as wheat (TriticumaestivumL.), cotton 

(GossypiumhirsutumL.), coffee (CoffeaarabicaL.), 

oilseed rape (Brassica napusL.), oats (Avena sativa 

L.), peanut (ArachishypogaeaL.), strawberry 

(Fragaria× ananassaL.) and autopolyploids such as 

potato (SolanumtuberosumL.), alfalfa (Medicago 

sativa L.), sweetpotato (Ipomoea batatasL.), leek 

(Allium ampeloprasumL.), blueberry (Vacciniu-

mcorymbosumL.), chrysanthemum (Chrysan-

themum spp.) and rose (Rosa × hybrid L.). 

Polyploidy Genotyping 

One of the most crucial aspects in the study of 

polyploid genetics is the generation of accurate 

genotypic data. However, it is also fraught with 

difficulties, not least the detection of multiple loci 

when only a single locus is targeted (Mason, 2015; 

Limborget al., 2016). Various technologies exist, 

with almost all current applications aimed at 

identifying single nucleotide polymorphisms 

(SNPs). Although many genomic “service-

providers” (e.g. companies or institutes that offer 

DNA sequencing) have their own tools to analyse 

and interpret raw data, these tools are not always 

suitable for use with polyploid datasets. 

Genotyping Technologies 

Although gel-based marker technologies continue 

to be used and have certain advantages (e.g. low 

costs associated with small marker numbers, 

requiring only basic laboratory facilities, multi-

allelismetc.), most studies now rely on SNP 

markers for genotyping due to their great 

abundance over the genome, their high-throughput 

capacity and their low cost per data point. 

Targeted genotyping such as SNP arrays (a.k.a. 

“SNP chips”) rely on previously-identified and 

selected polymorphisms, usually identified from a 

panel of individuals chosen to represent the gene 

pool under investigation. In contrast, untargeted 

genotyping generally uses direct sequencing of 

individuals, albeit after some procedure to reduce 

the amount of DNA to be sequenced (e.g. by 

exome sequencing (Ng et al., 2009) or target 

enrichment (Mamanovaet al., 2010)). 

The disadvantages of targeted approaches have 

been well explored (particularly regarding 

ascertainment bias, where the set of targeted SNPs 

on an array poorly represents the diversity in the 

samples under investigation due to biased methods 

of SNP discovery) (Moragueset al., 2010; 

Lachance and Tishkoff, 2013), although there are 

advantages and disadvantages to both methods 

(Mason et al., 2017). Apart from costs, differences 

exist in the ease of data analysis following 

genotyping, with sequencing data requiring greater 
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curation and bioinformatics skills as well as 

potentially containing more erroneous and missing 

data (Spindelet al.,2013; Joneset al., 2017). In 

polyploids, SNP arrays have been developed in 

numerous species, which include both 

autopolyploid (or predominantly polysomic 

polyploids) and allopolyploid species.  

Physical Maps 

Physical mapping involves finding a contiguous 

series (or ‘contig’) of cloned DNA fragments 

which contain overlapping portions of the genome. 

Arguably, one of the most important “tools” in 

current genomics studies is access to a high-

quality reference genome assembly. Species for 

which a reference genome assembly exists have 

even been classified as “model organisms” (Seebet 

al., 2011), such is the importance and impact a 

genome can bring to research on that species. 

Without a reference sequence available, the scope 

of genomic research remains limited. For example, 

genome-wide association studies rely on 

knowledge of the relative position of SNP markers 

(usually on a physical map), and many sequencing 

applications rely on a reference assembly on 

which to map reads. A reference genome also 

facilitates the development of molecular markers 

(e.g. primer development), the comparison of 

results between different genetic studies (by 

providing a single reference map), as well as 

allowing comparisons of specific sequences such 

as genes, enabling prediction of gene function 

across related species.  

