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ABSTRACT

Chapter 1-1

Quantitative genetics model of autotetraploid species is crucial for functional and evolutionary
genomic analyses. However, compared with diploids, quantitative genetics study of
autotetraploids lags far behind. I used orthogonal contrast scales to construct a genetics model
for studying epistasis between genes in autotetraploid species, one very important statistical part
to link the genotype of quantitative trait loci (QTL) to the corresponding phenotype. Here |
established models for both one locus and two loci followed by a variety of allelic frequency
distributions. 1 illustrated this genetics model for analysing QTL in a F> family of autotetraploid
population under autotetrasomic inheritance and in a random mating equilibrium population. |
also established a method for estimating genetic effects in linkage disequilibrium autotetraploid
population. The simulation study showed the feasibility of a practical implementation of this
method, detailed the procedure of the analysis, demonstrated the reliability in the parameter

estimation, and discussed its utility and potential problems.

Chapter 1-2

Insights into the relationship between phenotypic variation and genetic variation for the
quantitative traits are helpful for improving selective breeding programmes in agriculturally and

economically important plants and animals. To increase the speed of breeding in the world’s



third most important crop, cultivated potato, a likelihood-based method of QTL interval
mapping is developed for autotetraploid species in a full-sib family, which considers multivalent
meiotic pairing of homologous chromosomes. Here | considered all the observed genotypes of
genetic markers at both sides of the interval by using a Markov chain model, which would
effectively improve the QTL mapping precision and resolution. The simulation study showed
the reliability of this method as a practical implementation in analysis for autotetraploids with

both bivalent pairing and quadrivalent pairing during meiosis.

Chapter I1-1

Both theoretical and experimental evidence have suggested that recombination frequency would
be increased in autotetraploids compared with their parental diploids. In almost all organisms,
crossover interference is likely to play an important role in determining the frequency and
patterns of recombination along chromosomes. To investigate into the underlying process of
crossover in autotetraploids, a Chi-square model and novel statistical method is developed to
explore crossover interference with properly accounts for the essential features of segregation
and recombination under tetrasomic inheritance. The simulation studies were performed to
confirm the accuracy of the maximum likelihood estimates of the model parameters, and a small
data set of autotetraploid yeast was presented to apply the method. A significant decrease in the
strength of crossover interference was found on one chromosome among the tested three
chromosomes after polyploidization, suggesting a new hypothesis worthy of further
investigation that the increase of recombination frequency after polyploidization would partly

due to the decrease in the strength of crossover interference.



Chapter 11-2

Taking advantages of the technology of next generation sequencing, it is possible to obtain
dense genetic marker data from products of meiosis. To estimate crossover rate from the
observed marker genotypic data in autotetraploids, a statistical method is proposed using
genotype data called from the intensely distributed SNP markers. Here a yeast data set was
presented to apply this method and an overall increase in the crossover rate was found after

polyploidization.
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Overall Introduction: Genetic architecture of autotetraploid species

1.1. Over all introduction to polyploids

Polyploidization, the simultaneously duplication of the whole genome, widely occurs in the
evolution of eukaryotes, especially for flowering plant species. It was estimated that all
angiosperms have experienced at least once a state of polyploidy during the evolutionary history
(Jiao 2011). Exploring the evolutionary significance of polyploidy remains a mystery and
challenging job. It was thought that the tempo of evolution for a trait may not only be
determined by the rate of environmental change but also depended on the form and extent of
genetic variability present within the population (Fisher R.A. 1930) and the reason for
widespread polyploidy may be due to polyploidization and the subsequent evolution are an
extremely dynamic process, leading to faster evolution or in more novel directions than related
diploid species (Soltis 2000). Generally, polyploidization has been recognized as an important
driving force in the evolutionary history of plants (Otto and Whitton 2000; Soltis and Soltis
2000; Blanc and Wolfe 2004; Chen 2007; Otto S.P. 2007; Christian 2010). Under these views,
we may consider that polyploidization of a genome could have profound long-term effects on
genetic diversity and promotes adaptive evolutionary change. However, the direct effect on
evolutionary success of polyploidy is still insufficiently known (Clausen 1945; Stebbins 1971,
Grant 1981; Levin 2002; Comai 2005; Soltis and Soltis 2009). To address this fundamental
question, mechanism underpinning the genetic changes should be explained by further

investigation.

Besides playing as evolutionary important role in many species, polyploidy presents in several
economically important species, like crops and aquacultural animals. For example, cultivated

potato, an autotetraploid crop, is now known as the world’s third most important food crop,
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Overall Introduction: Genetic architecture of autotetraploid species

ranking just after rice and wheat. It is anticipated that the world’s population will increase from
current 6.9 billion to 9.6 billion, requiring about 50% increase in agricultural production by
2050 (United Nation 2012). This raises tremendous and serious challenges to the existing food
resources. Given natural land and water resource are already used intensely for agriculture
production, while potato requires much less land to grow for substantially higher production
yield compared to other major crop, it is thus recognized as the food for future (Bovell-
Benjamin 2007). Improving potato production and its potential in human food system requires
multidisciplinary, integrated research and activities. Most agronomic trait including vyield,
quality, abiotic and biotic resistance targeted in crop breeding programs are quantitative traits
whose phenotypic variation shares common features, polygenic control and environmental
modification. Understanding polygenic architecture underlying quantitative traits is essential to

improve efficiency of any breeding program of these traits.

In contrast to diploid species, progress in statistical genetics analysis in polyploid species has
been hampered far behind due to the much more complicated inheritance which indicates the
inappropriateness of applying the theory and methods of quantitative genetics analysis for
diploids directly in the analysis for polyploids. In the work presented here, | attempt to
accelerate progress in this challenging area in autotetraploid species not only because that
autotetraploid, as a simple polyploidy form, is a good starting point to investigate into to study
the evolutionary role played by polyploidization, but also for the reason that economically

important cultivated potato is autotetraploids.
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Overall Introduction: Genetic architecture of autotetraploid species

1.1.1. Allopolyploids and autopolyploids

Polyploid species are those holding more than two complete sets of chromosomes, prevalently
recognized as three categories: allopolyploids, autopolyploids and segmental allopolyploids
(Stebbins 1947). Allopolyploids, with chromosomes derived from hybridization between
genetically distinct parents, is similar to diploids in terms of chromosome pairing and
segregation pattern during meiosis. For example, triticale, the first successful man-made cereal
grass crop, is allohexaploids, four sets of chromosomes from wheat (Triticum turgidum) and two
sets of chromosomes from rye (Secale cereale) (Mergoum 2009). Thus allopolyploids
predominantly form bivalents of paired chromosomes during meiosis (Jackson 1982; Ramsey
2002). Linkage analysis in strict allopolyploids can be more successful due to disomic
inheritance by directly applying principle and method for diploids into allopolyploids. By
contrast, autopolyploids, arising from doubling genome or fusion of two unreduced gametes,
display much more complicated polysomic inheritance in which each homolog can pair with any
other homolog during meiosis, like cultivated potato (Consortium The Potato Genome
Sequencing 2011). Segmental allopolyploids consist of more than two partially differentiated
genomes and much cytogenetic evidence indicates that homologous chromosomes may
segregate due to a mixture of bivalent and quadrivalent pairing. It was observed that in
autotetraploid Saccharomyces cerevsiae, homologs were mostly formed as bivalent pairing at
pachytene, the stage when chromosomal crossover occurs, and sometimes formed quadrivalents
by switching pairing partners (Loidl 1995). However, trivalents, quadrivalents and univalents
have also been observed in potato with low frequencies (Swaminathan 1953). It should be

stressed that autopolyploids forming only bivalents is different from behaviour in allopolyploids,
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Overall Introduction: Genetic architecture of autotetraploid species

which have more than two sets of homologous chromosomes to be randomly paired during
meiosis. Polysomic inheritance is regularly considered as a diagnostic trait to differentiate

autopolyploids from allopolyploids (Soltis 1993; Jackson 1996; Landergott 2006; Stift 2008).

For a long time, researchers have paid little attention to the evolutionary advantages of
autopolyploids. Compared with allopolyploids, autopolyploids were conventionally believed to
be evolutionary disadvantages due to multivalent formation during meiosis. It was suggested
that multivalent formation may lead to meiotic irregularities and reduced fertility (Clausen 1945;
Stebbins 1971). However, it was estimated by Ramsey (1998) that the frequency of
autopolyploid formation is higher than that of allopolyploids. The frequently occurrence
discovered in natural autopolyploids suggest that genome multiplication may play a significant
role in the evolutionary history (Soltis 2000). Christian (2010) proposed that the evolutionary
advantages of autopolyploids mainly rely on two traits, namely genic redundancy and polysomic
inheritance. For example, although the speed of selection would be slowed down in
autopolyploids, effective population size would be increased and inbreeding depression would
be reduced in the short-term evolution. It has been found that genic redundancy and polysomic
inheritance seem to decline in long term, as only the transient evolutionary stage in the lifespan.
Autopolyploids would restore disomic inheritance and accumulate adaptive genetic variation
under genic redundancy (Christian 2010). Therefore, genetic analysis, taking the key features of
polysomic inheritance into account, is essential for solving many open questions remained with

respect to the evolution of autopolyploids.
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1.1.2. Dynamic changes caused by polyploidization

Polyploidization is one of the most dramatic mutations by adding a complete set of
chromosomes to the genome (Otto 2007). Because of the significant role played by
polyploidization in the plant evolution, polyploidy has been the focus of great interest and
studied lasting more than eighty years. Some evidence shows that polyploidy genomes would
experience highly dynamic restructuring and reorganization of gene expression (Doyle 2008;
Leitch 2008). Diverse aspects of polyploidy have been investigated, from external phenotypic
effects of polyploids to genetic consequences of polyploidy evolution, facilitated by the
dramatically development of molecular techniques. It was reported that polyploidization would
commonly and universally increase cell size, which may affect the rate of metabolic process by
altering the surface to volume ratio (Cavalier-Smith T. 1978, Levin DA 1983). Consequently,
growth rate, overall size and shape could also be changed accordingly. Additionally,
polyploidization has some effects on gene expression and organ structure and function, such as
reproduction systems (Stebbins GL. 1980), and ecological and physiology tolerances of
polyploids was found to be broader than their related diploids (Levin DA 1983; Lokki J. and
Saura A. 1980). What’s more, genomic investigations have revealed extensive genetic and
epigenetic changes associated with polyploidy and the potential selective advantages to the
polyploidy state (Otto SP and Whitton J 2000; Stupar 2007). All these indicate that genome
structure and function of polyploids may differ markedly from that of their diploid relatives.
Thus, it is inappropriate to roughly approximate genetic analysis of a polyploidy from that of its

diploid relatives.
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Overall Introduction: Genetic architecture of autotetraploid species

1.1.3. The challenges of modelling tetrasomic inheritance

Studies that facilitated dissection of the genetic architecture underlying genetic variation of
complex and quantitative traits have been routine analysis in almost all important diploid species.
In sharp contrast, corresponding studies in polyploids are far behind this level of progress for the
much more complicated pattern of gene segregation and recombination than that in diploids.
Tetrasomic linkage analysis has been one of the most challenging topics in theoretical and
applied genetics since the pioneering works of quantitative geneticists including J.B.S. Haldane

(1930), K. Mather (1935, 1936) and R. Fisher (1947).

Firstly, autotetraploids undergo tetrasomic inheritance in which each homologous chromosome
can pair with each any other homologous chromosomes during meiosis. Much cytogenetic
evidence demonstrated that homologous chromosomes would segregate either in bivalent
pairing, quadrivalent pairing or a mixture of the two during meiosis. The essential features of
bivalent chromosome pairing and quadrivalent chromosome pairing will be discussed in the next
session (1.1.4). Due to the multivalent pairing, the up limit value of recombination frequency

between two loci is 0.75 in autotetraploid species (Luo et al, 2006).

Secondly, multivalent pairing of homologous chromosomes during meiosis may cause sister
chromatids to enter into the same gamete, the well-known phenomenon of double reduction in
tetrasomic inheritance, resulting in systematic segregation distortion. Study by Luo et al (2006)

showed that the coefficient of double reduction can reach to 0.25 at most.

Finally, multiple alleles at a locus of polyploids cause a substantially wider range of genotypic

segregation. For example, consider one locus in diploids, at most two gametes with different
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Overall Introduction: Genetic architecture of autotetraploid species

genotypes can be generated by an individual. However, in autotetraploids, at most 10 gametes
with different genotypes can be generated by an individual if all the alleles are distinct with each
other. As the number of loci increase, the distance between maximum number of gamete
genotypes between diploids and autotetraploids would increase exponentially. Due to the
existence of multiple alleles, there are no fully informative genetic markers in autotetraploids. A
simple one-to-one relationship between observed genotyping data and genotypes in
autotetraploids is usually difficult to obtain. For example, when considering two alleles (A1 and
A;) segregate at locus in an autotetraploid population, the relationship between marker
phenotypes (i.e. “marker phenotype” refers to the observed genotype throughout this thesis) and

genotypes can be shown in Table 1.1 (Modified from Luo et al 2000). Taking into account the

Table 1.1. Relationship between marker phenotypes and genotypes at a single locus.

Phenotypic record Corresponding genotypes

Gel-band 1 Gel-band 2

1 0 (A1000),(A1A100), (A1 A1 A10), (A1 A1 AL A1)
0 1 (A2000),(A2A200), (A2A2A20), (A2 A2 A2 Ar)
1 1 (A1 A2 A2 Av), (A1 A2 A2 O), (A1 A2 O 0),

(A1 A1 A2 A2), (A1 A1 A2 O), (A1 A1 AL A)

Alleles A; and A; are revealed as the presence of PCR products indicated by gel-band 1 and gel-band
2 respectively. 1 or O is used to indicate the presence or absence of corresponding gel-band. O

denotes a null allele.
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Overall Introduction: Genetic architecture of autotetraploid species

possibility of null alleles (indicated by failure of the PCR primers to anneal to the relevant DNA
templates), it can be seen from Table 1.1 that there may be 4, 4 or 6 corresponding genotypes in

three different phenotype categories.

1.1.4. Bivalent pairing and quadrivalent pairing

Autotetraploids undergo tetrasomic inheritance in which each homologous chromosome can pair
with any other homologous chromosomes during meiosis and segregate either in bivalent,

quadrivalent pairing or a mixture of the two.

The simplest model of chromosome pairing and segregation may have the full complement of
bivalents as shown in Figure 1.1. Homologous chromosomes are randomly paired to create
bivalent pairs and recombination only occurs between the two chromosomes of each bivalent
pair which is similar to diploids. Then one recombined chromosome from each pair enters into
the gamete. Autotetraploids with bivalent pairing therefore share some common features with
diploids. For example, the upper limit value of recombination frequency is 0.5, sister chromatid
will not enter into the same gamete and the relationship between recombination frequency and

genetic distance is the same as that in diploids.
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Figure 1.1. Chromosome segregation during bivalent meiosis of an autotetraploid

species.

4 chromosomes of an
autotetraploid individual

Chromosome 1 X

Chromosome 2

Chromosome 4

X
Chromosome 3 '
X

Random pairing of
chromosomes creates
three possible
bivalent pairs

Pattern 1
Chromosome 1 x Chromosome 3 '
Chromosome 2 A Chromosome 4 X
Pattern 2
Chromosome 1 * Chromosome 2 x
Chromosome 3 . Chremosome 4 x
Pattern 3
Chromosome 1 X Chromosome 2 X
Chromosome 4 ) ¢ Chromosome 3 [}

Here four colours (red, green, yellow and purple) represent four different sets of homologous

chromosomes of an autotetraploid individual. Chromosomes are randomly paired to create three

possible bivalent pairs patterns and recombination occurs only

between the two chromosomes of each bivalent pair. Consequently, one recombined chromosome

from each of the two pairing bundle enters and forms the diploid gamete.
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One of the most important features of autotetrasomic inheritance is the phenomenon of double
reduction due to quadrivalent pairing, in which sister chromatids can migrate to the same
gametes during meiosis. Double reduction plays a significant role in the evolution of
autotetraploid genomes. It was demonstrated that double reduction could enhance the ability to
eliminate deleterious alleles even at low levels and contribute more to inbreeding depression
(Butruille and Boiteus 2000). The probability of this meiotic event is defined as the coefficient
of double reduction, which depends on the recombination frequency between the locus and its
centromere and on the frequency of multivalent formation. Historially (Mather 1935; Bailey
1961; Ronfort 1998; Butruille and Boiteus 2000), a maximum value of 1/6 was cited for the
coefficient of double reduction. However, it has been shown in Luo et al (2005) that the upper
limit of the coefficient of double reduction is, in fact ¥4, a value that is reached when
recombination frequency takes its upper bound value of %. The limiting recombination
frequency under quadrivalent pairing during meiosis was demonstrated to be % by Sved (Sved
1964). Figure 1.2 illustrates how double reduction takes place during quadrivalent meiosis in an

autotetraploid species.
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Figure 1. 2. Segregation patterns of loci A and B during quadrivalent meiosis of an

autotetraploid species.

Here four colours (red, green, purple, yellow) represent the four homologous chromosomes of an
autotetraploid individual. Locus A has no crossover with the centromere and undergoes path Z with
no double reduction. Crossover occurs between locus B and the centromere. It is equally likely for
chromosomes to undergo path Y with no double reduction or path Z with double reduction. Gametes
derived from a double reduction event are marked with an asterisk. The figure was modified from
Wu et al (2001).
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1.1.5. Statistical framework for autotetrasomic linkage analysis

As a theoretically challenging topic in the history of statistical genetics, the study of genetic
linkage analysis in autotetraploids was pioneered by the quantitative geneticist K. Mather in the
year of 1935 (Mather, 1935). However, the majority of research work was built on the
assumptions of bivalent pairing of homologous chromosomes during tetrasomic meiosis.
Although these methods could significantly reduce challenges in modelling of linkage analysis
and decrease the degrees of complexity of the data analysis in autotetraploids, they ignored
some key features of tetrasomic inheritance and were impractical in experimental data analysis.
Some studies even use the corresponding related diploid as an approximation to the polyploidy
case (Bonierbale et al. 1988, Gebhardt et al. 1989). Another commonly used strategy to
construct linkage maps in polyploids has been the use of single-dose dominant marker, such as
AFLPs and RAPDs (Wu et al., 1992; da Silva et al., 1993; Grattapaglia and Sederoff, 1994;
Ukoskit and Thompson, 1997; Brouwer and Osborn, 1999; Hoarau et al., 2001; Barcaccia et al.,
2003; Ghislain et al., 2004; Cervantes-Flores et al., 2008). Single-dose dominant markers are
present in only one parent in a single copy (i.e. parental genotypes AOOO < 0O000), so only
half of the gametes will contain the marker during gametogenesis. Recombination can therefore

be analysed as for a diploid species if two such markers are present in a coupling phase.

To establish general theory for linkage analysis with polysomic inheritance, it is necessary to
predict parental genotypes from phenotypes which are essential for distinguishing recombinant
and parental genotypic classes. In this respect, Luo et al (2000) developed a method for

predicting the genotypes of two parental individuals at a co-dominant or dominant marker locus
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on the basis of the parental and offspring phenotypes scored at that locus in segregation

autotetraploid populations.

This was followed by the development of methodology for constructing genetic linkage maps of
co-dominant or dominant markers under the assumption of random bivalent pairing of four
homologous chromosomes during meiosis (Luo et al., 2001). In order to integrate multivalent
pairing and double reduction events into linkage analysis in autotetraploids, Wu et al (2001)
proposed a statistical method by assuming that all four alleles segregating at each of two loci are
all different in both parents. In this case, they could directly resolve both double reduction and
recombination from the offspring populations. However, this assumption is unrealistic in
practice since parental lines that match these requirements are extremely rare. Subsequently, this

method did not properly solve major problems in statistical modelling of real data.