Polyploid genomes are by definition more 

complex than diploid genomes, having multiple 

copies of each homologous chromosome. Many 

polyploid species are also outbreeding, leading to 

increased heterozygosity which is problematic in 

de novo assemblies and necessitates specialized 

approaches (Kajitani et al., 2014). The most 

common solution until now has been to sequence a 

representative diploid species. In the case of 

allopolyploids, multiple diploid progenitor species 

are often sequenced instead (e.g. peanut (Bertioliet 

al., 2016)).  

Linkage Maps 

Although the first genetic linkage map was 

developed over a hundred years ago (Sturtevant, 

1913), their use in genetic and genomic studies has 

persisted into the “next-generation” era. This can 

be attributed to a number of factors. A linkage 

map is a description of the recombination 

landscape within a species, usually from a single 

experimental cross of interest. For breeders, 

knowledge of genetic distance is arguably more 

important than physical distance, as it reflects the 

recombination frequencies in inheritance studies 

as well as describing the extent of linkage drag 

around loci of interest. Many software for 

performing quantitative trait locus (QTL) analysis 

require linkage maps of the markers, not physical 

maps. This is because co-inheritance of markers 

and phenotypes within a population are assumed 

to be coupled – a physical map gives less precise 

information about the co-inheritance of markers 

than a linkage map does since physical distances 

do not directly translate to recombination 

frequencies (particularly in the pericentromeric 

regions). Another reason why linkage maps 

continue to be developed is that they are often the 

first genomic representation of a species, upon 

which more advanced representations can be built. 

They provide useful long-range linkage 

information over the whole chromosome, which is 

often missing from assemblies of short sequence 

reads. This fact has been repeatedly exploited in 

efforts at connecting and correctly orientating 

scaffolds during genome assembly projects 

(Bartholoméet al., 2015). 

Many linkage maps in polyploids have been based 

exclusively on 1:1 segregating markers, also 

known as simplex markers (because the segregating 

allele is in simplex condition (one copy) in one of 

the parents only). These markers possess a number 

of advantages over other marker segregation types, 

but also some distinct disadvantages. In their 

favour, coupling-phase simplex markers in 

polyploid species behave just like they would in 

diploid species, regardless of the mode of 

inheritance involved (repulsion-phase recombine-

tion frequency estimates are not invariant across 

ploidy levels or modes of inheritance, but exert less 

influence on map construction due to lower LOD 

scores). The advantage of this is clear: in 

unexplored polyploid species for which the mode of 

inheritance is uncertain, simplex markers allow an 

“assumption-free” linkage map to be created, 

following which the mode of inheritance can be 

further explored. The only exception to this is if 

double reduction occurs, i.e. when a segment of a 

single chromosome gets transmitted with its sister 

chromatid copy to an offspring, a consequence of 

multivalent pairing and a particular sequence of 

chromatid segregation and division during meiosis 

(Mather, 1935). Double reduction occurs randomly 

in polysomic species and only introduces a small 

bias into recombination frequency estimates 

(Bourke et al., 2015). This means that, ignoring 

the possible influence of double reduction, diploid 

mapping software can generally be used for 

simplex marker sets at any ploidy level and for 
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any type of meiotic pairing behaviour opening up 

a very wide range of diploid-specific software 

options (Cheema and Dicks, 2009).  

Genome-Wide Association Studies  

Genome-wide association studies (GWAS) have 

emerged as a powerful tool for detecting causative 

loci underlying phenotypic traits. They have been 

particularly popular in species where the 

generation of experimental populations is 

problematic (such as humans). GWAS has been 

readily adopted across a broad spectrum of species 

since then, due to the promise of increased 

mapping resolution, a more diverse sampling of 

alleles and a simplicity in population creation (no 

crossing required) (Bernardo, 2016). There are 

certain disadvantages though, particularly in how 

rare (and potentially important) variants can be 

missed (Ott et al., 2015) and the confounding 

effect of population structure on results (Korte and 

Farlow, 2013). Nevertheless, GWAS continues to 

be an important analytical option to help shed 

greater light on genotype – phenotype associations. 