A well- developed theoretical basis for tetrasomic linkage analysis was later developed by Luo
et al (2004) that took account of the major complexities of autotetrasomic inheritance including
mixed bivalent and quadrivalent pairing in meiosis and the phenomena of double reduction. For
the first time, this study was successfully in working out the distribution of two-locus genotypes
in outbred population, in terms of the coefficient of double reduction and recombination
frequency. This statistical method provided the analytical tools for predicting the maximum
likelihood estimates (MLEs) of parameters of both double reduction and recombination
frequency and testing their significance. Subsequently, Luo et al. elaborated the tetrasomic
linkage analysis and demonstrated its efficacy through the construction of genetic marker
linkage maps from an outbred segregation population of autotetraploid potato (Solanum

tuberosum) (Luo et al., 2006).
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To improve precision and accuracy of constructing linkage map of autotetraploid species, Leach
et al (2010) proposed a hidden Markov chain based approach for multilocus linkage analysis in
autotetraploids. This method significantly improved the accuracy and precision of parameters
estimation, compared with the two-locus linkage analysis method proposed by Luo et al (2004).
In addition, this multi-locus method provided a way to directly calculate the likelihood for any
given linkage map and mapping population in autotetraploids, which made significant propress

in statistical inference of linkage order and linkage phase (Leach et al, 2010).

1.2. Aims of the project

The project aims to address a challenging task to provide the novel theory and methods that
enable QTL mapping in autotetraploids to be carried out on a rigorous theoretical basis and
establish statistical methods for inferring recombination interference in both diploids and

autotetraploids. The thesis reports four sub-projects which I conducted in the past four years.

Part 1-1

Quantitative genetics model of autotetraploid species is crucial for functional and evolutionary
analyses of quantitative genetic variation. | implemented orthogonal contrast scales to construct
a genetics model for quantifying various genetic effects of QTL under tetrasomic inheritance
and decomposing quantitative genetic variation into orthogonal variance components. |
established models for both one locus and two loci followed by a variety of allelic frequency

distributions. 1 illustrated these genetics models by quantifying various genetic effects from a F»
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family of autotetraploid population and in a random mating equilibrium population under
autotetrasomic inheritance. | also established a method for estimating genetic effects in linkage
disequilibrium autotetraploid populations. The simulation studies were presented to show the
feasibility of a practical implementation of this method, detailed the procedure of the analysis,
demonstrated the reliability in the parameter estimation, and discussed its utility and potential

problems.

Part I-2

A starting point to unveil the genetic mechanisms controlling quantitative traits is to map the
genes affecting the traits (i.e. mapping quantitative trait loci or QTL). Theory and methods have
been well established for mapping QTL in diploid species and QTL analysis has become a
routine practice in all important diploid plant and animal species as well as in humans. However,
the study of statistical genetics of autotetraploid species is still in its infancy largely because the
inheritance of polyploids, especially autopolyploids, is much more complicated in comparison to
diploids. Based on the quantitative genetics model of autotetraploid species, | developed a
method to map the genes affecting the traits onto the genome (i.e. mapping QTL). | developed
an interval QTL mapping method for a segregation population derived from crossing two
outbred autotetraploid parents, in which we considered all the possible parental QTL genotypes
and linkage phases. Since genetic markers in autotetraploids are usually not fully informative, |
considered use of multi-locus marker information in a Hidden Markov Chain model to improve
the efficiency of parameter estimation. To investigate properties of this statistical analysis, a
simulation study was performed to assess this approach and to investigate the effects of

population size, parental genotypes and locations of QTL on the chromosome, and showed the
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reliability of this method as a practical implementation in analysis for autotetraploids with both

bivalent pairing and quadrivalent pairing during meiosis.

Part 11-1

Recombination interference (RI) refers to the phenomenon in genetic recombination that
simultaneous recombination in closely nearby chromosomal intervals occurs much less
frequently than would be expected under independence of the recombination events across the
intervals. Based on the work of inferring crossover interference in diploids by McPeek and Zhao
(1995), | proposed a novel statistical method for inferring crossover interference in
autotetraploid species which taking proper account for tetrasomic inheritance. | demonstrated
the model’s statistical properties by simulation studies and illustrate application of our model
using phenotype datasets of three linked fluorescent marker loci scored from a large segregating
population of autotetraploid budding yeast S. cerevisiae. A significant decrease in the strength of
crossover interference was found on one chromosome among the tested three chromosomes after

polyploidization.

Part I1-2

To investigate into the change in crossover events after genome duplication in Saccharomyces
cerevisiae, a new statistical method was proposed to predict crossover rate based on whole

genome sequencing data from tetrads of autotetraploid meiosis. In addition, we demonstrated
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utility of the method by implementing it to analyse genotype dataset collected from the intensely
distributed SNP markers based on next generation sequencing approach. Statistical comparison
was made to all four spores derived from meiosis between diploid and its related autotetraploid
Saccharomyces cerevisiae. An increase in the overall crossover rate was found after

polyploidization in the real data analysis
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Part I: Theory and methods for QTL analysis in autotetraploids Chapter I-1

Chapter 1-1: Orthogonal contrast based models for guantitative

genetic analysis in autotetraploid species

1.1. Overview

The quantitative genetic model which links genetic effects of genes or genotypes at quantitative
trait loci to phenotype of quantitative traits is the basis for any quantitative genetic analysis. The
theory and methods for modelling and analysing quantitative genetic effects have been well
established and routinely practised in diploid species (Falconer 1996), whilst such study in
polyploids, like autotetraploids, is still in its infancy mainly because of the complexity of

polysomic inheritance aforementioned.

Kempthorne (1955) was probably the first in proposing statistical models for quantitative
genetic effects in tetraploids, and formulated effects of tetraploid genotypes in randomly mating
populations by simply extending the quantitative genetic model in diploids. In particular, the
model involves a total of 15 parameters for genetic effects of segregating alleles and their
successively higher orders of interaction at single locus (Kempthorne 1955, 1957). To simplify
the Kempthorne’s model, Li (1957) worked on a bi-allelic model and proposed regression of
genetic values of genotypes onto the corresponding frequencies in a random mating tetraploid
population (Li 1957). The successive linear regression model allows genetic variance at a single
locus to be presented by four major components. Mather (1982) extended their concept of
additive and dominance effects of diploid quantitative genetics to define these effects in

tetraploid populations. Obviously, any quantitative genetic model and its analysis rely on
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distribution of QTL genotypes in the population under study, and the genotypic distribution in
an autotetraploid population replies on the coefficient of double reduction. Having noted these,
Kilick (1971) explored the influence of double reduction on the Mather tetraploid additive and
dominance model through its influence on frequencies of genotypes in segregating populations
from crossing two inbred tetraploid parents. By integrating the additive and dominance model
proposed by Mather and Jinks and the idea of Li, Wright (1979) presented the genetic value at
single locus as a polynomial of order n, which is the level of ploidy, and the genetic variances
were presented as the so called differential coefficients, which was in fact derivatives of the

polynomial with respect to the allelic frequency (Wright 1979).

All of the models reviewed above are directly or indirectly extended from the classical diploid
of their diploid counterparts. In contrast to the classical quantitative genetic model, Cockerham
(1954) pioneered in attempting desirable statistical properties to quantitative genetic models in
diploids and in turn, to the model based quantitative genetic analyses (Cockerham 1954). He
developed the quantitative genetic model using the principle of orthogonal linear comparison,
which enables phenotypic variation of a quantitative trait to be partitioned into independent
components (Cockerham 1954). Zeng et al conducted comprehensive exploitation of statistical
properties of the orthogonal contrast model in several major quantitative genetic analyses
including estimation of additive, dominance and epistatic effects, partition of genetic variance
components and mapping QTL (Kao 2002; Zeng 2005; Wang 2006). Although involving much
more sophisticated algebraic formulation, the orthogonal model shows several key advantageous
properties over the standard quantitative genetic models including the Kempthorne’s and Mather
and Jink’s models. The orthogonality of the model ensures that estimate of one model parameter

is independent of estimates of other parameters in the model and that the variance-covariance
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matrix of quantitative genetic effects is diagonal, i.e. there is no genetic covariance between the
different genetic effect parameters. These statistical properties confer quantitative genetic

analyses the robustness to different settings of model parameters.

This sub-project presents novel tetrasomic quantitative genetic models for nature and artificially
designed populations of autotetraploid species. The models account properly for the essential
features of tetrasomic inheritance at the quantitative trait loci and their statistical properties and

utilities in modelling real datasets are exploited by intensive computer simulations.

1.2. Introduction to orthogonal contrasts

ANOVA (Analysis of variance) is well known as a powerful tool and widely used to compare

several treatment means in biological research field. In such statistical tests, the null hypothesis

is that the T true means are all equal (H,:4 =4, =---=44 ). Thus we would accept the

alternative hypothesis if the F test is significant, where merely reflect at least one mean is
different from the others. However, it could not tell which mean(s) is/are different. Further
comparisons can be carried out by further decomposing the treatment sum of square (SST) to
provide additional statistical test to answer planned questions. For this purpose, the orthogonal
contrast has been historically proposed to answer specific research questions of interest and to
compare mixed effects, both fixed effects and random effects (Scheffé1959; Winer 1971; Steel
and Torrie 1981; Mead 1988; Hinkelmann and Kempthorne 1994; Kuehl 2000). With a planned

test, the orthogonal contrast scales are designed based on a priori knowledge, either on
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biological considerations or on the results of preliminary investigations. It is not only a simple
and efficient way to analyse experimental data, but also an alternative way to do statistical

analysis on data without a definite structure (Nogueira 2004).
In statistics, a contrast is a linear combination of two or more variables (genetic effects here)

whose coefficients add up to zero (Casella 2008). For instance, let x,..., X be a set of variables

and a,,...,a, be known constants. The expression Z::laixi is a linear combination and it is
- t t t
called contrast |fzi=1ai =0. Furthermore, two contrasts, Zizlaixi and Zi:lbixi , are orthogonal

if Z::laibi =0. A set of linear combinations must satisfy the following two mathematical

constrains so to be in orthogonal contrasts:
(1). The sum of the coefficients in each linear contrast must sum to zero, and

(2). The sum of the products of the corresponding coefficients in any two contrasts must be

equal to zero.