QTL Analysis 

The term “QTL analysis” usually refers to studies 

that aim to detect regions of the genome (so-called 

quantitative trait loci (Geldermann, 1975)) that 

have a significant statistical association with a trait 

in specifically-constructed experimental populat-

ions. These populations are most often created by 

crossing two contrasting parental lines (“bi-

parental” populations), although there is increasing 

interest in using more complex population designs 

in order to increase the range of alleles and genetic 

backgrounds being studied (Huang et al., 2015).  

As already discussed, there is great difficulty in 

developing inbred lines by repeatedly selfing 

polyploids due to the sampling of alleles during 

polyploid gamete formation (in a diploid this 

sampling generates (21)=2 combinations; for a 

tetraploid this rises to (42)=6 and in a hexaploid 

(63)=20 combinations, resulting in protracted 

heterozygosity not to mention the problem of 

inbreeding depression associated with many 

outcrossing polyploid species. Therefore, most 

QTL analyses in polyploid species have been 

performed using the directly-segregating F1 

progeny of a cross between heterozygous parents 

(a “full sib” population). This leads to poor 

resolution of QTL positions when compared to the 

more popular diploid inbred populations like RILs 

etc., as well as the fact that populations must be 

vegetatively propagated if replication over years or 

different growing environments is desired. For 

many polyploid species, vegetative propagation is 

indeed possible (Herben et al., 2017) and F1 

populations have the added advantage of being 

relatively quick and simple to develop, while, 

because of a generally high level of hetero-

zygosity, many loci will be segregating in the F1. 

Therefore, despite their drawbacks, F1 populations 

remain the bi-parental population of choice for 

mapping studies. 

The methods for QTL analysis in diploid species 

have become increasingly convoluted (van 

Eeuwijk et al., 2010); in polyploid species such 

theoretical complexities have yet to be attempted, 

given the more immediate difficulties in accurately 

genotyping as well as modelling polyploid 

inheritance. Just like for linkage mapping and 

GWAS, the range of software tools available for 

QTL analysis in polyploids remains rather limited, 

although there are a number of recent 

developments that are helping transform the field. 

One of the only dedicated software for tetraploid 

QTL analysis is the already-mentioned Tetraploid 

Map software (Hackett et al., 2007). This software 

enables interval mapping to be performed in 

autotetraploid F1 populations (as well as a simple 

single-marker ANOVA test), using a restricted 

range of markers (1x0, 2x0 and 1x1 markers only, 

where 1x0 denotes a marker dosage of 1 in one 

parent and 0 in the other, etc.). Although still 

available, it has been superseded by the 

TetraploidSNPMap software (Hackett et al., 2017).  

TetraploidSNPMap (TSNPM) uses SNP dosage 

data to either construct a linkage map (as already 

described) or perform QTL interval mapping. In 

contrast to its predecessor, TSNPM can analyse all 

marker segregation types, and allows the user to 

explore different QTL models at detected peaks. 

At its core is an algorithm to determine identity-

by-descent (IBD) probabilities for the offspring of 

the population, which are then used in a weighted 

regression performed across the genome. An 

independent software tool that has been developed 

to determine IBD probabilities in tetraploids is 

TetraOrigin (Zheng et al., 2016), implemented in 

the Mathematica programming language. Tetra 

Origin relaxes the assumption of random bivalent 

pairing during meiosis (which TSNPM employs) 

to allow for both preferential chromosomal pairing 

as well as multivalent formation and the possibility 

of double reduction. Although not programmed in 

a user-friendly format like TSNPM, it is relatively 

straightforward to use, taking an integrated linkage 

map and marker dosage matrix as input. It does 

not perform QTL analysis directly, but the 

resulting IBD probabilities can then be used to 

model genotype effects in a QTL scan either using 

a weighted regression approach like TSNPM, or in 
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a linear mixed model setting. IBD probabilities 

allow interval mapping since they can be 

interpolated at any desired intervals on the linkage 

map.  

For ploidy levels other than tetraploid, there are 

currently no dedicated software tools available for 

QTL analysis or IBD probability estimation. 

Single-marker approaches such as ANOVA on the 

marker dosages (assuming additivity – various 

dominant models could also be explored; see e.g. 

(Rosyara et al., 2016)) are of course possible and 

require access to basic statistical software 

packages such as R (or even Excel). However, 

such approaches are not ideal – they are only 

effective if marker alleles are closely linked in 

coupling with QTL alleles, and offer no ability to 

predict the QTL segregation type or mode of gene 

action as is done for example in TSNPM (Hackett 

et al., 2017). Approaches such as pedigree-

informed analyses, implemented for diploids in the 

FlexQTL software (Binket al., 2008), could 

overcome some of the limitations imposed by the 

restrictions on population types in software for 

polyploids. However, it may take some time 

before such tools become translated to the 

polyploid level. 

Evolutionary Implications 

The genetic and evolutionary implications of 

recurrent polyploidization and genome reshuffling 

are obvious in that both processes represent 

important sources of genetic variation. Population-

level genetic studies of polyploidy plants and 

animals indicate that polyploidization should no 

longer be viewed as a rare event producing a 

polyploid species of unique origin and uniform 

genotype. Instead, polyploid species can maintain 

high levels of segregating genetic variation 

through the incorporation of genetic diversity from 

multiple populations of their diploid progenitors. 

Polyploid genotypes ultimately come into contact 

via migration and hybridize – with subsequent 

segregation and recombination generating even 

more genetic complexity. Concomitantly, the 

genome reshuffling of polyploid genomes is an 

important additional source of genetic diversity in 

polyploid species (Soltis and Soltis, 1999). 

Polyploidy as Transilience 

Templeton (1980) suggested that diploid 

speciation involves transilience, a period during 

which the genome is more amenable to or tolerant 

of change, such as recombination. Growing 

evidence suggests that polyploidy should also be 

viewed as transilience. The extensive genomic 

change detected in only five generations in 

synthetic allopolyploid Brassica, as well as the 

chromosomal rearrangements detected in hybrid 

Nicotiana (Leitch and Bennett, 1997), support this 

view. The presence of the same chromosomal 

changes throughout the populations of a polyploid 

species suggests that genome reorganization 

accompanied speciation, or occurred shortly 

thereafter. Species-wide intergenomic translocat-

ions have been detected in several angiosperms, 

including tetraploid wheat and tobacco. Other 

chromosomal changes detected in tobacco and 

wheat are not present in all populations analysed 

and apparently represent subsequent chromoso- 

mal divergence that occurred in different 

populations after speciation (Soltis and Soltis, 

1999). 

The chromsomal and gene-level changes reviewed 

above are made possible by polyploidization; that 

is, polyploidy could represent a source of novel 

evolutionary processes. Rather than being stable, 

non-interacting enti- ties, two or more divergent 

genomes in a common ‘polyploid’ nucleus could 

facilitate intergenomic interactions, ultimately 

resulting in new chromosomal and gene arrange- 

ments. Polyploidization might be a source of 

genomic stress that facilitates rapid evolution. 

Polyploidy and Transposable Elements 

Transposable elements (TEs) might facilitate rapid 

genome restructuring after polyploidization. 

(Matzke and Matzke, 1998) argue that polyploidy 

permits extensive gene modification by TEs 

because, by nature, polyploid genomes contain 

duplicate copies of all genes; hence, they are well 

buffered from the deleterious consequences of 

transposi- tion. Transposable elements will tend to 

multiply and be maintained in polyploids because 

the additional copies of genes they maintain will 

compensate for the loss of altered expression of 

genes that might result from TE insertion. The end 

result could be higher genomic restructuring in 

polyploids compared with their diploid progenitors. 

Recent studies suggest the spread of DNA repeat 

fam- ilies from one parental diploid genome to the 

other in allopolyploid cotton, Gossypium. In cotton, 

most dispersed repeat families are restricted to A-

genome diploids and are absent from D-genome 

diploids. However, in the allo- tetraploids (which 

combine the A and D genomes), the A-genome 

repeats have spread to the D genome, perhaps by 

replicative transposition (Spring, 1997). 