In ANOVA, the total sum of square (TSS) could be perfectly divided into two parts (the
treatment SS (SST) and the error SS (SSE)) due to the fact that they are mathematically

orthogonal to each other. Their relationship can be expressed as
TSS = SST +SSE (I-1.2)

In an analogous way, orthogonal contrasts provide a way to partition SST into as many

independent comparisons as the degree of freedom for treatments in the ANOVA, each having
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one degree of freedom. The pair-wise orthogonality as defined above ensures that the variance
of the contrasts, equal to the weighted sum of the variances, will be uncorrelated, proceeding to

minimize the Type | error rate (Howell 2010).

1.2.1. Orthogonal contrast based genetic model in diploids

It was first discovered by Mendel early in the year of 1865 that epistasis existed among genes
controlling quantitative traits. Epistasis has been historically difficult to discern and
insufficiently discussed in many theoretical and statistical issue (Brim 1961; Lee 1968; Stuber
1971; Stuber 1992; Cheverud 1995; Doebley 1995; Cockerham 1996; Kao 1999; Goodnight
2000; Zeng 2000). Following Fisher (1918), Cockerham introduced the principle of orthogonal
contrasts to partition the epistatic variance into components in diploids (Cockerham 1954). He
partitioned the genetic variance contributed by two genes into eight independent components by
orthogonal contrast scales. Anderson and Kempthorne proposed a specific simplified model for
a F2 population based on orthogonal partitioning, called the Fo-metric model (Anderson 1954).
In this model, additive effect was defined as half of the difference between the two homozygote
genotypic values which is the same as that in the traditional method (Falconer 1996). However,
dominance effect, defined as the difference between the mean of homozygote genotypic values
and the heterozygote genotypic value, was scaled to zero for allelic frequency (Anderson 1954).
Therefore, this Fo-metric model is no more defined only based on genotypic values but also
based on allelic frequencies. To provide a better way to model QTL in a segregating population,

Zeng et al made a justification for the general two-allele model based on orthogonal contrast
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scales (Zeng 2005). Zeng et al also conducted a comprehensive exploitation of statistical
property of the general orthogonal model in mapping epistatic genes in both linkage equilibrium
and disequilibrium population (Kao 2002; Zeng 2005; Wang 2006). Orthogonality ensures
consistency in the definition of genetic effects with multiple loci and independence between
different effects and variance components, which make Cockerham’s model outperform all the
others in modelling and mapping QTLs (Zeng 2005). In the following, I present development of
quantitative genetic models for autotetraploid species following the principles of the orthogonal

contrast linear model.

1.3. Theoretical models and analysis for autotetraploids

1.3.1. One locus model

| first consider segregation of two alleles (A and a) at a single locus in an autotetraploid
population. Frequency of the allele A in the population is denoted by p and the coefficient of
double reduction at the locus by« . There are a total of 5 possible genotypes at the bi-allelic
locus. Frequency of the ith genotype, Aias.i, is denoted by fi with i = 0, 1, ..., 4, indicating the

number of A allele involved in the genotype.

I define here the phenotypic effect (i.e. trait value) for an individual through a regression model

of allelic effects

P=G+e=u+0xX +60,X,+60,X,+0,X,+¢ (1-1.2)
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where P is the phenotypic effect, G is the genotypic effect, x is the population mean, and 6, (i =

1, ..., 4 ) are accordingly monogenic, digenic, trigenic and quadrigenic genetic effects of the
QTL, and xi (i=1, ..., 4) are the corresponding genetic-effect design variables, and ¢ is a random

variable following a normal distribution with zero mean.

In a natural autotetraploid population, genotypic frequencies vary across different loci in the
genome and are usually not in Hardy-Weinberg equilibrium (Luo 2000). According to the basic

principle of orthogonal comparison of linear statistical models (Wang 2006, Zeng 2005), |

propose here general orthogonal scales W, :{a)ij} (i=1,...,4; j=0,...,4) listed in Table I-1.1 for

the genetic effects (summarised in Table 1-1.2) in the model (I-1.2). In the orthogonal scale

vectors, o, must satisfy
1. @ (j :0,1,...,4)

u=-4f, —3f,—2f,— f,

2. @, (J =0,1,...,4)

@, j11 _2(’)2] T, =1 (j =1,2,3)
4
Zj:oa)2jfj =0

4
Zj:oa)zia)lj fy=0
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3. @y (j :0,1,...,4)

@y~ 3wy +3w;  , — @y , =1 (j - 2,3)
Z;‘:Oa)sj f,=0

Zj:o“’si“’lj fy=0

Z?:owﬂa’ﬂ f;=0

4, @ (j :0,1,...,4)

w,, —40,,+60,, —4w, + 0,y =1
4
Zj:oa)M fy=0

4

Zj:oa)4ja)lj fJ' =0
4

Z,-:o%-wzj fy=0
4

Z,-:o“’ua’sj fy=0

Incorporating them into the model (I-1.2) and replacing the genetic-effect design variables x; by

w, if Gis aaaa
o, If Gis Aaaa
X, =<@, if Gis AAaa (i=12,..,4)
w, If Gis AAAa
w, if Gis AAAA

| derive a matrix form of the orthogonal model for the QTL effects in form of
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G, 1 oy wf 0 0| u
G, 1 oy 0 0y |6
Ga=|G, [=|1 o, o, w, o,]| 0, |=S,E, (1-1.3)
G, 1 o, w0 05 04|06
1G] |1 o @ o, @,]06,]

The genetic effects of the QTL genotypes can be calculated from

EA = S;lGA (|'14)

Table I-1.1. The orthogonal contrast scales for one biallelic locus (general model)

Genotype aaaa Aaaa AAaa AAAa  AAAA

Frequency fy fi f, f; f,

G G, G, G, G, G,

6 W, 21 Wy 2F) 2K Wy
0, W, Wy 27 2] W3 Wy
0, W, W3 W3 2] W33 Wy
0, W, Wy WOy ) Wy3 Wy

G’s and f’s denote the genotypic values and genotypic frequencies for the five
genotypes. 6, (i=1,2,...,4) are the monogenic, digenic, trigenic and quandrigenic
genetic effects respectively. @ er (i=1,...,4; j=0,1,...,4) is the scale component

of genotype i for the j contrast.
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Table 1-1.2. Definition of genetic parameters for two loci model

Scales Parameter definition Notation Scales Parameter definition Notation
W, Mean 2 W, Digenic x monogenic effect of loci A and B .
W, Monogenic effect of locus A 6, W, Digenic < digenic effect of loci A and B Lo,
W, Digenic effect of locus A 6, W, Digenic x trigenic effect of loci A and B lo,c,
W, Trigenic effect of locus A 0, W, Digenic x quadrigenic effect of loci A and B lo,c,
W, Quadrigenic effect of locus A 0, W,, Trigenic < monogenic effect of loci A and B e
W, Monogenic effect of locus B 4 W,, Trigenic xdigenic effect of loci A and B Lo,
W, Digenic effect of locus B ¢, W,q Trigenic x trigenic effect of loci A and B L,
W, Trigenic effect of locus B &, W, Trigenic x quadrigenic effect of loci A and B loc,
W, Quadrigenic effect of locus B <, W,, Quadrigenic x monogenic effect of loci A and B Ly,
W, Monogenic x monogenic effect of loci A and B o W,, Quadrigenic x digenic effect of loci A and B Lo,
W, Monogenic x digenic effect of loci A and B Lo, W,, Quadrigenic x trigenic effect of loci A and B lo,c,
W, Monogenic x trigenic effect of loci A and B Lo, W, Quadrigenic x quadrigenic effect of loci A and B Lo,
W, Monogenic x quadrigenic effect of loci A and B e,
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Accordingly total genetic varianceVs , contributed by segregation of alleles at the QTL, can be
partitioned into four independent components. Each variance component is contributed by its

own relevant genetic parameters as

, (ZLO fiGjay )2

ol = (t=12,...,4) (I-1.5)

(Zj’r:o fja)"g)

In the following section, we characterize the model (I-1.2) in two populations with two specified

genetic structures.

1.3.1.1. Model for F, populations

In an F2> population created from crossing two parental lines with genotypes AAAA and aaaa,
frequencies of the offspring genotypes can be expressed in term of «, the coefficient of double

reduction at the QTL, as, f,=(1+2a)*/36, f,=2(1-a)1+2x)/9, f,=[3-4a(l-)]/6,
f,=2(l-a)(1+2a)/9 and f, =(1+ 2a)?/36. With these, the genotypic values Ga = (Go G1

G2 G3 G4)" can be presented in a matrix form of

1 -2 (5-2a)/3 -2(1-a)/3 (1-a)(4a’-4a+3)/(12(2+a)) | -
1 -1 (1-4a)/6 (1+22)/6 —(1+2a)(4a’—4a+3)/(24(2+a))
G,=S,E,=|1 0 —(1+2¢)/3 0 (1-a)(2a+1)° /(12(2+a))
1 1 (1-4a)/6 —(1+2a)/6 —(1+2a)(4a’-4a+3)/(24(2+a))
1 2 (5-2a)3 2(1-a)3 (L-a)(4a’-4a+3)/(12(2+a)) |7~
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The genetic values can be calculated from E, = Sx'Ga Where

| (1+22)' /36 2(1+2a)(1-a)/9 (42 40 +3) /6 2(1+2a)(1-a)/9 (1+2a) /36 |
—(1+2a)/12 («-1)/3 0 (1-a)/3 (1+2a)/12
51| 1+20)(5-20) (a-1)(4a-1) (40’ -4a+3)  (a-1)(4a-1) (1+2a)(5-2a)
12(2+a) 32+a) 2(2+a) 32+a) 12(2+a)
-1/2 1 0 -1 1/2
i 1 —4 6 —4 1 |

1.3.1.2. Model for randomly matting populations

We once worked out the equilibrium distribution of genotypes at a multi-allelic locus in
randomly mating autotetraploid populations (Luo 2006). In the present context, the probability

distribution of genotypes at a biallelic locus in randomly matting populations is presented by

f, :%[90{2 +12a(1-a)(L- p)+41-a) 1~ p)? ]