Transposable elements might also have been the 

driv- ing force in the evolution of gene silencing 

mechanisms, such as methylation and 

heterochromatin formation, throughout eukaryotes 

in general. These ‘global repres- sion’ mechanisms 
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might have evolved as adaptive responses to the 

selfish drive of TEs to expand in number in a host 

genome (McDonald, 1998). (Matzke and Matzke, 

1998) argue that if TEs are indeed the primary 

targets of methylation and other global repression 

mechanisms and that polyploids tolerate 

transposition because of their duplicate genes, then 

it follows that polyploid genomes will not only 

contain moreTEs than diploid genomes, but will 

also be more highly methylated. (Matzke and 

Matzke, 1998) suggest that a rough cor- relation 

exists. Widespread (‘global’) methylation is found 

in vertebrate genomes, which represent several 

rounds of polyploidization, as well as in polyploid 

plant genomes, which contain a high number of 

TEs. In contrast, ‘fractional’ (partial), rather than 

global, methylation occurs in inverte- brates and 

true diploid plants. For example, Arabidopsis, 

which is diploid and has a small genome, also has 

a small number of TEs, whereas ⬎50% of the 

maize genome (an ancient polyploid) is composed 

of interspersed repetitive DNAs, primarily nested 

retrotransposons that insert between genes.  

Genomic Prediction and Genomic Selection 

There has been much attention given to the 

advantages of using all marker data to help predict 

phenotypic performance, rather than focusing on 

single markers (or haplotypes) that are linked to 

QTL as was previously advocated. The motivation 

behind this is clear – many of the most important 

traits in domesticated animal and plant species are 

highly quantitative, with far too many small-effect 

loci present to be able to tag them all with single 

markers (Bernardo, 2008). One of the most 

important traits in any breeding program is also a 

famously quantitative trait: yield. It has been 

suggested that despite many years of phenotypic 

selection, crop yield in tetraploid potato has 

essentially remained unchanged (Slater et al., 

2016). This is a remarkable indictment of 

traditional selection methods, yet offers much-

needed impetus for the development and 

deployment of new paradigms in breeding for 

quantitative traits.  

Genomic prediction first arose in animal breeding 

circles (Meuwissen et al., 2001), where the 

concept of estimating breeding values from known 

pedigrees was already well-established. However, 

the estimation of breeding values in polyploid 

species requires special consideration due to the 

complexity of polysomic inheritance and the 

possibility of double reduction. In practice, 

breeding values are usually estimated using 

restricted maximum likelihood (REML) to solve 

mixed model equations, requiring the generation 

of an inverse additive relationship matrix A-1, also 

called the numerator relationship matrix. The form 

of A-1 depends on, among other things, whether 

the inheritance is polysomic or disomic, and 

whether double reduction occurs (Kerr et al., 

2012; Hamilton and Kerr, 2017). Recently, the R 

package polyAinv was released which computes 

the appropriate A-1 as well as the kinship matrix K 

and the inbreeding coefficients F (Hamilton and 

Kerr, 2017). However, in one study of nine 

common traits in autotetraploid potato, the 

inclusion of double reduction, or even the adoption 

of an autotetraploid-appropriate relationship 

matrix was found to have a minimal impact on the 

results (Slater et al., 2014). Studies which ignore 

the specific complexities of autopolyploids may 

still benefit from genomic prediction and selection, 

as for example was demonstrated in tetraploid 

potato (Sverrisdóttir et al., 2017). Commonly-used 

software tools for estimating breeding values at the 

diploid level include ProGeno (Maenhout, 2018) 

and ASreml (V.S.N. International, 2018) which 

could be suitable for polyploid breeding programs, 

although this has yet to be conclusively 

demonstrated.  

Mode of Inheritance 

The term “mode of inheritance” refers to the 

randomness of meiotic pairing processes that give 

rise to gametes, and is often used to distinguish 

between disomic (diploid-like) inheritance, and 

polysomic (all allele combinations equally possible) 

inheritance. As alluded to already, intermediate 

modes of inheritance are theoretically possible if 

partially-preferential pairing occurs between 

homologues, resulting in on average more 

recombinations between certain homologues, and 

less between others (putative homoeologues). This 

intermediate inheritance pattern, originally termed 

segmental allopolyploidy (Stebbins, 1947) and 

more recently termed mixosomy (Soltis et al., 

2016), poses additional challenges over those of 

purely polysomic or disomic behaviour. One of the 

main complications is the lack of fixed segregation 

ratios to test markers against (Allendorf and 

Danzmann, 1997), which is often used as a measure 

of marker quality (Pompanon et al., 2005).  

Currently there are no dedicated tools available to 

ascertain the most likely mode of inheritance in 

polyploids. Some “traditional” approaches to 

predict the mode of inheritance are summarised in 

(Bourke et al., 2017), many of which are relatively 

straightforward to implement using a statistical 

programming environment like R (R Core Team, 

2016). In that study, TetraOrigin (Zheng et al., 

2016) was used to estimate the most likely pairing 
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configuration that gave rise to each offspring in an 

F1 tetraploid population. This enabled the authors 

to test whether there were deviations from the 

expected patterns of homologue pairing under a 

tetrasomic model (Bourke et al., 2017). A simple 

alternative using closely-linked repulsion-phase 

simplex marker pairs was also proposed and has 

been implemented in the polymapRpackage. Apart 

from preferential pairing, TetraOrigin can also 

predict whether marker data arose from bivalent or 

multivalent pairing during meiosis, facilitating an 

analysis of the distribution of double reduction 

products. However, apart from its restriction to 

tetraploid data, an integrated linkage map is 

required before TetraOrigin can be employed. In 

severe cases of mixosomy, it is not obvious how a 

reliable linkage map should be generated. 

Corrections for mixosomy in a tetraploid linkage 

analysis are possible in polymapR, but in extreme 

cases marker clustering will also be affected, 

making map construction quite challenging. A 

confounding complication is the possibility of 

variable chromosome counts (aneuploidy), as for 

example encountered in sugarcane (Grivet et al., 

1996; Grivet and Arruda, 2002) or in ornamentals 

such as Alstroemeria (Buitendijk et al., 1997), 

which makes the diagnosis of the mode of 

inheritance even more difficult.  

SUMMARY AND RECOMMENDATION 

Polyploidy has played a major role in the 

evolution of many eukaryotes. Studies have 

dramatically reshaped views of polyploid 

evolution, demonstrating that most polyploid 

species examined, both plant and animal, have 

formed recurrently from different populations of 

their progenitors. Populations of independent 

origin can subsequently come into contact and 

hybridize, generating new genotypes. Because of 

the frequency of polyploidy in plants, many 

recognized species are probably polyphyletic. 

Extensive and rapid genome restructuring can 

occur after polyploidization. Such changes can be 

mediated by transposons. Polyploidization could 

represent a period of transilience, during which 

genomic changes occur, potentially producing new 

gene complexes and facilitating rapid evolution. 

The discoveries of the past few years set the stage 

for a new series of questions surrounding the 

genetic and genomic aspects of polyploid evolution. 

It involves the evolutionary and ecological 

consequences of multiple origins of polyploid 

species. Progress in the area of comparative 

genome organization will be facilitated greatly by 

large-scale genomic projects already under way for 

model organisms such as maize, wheat, 

Arabidopsis and members of Solanaceae. These 

studies will provide fine-scale genomic maps for 

polyploid plants including maize, the polyploid 

brassicas, potato and tobacco. Such data will 

provide additional in- sights into genome evolution 

in polyploids. It is important, however, that 

comparative genetics be applied not only to crops 

and close relatives, but also to diploids and their 

polyploid derivatives in natural populations. 

A move from diploid-based reference genomes to 

fully polyploid (and haplotype-resolved) reference 

genomes would also help broaden the boundaries of 

polyploid genetics away from the diplo-centric 

view of genomics which currently dominates. 

Although there have been many exciting 

discoveries and developments in polyploid genetics 

in the past decade or more, we feel its golden age 

has yet to arrive, an age which will be heralded all 

the sooner by the provision of robust and user-

friendly tools for the genetic dissection of these 

fascinating groups of organisms.  
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