_4(-a)p@-p)* Y
f, = (2+a)2 [6a+4(1 o)l p)]

f, =H[3a2 +2a(l-a)+41-a)’ p- p)]

_4(-a)p*(l-p) .
f,= 210) [6a+4(1 a) p]
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p2
f, = oy [92° +12a(1-a) p+4(1-a)’ p* |

Details of deriving this distribution can be found in our previous study (Luo 2006). It can be
shown that Z‘j‘:o f, =1. In the above, allele frequency of A is denoted by p and the coefficient
of double reduction at the locus is denoted by « . For simplicity but without loss of generality,
the difference in frequency between alleles A and a is denoted as s (s= p—(1—-p)=2p-1). If

the populations are in the Hardy- Weinberg equilibrium, | worked out the orthogonal contrast
scales for the biallelic quantitative genetic model in the random-mating equilibrium population

as listed below

1. For monogenic effects

W, =—2—25
w, =-1-2s
X, =9 @, = =28
W, =1-2s
w, =2-2S

2. For digenic effects
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[(s +1)+a(s+2)+azs]

W, = [25(3+1)+a(232+35—1)+a2(232+s—2)}

2m,

=0 = [35" -1+ (a+a?) (357~ 4)]
2

3 [25(s—1)+ar(25° ~3s-1)+ & (25° —s-2)]

Wy, = %[(S—l)-{-a(s—Z)-f—O{zs:l

where m, = 2 +5¢a + 2a*

3. For trigenic effects

. =(a_1)(5+1)2 o*(25° - 75" +8s-4)+a* (35’ +3s° + 45 -8)
K My | e (352 -25-5)+(s-1)(s+1)

(s-1) o (4s' —7s° —10s + 205 -8) - & (10s* ~10s° +3s” — 205 + 20)
*2m, +a (65 +35° +95-18)+ or(25* —25° + 757 + 45— 7) — (25" +5° ~35* — 5 +1)

2 _ 2 _ _
Xy = a)32=s(s 1)(510{ ’ l)[az(sz—4)—2a(sz+2)+(32—1)]
3

(s-1)| @ (4s* +7s° ~10s* — 205 - 8) - &* (10s* +10s° + 3s” + 205 + 20
®om, +a’ (65 +35° —95-18) + (25" +25° + 75" 45— 7)—(25* —=s° —3s” + 5 +1)
; :(a—l)(s—l)z ®(25°+75° +85+4)+a’ (-3s° —3s* + 45 +8)
* m, +a (35" -25+5)+(s—1)" (s +1)

where m; = (2+ )| & (55° ~4)+ a” (95° ~8) + (35” ~5)+ 5> ~1]
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4. For quadrigenic effects

Wy = mi{(l a)(1+s) [a(2-s +1+5][ *(2- 2)+2asz+1—sz}}

4

a)41=i s+1)| a(2—s)+1+s 2[0!3(53+232—23—4)_a2(333+352_23+2)]}
ot

(1-a)(1-s )[az(sz—4)—2a(52+2)+52—1]2}
(s-1)[a(2+s)+1- s]{

+a(3s° =5 +2)+(1-5)(1+ s)’

o (8° ~ 252~ 25+ 4)~a? (3s° - 357 —23—2)}

Wy = mi{(l a)(1-s) [a(2+s)+1- s][ *(2- 2)+2asz+1—sz]}

7l

where m, = 4(2+a)’ [oﬁ'(s2 +4)+a*(3s° +8) - (35" ~5)—(s’ —1)}

In the same formulation, the quantitative genetic model is fully characterized asG, =S,E, and

E,=S,'G,. S,and S, are detailed as.
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1 -2-2s

1 -1-2s

1 -2s
1 1-2s
1 2-2s

3(s+1)
m2

3 {23(3 +l)+a(282 +33—1)]

2m, | +a® (252 +S— 2)

i[382 —1+(a +a2)(352 —4)]

m,

3 {25(5—1)+a(252—35—1)]

2m, | +a° (25° -5 - 2)

3(s-1)

[(S+1)+a(5+2)+0(25] (a_—

m,

(s-)

2m,

s(s* -1)(2a”

Chapter 1-1

+ar (35 =25 -5) + (s =1)(s +1)°

P (454 —7s® —10s? + 20s — 8)
- (10s4 —10s® +3s% — 20s + 20)
+a” (6s* +3s° +9s-18)

+or (25" —25° + 757 +4s - 7)

—(234 +5%-3s? —s+1)

—a—g

o1 (@=)(-1°
s-+a(s-2)+a’s
(- ra(s-2)+a's] m, La(—ﬁ%sz ~25+5)+(s-1)° (s+1)

m,

s—1
2m,

—~
~—

Ps (454 +7s° —10s? — 20s — 8)
-a° (1054 +10s% +3s% + 20s + 20)
+a? (6s4 +3s2-9s —18)

+a(2s4 +25° +7s2 —4s— 7)

_—(Zs4 — 5% —3s? +s+1)
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a® (253 +75° +8s+4)+a”(-35° - 3s” + 45 +8)

1-a)(1+s)

m,

—~

s+1)
m,

(1-a)(1-5°)

(s-1)

m,

(1_0‘2]1(1_5) [a(2+s)+l—5:|2 |:a2 (2—52)+2a52 +1—Sz]

7

053(53 + 28 —25—4)—
[a(2-s)+1+ ST 0{2(383 +3s? —Zs+2)+
a(353 —s—2)—(1+ s)(1-s)

2

- [az(sz—4)—2a(2+sz)+52—1]2

a’(s*-2s° 25 +4)-
[(2+5)+1-5] |a?(35° ~3s? ~25-2) +

a(3s° —s+2)+(1-s)(1+ s)’

2

[a(2-5)+1+ 3]2[042(2—52)+20:s;2 +1—sz]
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( 2 = [1- s+a(2+s)]

1

(s-9)
4

Tz[l-s+az(2+s)}2

%S)Z(“S) F;:S(u S)}

e

25(1-5%)
(s-1) [[L-s+a(2+9)] x a(l 8s-55°)
S;l\lz 2m, [S+1+a(s+2)+asz ms (4 8s - 85)
-a° (4-55% - 25°)
-(1-5)" (1+5) (2s -1)(52 _1)

2(2+a) - (5-25-357) 4(2+a) | +a(5-4s-35°)
m, |-o*(8-25+3s"-35°) m, | +o*(8-45+3s° -65°)
o (4-4s+5° +25%) +a’(4-85+5" +45°)
1 -4

Here m =(2+a) , m,=2a*+5a+2 ,

[of (52 + 4) +a’ (352 +8) —

Chapter 1-1

3(s*-1)[ s -1-2a8° (1-a)-s)(L+s) [L+s (s+1)° 2
om, Laz(sz-ZJ m La(z s)} Tam [1+s+a(2-5)]
36 |5 -1-2as (a-1)(25° +s-1)[1+s (s+1) 2
2m, Laz(sz-z) 2m, +a(2-s) 4m, [trs+a(2-s)]
1-457 1 3* ]

25(1-5%)
+a(4-5s° -3s*

1 a( ) 1-a)(1+s +a(1+8$-552) s+1 1+S+a(2-s)2><

= +6a” (1-5%) = (5+1)

m NP m |+’ (4+8s-85°) 2m; |[s-1+a(s-2)+a’s]

(0.2 -3 )
o (4-55” +25°)
| +a (8-10° +3s) |

(2s +1)(s2 -1)

1-¢°
4(2+a) 402+ V| -a(5+4s-3s?
—( n:4a) 3(1+2a)s| +2as ( r:“) a2((8+45+3s)2 +653) N
+a?(2-5° ! !
( ) oﬁ(4+8s+s2 -453)
6 -4
m, =(2+a)| s -1+ (35 =5)+ a* (95’ ~8) + &’ (55 ~4)| and m,

locus respectively. « is the coefficient of double reduction of locus A.
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=4(2+a)

a(3s® -5) (s —1)]. sis denoted as p—q, with p, g as the frequency of allele A and allele a at the
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1.3.2. Two loci model

In this session, the one locus method described above is extended to two bi-allelic loci, A and B,
in an autotetraploid population with a specified genetic structure. There will be twenty-five
possible genotypes at the two loci (without accounting for linkage phase). A general form of a
two-locus tetraploid genotype may be presented as Aag\Bjb,j with i=0,1,...,4 for the
number of allele A and j=0,1,...,4 for the number of allele B in the genotype. The genotypic
value and frequency of the genotype are denoted by G; and f;, and f; and f; (1=0,1,...,4) are the
marginal frequency of genotypes at locus A and locus B. Frequencies of the allele A and B in the
population are denoted by pa. and pg, and the coefficients of double reduction at locus A and
locus B are denoted by « and S respectively. A liner model for the phenotypic value is

comprised of genic effects at each of the two loci, epistatic effects of genes at the two loci and a

random variable, and is fully characterized by a total of twenty-five parameters in form of

F’ij = Gij +E=UF+OX +OX +0X +0,X, + Y, +8,Y, + Y+ 4, Y, + I%W% + Iglgzw%Jr

I91§3W91§3 + I91§4W‘91§4 + I92§1W9251+ Ilgz{zWez(z + I9253W92§3+ I92§4W92§4 + I‘93§1W‘93§1 +
Lo Wa, + 1o Wo + Lo e Wop, + T W, + 150 Wog, + 1o W, + 1o Wy +&
(1-1.6)

where Pjj is the phenotypic effect, Gj; is the genotypic effect, . is the population mean, 8, (or
&) (i=1,...,4) are accordingly monogenic, digenic, trigenic and quadrigenic genetic effects at

locus A (or B), and X; (or y;) (i=1, ..., 4) are design variables for the corresponding genetic-
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effects. Iy, are epistasis between the effects 6 and ¢; (i=1,...,4; j=1,...,4). Table 1-1.2 (On

page 31) lists detailed descriptions of the parameters. ¢ is a normal residual variable.

In a similar but algebraically more tedious way, we derived the orthogonal contrast scales for the
two-locus tetrasomic model under two different scenarios of mutual dependency of genotypic

distribution at the two loci: linkage equilibrium and linkage disequilibrium.

1.3.2.1. Model for linkage equilibrium population

When alleles at the two loci model are in linkage equilibrium in the population under question,

the probability of a joint genotype at the two loci equals the product of probabilities of
genotypes at each locus, i.e. fj =fixf; (i,j=0,1...,4), the design variables for the genetic-

effects in the Equation (I-1.6) can be written as

o, If G, is aaaa v, If Gy is bbbb
@, Iif G,is Aaaa v, if Gy is Bbbb
X =<w, IfG,is AAaa and y,=qu, if G;isBBbb 1=1234
w, if G,is AAAa v, If G, is BBBb
w, if G,is AAAA v, Iif G, is BBBB
Wy, =% XY, (i,j=12,34)

Here o; andv; (i =0,1,...,4; j=1,2,...,4) are the orthogonal contrast scales calculated separately

according to the way for the bi-allelic one locus model as listed in Table 1-1.3.
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Table 1-1.3. The orthogonal contrast scales for locus A and locus B

Genotype aaaa Aaaa AAaa AAAa AAAA
LocusA  Frequency fo f, f fs fa
G G, G, G, G, G,
0, W, @y, o, @, W, W,
0, W, Wy, W, @,, Wy, ,,
0, W, Wy Wy Wy, Wy Wy,
0, W, Wy Wy Oy, Wyg gy
Genotype bbbb Bbbb BBbb BBBb BBBB
Locus B Frequency f, f, f, f, f,
G G, G, G, G, G,
¢ V, Uy o UL, Ui Uy,
¢, v, Uy Uy, Uy Uys Uy
g5 vV, Uy Uy, sy Uss Uy
Ca A Vs Uy Uy Uys Uy

G, (G,)and f, (f, )(i=0,1,...,4) denote the genotypic values and genotypic frequencies for the five
genotypes of locus A (locus B). & (¢, ) (i=1, 2,..., 4) are the monogenic, digenic, trigenic and
quadrigenic effects for locus A (locus B) respectively. HereW, = {a)“} andV, = {uij} (i=1,...,4; j=0, ...,4),

the orthogonal contrast scales calculated separately via the general bi-allelic one locus model, are the

scale component of genotype i for the j contrast.
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A matrix form of the model can thus be written as

GAB = SAB EAB = [SA ®SB] EAB (|'1-7)

Ene = S;éGAB = [(Sgl)@)(sgl)]em (1-1.8)

Here Gas = (Goo - -Gos++-Gas)" , Eas = (1t Q-0 &1o--Ca lgs--+las)” and “ ® ° stands for the
Kronecker product. The product Sa ® Sg needs to have some columns to be rearranged to match
change in dimension of Exs . S5 is equal to the Kronecker product of (S,*)and (S;") with some
rows that need to be rearranged correspondingly. Then the total genetic variance, Vg ,
contributed by the two loci, can be partitioned into twenty-four independent variance

components. Each of the variance components is involved only with its own genetic parameter.

The t-th component can be written as

2 _ (Zi,j fiGij W )2

Ot ( . fithZij)

L t=12,..,24 (1-1.9)

where w; eW, (t=1,2,...,8) is the scale component of genotype ij for the tth contrast. W,, W, ,
W; and W, (Ws, Ws, W; and W;) are the orthogonal contrast for monogenic, digenic, trigenic
and quadrigenic effects of locus A (locus B). W (t=9, ..., 24) are the orthogonal contrast for the
interaction effect between loci A and B, as shown in Table 1-1.2 (On page 31). For simplicity

but without loss of generality, we illustrate the model and analysis with a specific F, population,

in which double reduction rate are set to be zero at both the loci for algebraic simplicity below
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1.3.2.1.1. The orthogonal contrasts for a bi-allelic two loci model in

an F2 population.

Here« =0, =0, assuming linkage equilibrium between locus A and locus B. The genetic-
effect design matrix for two loci, Sas, IS a Kronecker product (® ) of two one-locus design

matrices, Saand Sg, with some columns rearranged to conform the order in Ex. S, is a

Kronecker product of (S,') and (S,") with some rows rearranged correspondingly

1 -2 53 -2/3 1/8 ]
1 -1 16 16 -1/16
Gae =[Sa ®Se |Ene = SasEne S,=S,=[1 0 -3 0 1/24
1 1 16 -16 -1/16
1 2 53 23 18

(136 2/9 12 2/9 1/36]
~112 -Y3 0 13 112

Ese =S:Gm =| (S47)®(S5") [Gre. S;l=S;'=|5/24 1/6 -3/4 1/6 5/24
Y2 1 0 -1 12
1 -4 6 -4 1
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with detailed as

o
8

/6 -1/6 -1/16 —2 s5/3 -2/3 1fe 2 s5/3 -2/3 /s -1/3 s5f18 -1f9 /48 1/3 sf18 1/9 -1/a8 1/ -5/a8 1f2a -1/128 | | lps
/6 -1/6 -1/16 -1 /e 1/e -1/16 -1 1/6 16 -1/16 -1/6 1/36 1/36 -1/96 1/6 -1/36 -1/36 /96 1/16 -1/96 -1/96 1/256 lo,c,

0 124 o -1/3 o 124 o -1/18 o s 0o 118 o s o 1fae o -1f3ea| | lag
/6 -1/6 -1/16 1 1/6 -1/6 -1/16 1 1/6 -1/6 -1/16 16 136 -1/36 -1/96 -1/6 -1/36 1/36 1/96 -1/16 -1/96 196  1/256 Loz
e -1/6 -1/16 2 5/3 2/3 1fe 2 s5/3 2/3 1fs 13 /18 /9 1/as -1/3 sf18 -1f9 -1/48 -1fs -5/a8 -1/24 -1/128 | | log
5/3 2/3 1fs 2 5/3 —2/3 1/s8 -4 10/3 -4/3 1/a -10/3 25/9 -10/9 s5/24 -4/3 10/9 -sf9 112 -1fa s5/24 -1f12  1fes lonc,
5/3 2/3 18 -1 1/6 16 -1/16 2 1/3 1/3 -1fs /3 5/18 5/18 -5/48 -2/3 1fo /o /s -1fs 1fas  1fa8 -1/128| | lag
5/3 2/3 18 o -1/3 o 124 o 2/3 o 112 o -s5/9 o sz o 2/9 o 1fze o -1 0o 112 Lo,
5/3 2/3 18 1 1/6 -i/6 -1/16 2 1/3 -1/s -1fs /3 5/18 5/18 -5/48 2/3 /9 -1/o -1foa 1/s  1fae -1/a8 -1/18| | lag
1G] L 5/3 2/3 1/s8 2 s5/3 2/3 18

o
®

@
8

o
]

@
®

8

&

S

~
&

G, ] [t -2 5/3 —2/3 18 -2 s/3 —2/3 1/s 4 -10/3 4/3 -1/a -10/3 25/9 -10/9 s/24 4f3 -10f9 4fo 112 -1fa /24 1f12 ifes | [ u
Go| |1 -2 5/3 —2/3 1/s -1 16 1f6 -1/16 2 -1/3 -1/3 1/s 5/3 s5/18 5718 -5/a8 2/3 -1fo -1/9 124 -1fs /a8  1/a8 -1/128 6
Go| |1 2 5/3 —2/3 1/8 o -1/3 o 1/a 0o 2/3 o -1z o -s5/9 0o 572 0o 2/9 o -fss o -1 o 112 6,
Go| |1 -2 5/3 —2/3 1/8 1 16 -1fe -1/16 2 -1/3 1fs 1/s s5/3 5/18 518 -5/a8 -2/3 -1fo 1fo 124 1fs  1/a8 -1/a8 -1/128 6
Gu| |1 -2 5/3 —2/3 1/8 2 /3 2/3 1/8 -4 -10/3 -4/3 -1/a 10/3 25/9 10/9 5/24 -4/3 -10f9 -4/9 /12 1fs sla 112 1fe4 6,
Go| |1 -1 1f6 1/6 -1/16 -2 s5/3 —2/3 1/s 2 -5/3 2/3 -1/s -ifs 518 -1f9 1/as8 -1/3 s/18 -1/9 148 18 -s5/a8 /24 -1/128 &
Gu| [1 -1 1/6 16 -1/16 1 16 1f6 -1/16 1 -1/6 -1/6 1/16 -1f6 1/ 1/ -1/96 -1/6 136 /36 -1/96 1/16 -1/96 -1/96 1/256 &
G.| |1 -1 1/6 1/6 -116 0o -1/3 o 124 o 1fs o -1/aa o -1/18 o 1f14s 0o -1/18 o 1144 0o 1fa8 o -1/384 &s
G.| |1 -1 1f6 1/6 -1716 1 16 -1f6 -1/16 -1 -1/6 16 1/16 1f6 1/36 -1/36 -1/96 1/6 1/36 -1/36 -1/96 -1/16 -1/96 1/96  1/256 Ca
G.| [t 1 1/6 1/6 -116 2 5/3 2/3 1fs 2 -5/3 -2/3 -1fs /3 /18 1fo 1fas 13 s/18 1o 1fas -1fs -s/a8 124 -1f128| | Iy
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T u ] [Y1s6 1f162 1f72 y162 1f1206 1/162 afsr 1fo afsr 1f162 1f72 1f9 1f4 1fe 1f72 if162 4fs1 1f9 afs1 Y162 11296 1/162 172 1/162 1/1296]
6, -1/432 -1f54 -1f24 -1fsa -1fa32 -1/108 2/21 -1f6 —2/27 -1/18 o o o o o 1/108 2/27 16 2/27 1/108 1/a32 1/54 1/24 1f54 1/432
6, 5/864 5/108 5/48 5/108 5/864 1/216 1/27 1/12 1/27 1/216 -1/a8 -1/6 -3/8 -1/6 -1/48 1/216 1/27 1/12 1/27 1216 5/864 5/108 5/48 5/108 5/864

0o o /36 2/9 -1/2 —2f9 -1/36 /72 /9 1fa /9 172

0, —if12 <1fe -1fa -1fe /72 /36 2/9 1/2 2/ /s o o 0

0, /36 2/9  1/2  2fo 1fss -1/ -s8fe 2 -8fe -1f9 /e af3 3 af3 1/e -1/o -8/o -2 -8fo -1/9 1/ 2/9 1/2 2/9 1/
& -1/432 -1/108 0 1/108 1/432 -1fsa /27 0 2/21 1fsa -1f2a -1f6 o 1f6 /24 -1fs4 —2/21 o 2/27 154 -1/a32 -1/108 0o 1/108 1/432
e 5/864 1/216 -1/48 1/216 5/864 5108 1/27 -1f6 1/27 5/108 5/48 1/12 -3/8 112 5/48 5/108 1/27 -1/6 1/27 5/108 5/864 1/216 -1/48 1/216 5/864
e /72 136 o -1f36 172 -1fs 29 o —2/9 /s /s /2 o /2 1fa /s 2/ o 2fs 19 -2 13 o 136 172
e /36 -1/9 16 -1/9 1/ 2/9 -8/ 4/3 -8/9 2/9 1/2 -

3 2 12 2/9 -8/9 4f3 —8l9 2/9 136 -1/9 1/6 -1/9 1/36
s /144 1/36 0 -1/36 -1/144 1/36  1/9 -1/9 -1/36 o 0o o 0 -1/3 -1/9 0o 1/9 1/36 -1/144 -1/36 0o 136 1/144
loe, | |-5/288 -1/72 116 -1/72 -5/288 -5/72 -1f18 1/ /18 5[z 0o o o o o /72 1/18 -1/4 1/18 5/72 5288 Y72 -1/16 172 5/288
Lncs o4 -1/12 o 112 -1f2a 1fe -1/3 o 13 -1f6 o o o o o -if6 13 0o -1/3 1/6 -1/4 112 0o -1/12 1/24
loe |=| Y12 13 -1f2 1fs —1f12 13 afs 2 4fs 4fs o o o 0o o 13 4fs 2 4fs 13 112 fs 12 -1fs Y2
lyo | |-5/288 5/72 0 5/72 5/288 172 -1/18 0 1/18 /72 116 1/a o -1/a -1f16 /72 1/18 o 118 1/72 5/288 5/72 0 5/72 5/288
loe, | |25/576 5/144 —5/32 5/144 25/576 5/144 1/36 -1/8 1/36 5/144 -5/32 -1/8 9/16 -1/8 -5/32 5/144 1/36 -1/8 1/36 5/144 25/576 5/144 -5/32 5/144 25/576

los | | -5/48 5/24 0 —5/24 s5/a8 -1/12 1f6e o -1f6 112 3/e -3/4 o 3/a 3fe /12 1/6 o -1f6 112 —s/a8 5/24 0o —5/24 5/a8
ooz s5/24 -5/6 5/4 -s5/6 s5l2a 1f6 -2/3 1 -2/3 1f6 -3/4 3 -9f/2 3 -3/a 1f6e -2/3 1 -2/3 1f6 5/24 -5/6 5/4a -5/6 5/24
l ot Y24 1f6 o -1f6 -1/ -112 -1/3 o 13 112 o o o o o 112 13 o -1/3 -1/12 -1f2a -1/6 0o 16 1/24
loe, | | -5/48 -1/12 3/8 -1/12 —5/48 s5/24 1/6 -3/4 16 s5/24 0 0o 0o 0 o -5/24 -1/6 3[4 16 -5/24 548 112 -3/8 1/12 5/48
lszs /4 -1/2 o 12 -1fa -1f2 1 o -1 12 o o o o 0o 12 4 o 1 -1f2 -1fa 12 o -1/2 1/a
losca 2 2 8 2 -1f2 1 4 6 -4 1 0 0 0 o0 0 -1 4 -6 4 -1 12 2 3 2 1
los | | /12 /3 0o 1fs 112 13 af3 o -4fs /s /2 2 o 2 12 1fs afz o -4f3 —afs a2 /s o s 112
louc, s5/24 16 -3/4 1f6 s5/24 -5l6 -2/3 3 -2/3 -5f6 s5/4a 1 -9/2 1 s5/l4a -s5l6 -2/3 3 -2/3 -5/6 5/24 1f6 -3/4 1f6 524
s /2 1 o 1 if2 2 4 o 4 2 3 6 0 -6 3 2 4 0 4 =2 -2 1 0o 1 12
[louca 1 4 & 4 1 4 16 24 16 -4 6 24 3% 24 6 -4 16 24 16 -4 1 -4 6 -4 1
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In fact, this can be done when a and b not equal to zero. But the form will be much tedious.

1.3.2.2. Model for linkage disequilibrium population

When alleles at the two loci are segregating in linkage disequilibrium in the population under
study, co-variation rises between genetic effects in Equation (I-1.6). Let « and S be the
coefficients of double reduction at loci A and B (locus A is assumed to be closer to the
centromere than locus B), and r be recombination frequency between the loci. It has been
demonstrated in Luo et al (2004) that the three genetic parameters are related each other in form

of
ﬂz[a(3—4r)2 +2r(3—2r)}/9 (I-1.10)

The genetic effects, which are not independent to each other, are partial regression coefficients
in the regression model (I-1.6). So according to Equation (I-1.6), the covariance between

genotypic value and genetic-effect design variables (taking x, for example) can be calculated as

follows

cov (G, x,) =cov(x, X )+Cov(6,x,, X, ) +cov(6,X,, x1)+...+cov(lg4§4 X, Vs x1)

=0+6, var (%) +6, cov(X,, %) +...+ 1, COV(X,Y,, %) (1-1.11)

Similarly, all the other genetic-effect design variables can be written in the form as Equation (I-

1.11).
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It can be shown that these covariances between genotypic value and genetic-effect design

variables can be written into matrix notation for estimation of genetic effects,

[Pas oy = [V ];2 ,[COV],,.. . where P, is an vector of the twenty-four different genetic effects.

V is an asymptotic variance-covariance matrix with variances appearing along the diagonal and
covariance appearing in the off-diagonal elements. cov is a matrix of covariances between
genetic value and the twenty-four genetic-effect design variable. | worked out these matrices in

an explicit form as follows.

Firstly we calculated orthogonal contrast scales, A;and B; (i=0,1,...,4; j=1,2,...,4), for loci A

and B separately via the general bi-allelic one locus model as shown in the table below.

Genotype aaaa Aaaa AAaa AAAa AAAA
Locus A Frequency fo fy f fs fa
G G, G, G, G, G,
o, W Ay Ay Ay Ay A
0, W A Ay Ay A, Ay
o, W A Ass A As s
b, W Au Ay, Aoy A, Aoy
Genotype bbbb Bbbb BBbb BBBb BBBB
Locus B Frequency f, f, f, f, f,
G G, G, G, G, G,
¢ W, B,, B,, B,, B, By,
¢ W, B,, B., B,, B, B,,
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Then the genetic-effect design variables x,and y; (i =1,..., 4) are calculated as

A, if Ais AAAA B, if Bis BBBB
A, if Ais AAAa B, if Bis BBBb
X.=4A, If AisAAaa and y,=<B, ifBisBBbb i=1234
A, if Ais Aaaa B, if B is Bbbb
A, if Ais aaaa B, if B is bbbb

The genetic effects can be estimated as follows
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[ PAB ]24><l = [V ];xm X [COV ]24><l

Mo, 7 [var(x) cov(x x.) ... cov(xi, ) cov(x.ys) o . cov(xa,Ys) cov(XiY:) o COV(X XeYa)  COV(X XoYi) v cov(X XsY1) e cov(Xe XaY1) o tr cov(G,x,) |
0, ) : : : : : : : : : : I : I : I COV(G,XZ)
o, COV(X3 ,X4) : : : : : : : : : Do : Do : I COV(G,Xa)
0, var(x,) cov(xey:) oo .. cov(Xe,Ys) cov(Xe XiYr) o COV(Xe XaYa)  COV(Xa X Y1) or e e coV(Xs XsY1) eoe oo COV(Xg Xa Y1) vov voe o cov(G x,)
Z var(y;) cov(ys,y1) ... cov(ys.ys) cov(ys Y1) o CoV(YXYa)  COV(YiXoY1) oo e V(Y1 XsY1) oo COV(Ys Xa¥1) oo e cov(G.y,)
i - : : : : : P : P : SRR cov(G,y,)
2 COV(yg,y4) : : : : : R : Do : N COV(G,ya)
‘o var(y,) cov(ys xiy:) o coV(Ya XaYs)  COV(Ya XoYi) e coV(Ya XaY1) wovvoe o cOV(Ya Xe¥1) oo cov(G,y.)
" var(xy:) cov(X,yi, %Yz ) - cOV(XeYs XaYs) COV(XeYs X2 Y1) o o COV(X Y1 XsY1) wov von oo COV(Xe Y1 XaY1) wov vor oo cov(G,x,y,)
™ var(xy,) : : R : . : I cov(G,x.,)
Lo, o COV(X, Y5, % Y ) : R : R : RN cov(G x,y)
ler | var(xiy,)  cov(xysXoyr) |G : P : Pl eov(Gxy.)
Lo, | var(xy;) .0l : P : SRE cov(G X, y,)
o ; ; D ; D V(G x.y.)
e | | s P s R cov(G X, )
losc, e COV(XoYa Xsyr) P E : P cov(G x,Y,)
Lo var(xy,) ..l : P cov(G x.Y:)
o, : R cov(G,x.Y,)
o | | : P cov(G,x.Y,)
Loszs o COV(XaYa Xayy) P E cov(G,x.y,)
lower var(x,y)) .. cov(G,x,y.)
Lo N cov(G x,Y,)
locs | | cov(G x,Y)
Lo | ] Leov(Gx.y.).

V is a 24 < 24 asymptotic variance- covariance matrix of the variance of the genetic-effect design variables which appear along the diagonal and

the covariance appear in the off-diagonal elements. The inverse of this matrix,V ™", is known as the concentration matrix or precision matrix.

Details of the calculation of these variances and covariance are shown as follows
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cov(xi,xj)zcov(yi, yj):O
cov(x,y;)= E(xiyj)—E(xi)E(yj):iiAman f
COV(Xi’Xiyj): E(Xizyj)_E(Xi)E(Xiyj):iiAiian fmn

COV(yi'iji)zE(ijiz)_E( i)E(Xin)=iZAZ'A\ﬂJB§i Fin

COV(Xi’Xij)z E(Xixjyk)_E(Xi)E(ijk):iii'A&iAnjB

cov(¥,%,) = E(yx v ) ~E(W)E(x %, )= 3 B,A, B

m=0 n=0 s=0

COV(Xiyj’Xkyl): E(Xiijkyl)_E(Xiyj)E(Xkyl)
4

=222 O AuiBiABy T T _(ZZA“ian fmnj(ZZAﬂkB

m=0 n=0 s=0 t=
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i,je{l234)
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i,je{1234)
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i,je{1234)
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=i Fo Ani ”Z°—=iiﬁw o Gonn ie{1,2,34]

31,8, o 'Y B, .Gy, ic(1,2,34)

cov(G,xy;)=E(Gxy;)-E(G)E(xy;)
:iiE(Xi = Ani’ yj = Bn])E(G | Xi = A’ﬂi’yj = an)_[ii fmnGmnj(iiAﬂian fmn
= ii Am an fmnGmn (ii fmnGmnj(iiAm an fmn} INAS {1’2’3’ 4}

1.3.2.3. Estimation of genetic parameters in a reduced model

Because of limited sample size, it is probably in practice that not all the genotypes would appear
in sufficient counts in the sample, especially when a two locus model is considered. Statistically,
this will lead to singularity of the linear model and thus not all the genetic parameters are
estimable. To tackle this problem, I proposed to estimate the parameters in a reduced model by
being focused on main effects in the models. Here main effects refer to genic effects at each of

the two loci, excluding the epistasis effects.
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No matter the population is in linkage equilibrium or not, the genotypic value can be converted

into the following matrix notation,

G, X1 Xp oo X5 P
X X .. X
G= G.Z =Xep=| Z E T 72 o P (1-1.12)
GZS 251 Xos1  Xos2 X525 25x25 Pas |5

T

Here G =[Gy, Gyyr-++Gugy Gu]'» P =[u,6’1,927"'|94;3’ |94;4:|

However, according to the theoretical genotypic frequency distribution, some genotype may
unlikely exist in offspring population with limited population size. So we should estimate
genetic parameters in a reduced model. Assuming there would be only r genotypes existing in

offspring, the model can be reduced into

G, Xi Y e Yoo Py
G = GF _Xep=|m Jm o Xems| P r<25 (1-1.13)
Gr il _Xlr,l X;',l ce Xll‘,25_ %25 p25 25x1

This linear model is not full rank and not all the parameters p, are estimatable. So we reduce the
model into one of full rank. Firstly, X can be divided into two parts, X, and X, . Let X,

consist of r linearly independent columns from X and let X, consist of the remaining columns.
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X =

]

Xp X Xy
_ X21 X22 X2r
_Xrl Xr2 er

‘ Xl,r+1

Xl,r+2
X2,r+l X2,r+2
Xr,r-¢-1 Xr,r+2

Chapter I-1
X,25
"
ne (1-1.14)
XI25,25_|,x25

Let X, =X,A, X, being linearly dependent on X, , then Equation (I-1.13) can be written as

with AYx(

25-r) —

o(lm,A)oP

10 .. 0 |a,.,

01 0 ‘az,r+l
|

0 0 1 a‘r,r+1

Xt e X,

al,r+2 a1,25
a2,r+2 a2,25
ar,r+2 ar,25

rx25

(I-1.15)

° [P]25><1

By calculating (1,,,, A)e P first, Equation (I-1.15) can be rewritten as

i=r+1

25
P, + z i b

i=r+1

s
Z a‘ri pi

i=r+1

P+
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And then

L
P+ D ap,

i=r+1

25
B L] 6], (41

5
pr'+ :E: aripi

i=r+l rxl

So the genetic parameters can be estimated jointly in the form of Equation (I-1.17).

1.4. Simulation study and analysis

I carried out an intensive simulation study to test reliability of the theoretical models presented
above to model phenotype of quantitative traits in autotetraploid populations and to explore
statistical properties of the statistical methods developed here for estimating the model
parameters. The simulation program mimics gametogensis of an autotetraploid genotype and
generation of a zygote. Segregation and recombination of alleles at the loci of interest were
simulated under a strict tetrasomic inheritance model. Although the simulation program was
flexible to simulate any numbers of linked or unlinked loci for any given values of the
coefficient of double reduction and recombination frequency, we considered here F, populations
from crossing two parents which were divergent at a single or two loci for a demonstration
purpose. As long as an offspring genotype at the simulated locus or loci was generated,

phenotype of the offspring was determined as sum of genotypic value calculated from the
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correspondingly simulated genetic model (I-1.2) or (I-1.6), depending on the number of loci

considered, and a random variable sampled from a normal distribution N (0, &%) . The residual

variance was defined by a prior given phenotypic variance of the trait in question and
heritability of the QTL. Thus, phenotype of the offspring population can be modelled as a mixed
normal distribution with m = 5 or 25 component distributions, each corresponding to a genotype

at the QTL, as given by
F(x;m,Qn)=Y" figi(x;Gi,0”) (1-1.18)

Where the form of model parameter vector, Q_=(f,---f G,...G,c°) and genotypic frequency,

f. (i=1,...,m) which depends on double reduction and/or recombination parameters.

gi (X;,ui,az) stands for the probability density function of normal distribution with mean

and variance o.

To calculate estimates of the genetic effect parameters, we first calculated the mean for each
QTL genotype from the offspring population. This is equivalent to estimating means of a finite
mixture of component distributions. We considered here the scenario that QTL genotypes of the
offspring individuals were unknown but the coefficient of double reduction at the QTL was
known or can be estimated from other source of information, for instance the data of genotypes
of genetic markers at the nearby QTL region using the methods we developed before (Luo 2000).
Thus, the parameter estimation can be formulated as analysis of a finite mixture of normal

distributions with known proportions, f,.--, f_, through implementing the EM (Expectation

Page 55 of 267



Part I: Theory and methods for QTL analysis in autotetraploids Chapter I-1

and Maximization) algorithm (Dempster 1977). The EM algorithm involves iterating the E-step
that calculates the conditional probability of the i individual having the j™ QTL genotype, i.e.

o = f,9,(%:6,.07) (1-1.19)

ij éfkgk(xi;Gk’sz)

and the M-step that calculates the maximum likelihood estimates (MLEs) of the model

parameters given the conditional probabilities from the above E step from the following formula

G =Yax/ Yo, (1-1.20)
i=1 i=1

6 =33 (% ~-G,)*/n (1-1.21)
i=1 =1

1.4.1. One-locus analysis

This simulation model considered a bi-allelic quantitative trait locus, Q., with two alleles,

segregating in an F, population from crossing a pair of parental autotetraploids with genotypes
AAAA and aaaa. In simulating allele segregation at the QTL, | set the coefficient of double
reduction to be 0.0 or 0.15. Segregation at the simulated QTL contributed 10% of phenotypic
variance of the trait in the population. All genetic effects at the QTL were set to be 1.0 and
residual variance was determined accordingly. To better estimate genetic parameters from such

mixture normal distributions, | simulated some genetic markers along the QTL which is
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assumed to be closer to centromere to make f more informative. The detailed set of simulated

values was listed in Table 1-1.4.

Table 1-1.4. Simulation parameters of the coefficient of double reduction at QTL and
recombination frequencies between QTL and 4 linked marker loci and the corresponding

parental genotypes and genetic effects used to simulate the populations

Parental genotype Theoretical value

Locus ; Simulated
P P parameters 0=0.00  a=0.15
o 289 3.252
QTL 000  AAaa AAaa 4 1000 Gs 5458 5.215
L. 005 MMMsMs MiMsMsM; 6, 1000 Gs 1938 1.787
L, 010 MMM:Ms MsMoM:Ms 6, 1000 G, 0.708 0.622
Ls 015 MMMMs MsMsMgM; 6, 1000 G 0271 0.221
Ls 020 MiM:MsMs MsMeMsMs 6, 1000 Go  0.125 0.082

Markers were located on the same side of the QTL which is closer to centromere. Offspring population
were generated under autotetrasomic inheritance with double reduction rate o equal to 0.00 or 0.15.
Offspring population size was 500 and heritability was assumed to be 0.1. Alleles listed in the same

column had the same linkage phase.
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| generated offspring individuals under autotetrasomic inheritance (the coefficient of double
reduction was denoted as a = 0.0 or 0.15) for each case, assuming its meiosis was all
quadrivalent pairing of homologous chromosomes. The orthogonal contrast scales can be
obtained according to the theoretical genotypic frequencies distribution for given parental
genotypes and the coefficient of double reduction by using the one-locus F. population model as
developed in Section 1.3.1.1. To explore the effects caused by double reduction on the
estimation of the genetic parameters, the estimation procedure was carried out in two different
ways: taking double reduction into account when calculating the orthogonal contrasts of linear
model, and ignoring double reduction when doing the parameters estimation. The simulation

results are shown in Table 1-1.5.

Table 1-1.5 tabulates the means and standard errors of the estimated genetic parameters
compared with the true genetic parameters based on 100 repeated simulations. This simulation
was designed to investigate the effects of double reduction, which is the most important feature
of autotetrasomic inheritance, on the reliability of the model to estimate genetic parameters. It
can be seen from Table I-1.5 that the genetic parameters were predicted adequately with low
heritability when taking double reduction into account, while estimation of the genetic effects
without consideration of double reduction performed poorer comparatively. From the estimates
of heritability in Table 1-1.5, it can be found that overestimate of the coefficient of double
reduction would result in overestimating in genetic variance and vice versa. We can conclude
that taking account of double reduction and accurate estimation of the coefficient of double

reduction is important in estimation of genetic parameters in autotetraploids.
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Table I-1.5. Means and standard errors of the parameter estimates based on 100 repeated simulations of a single QTL model.

Chapter 1-1

Offspring data generated with double reduction rate a=0.00

True values Estimates ® Estimates Estimates ° Estimates ¢
4 1.000 0.997 (0.013) 1.014 (0.013) 1.037 (0.013) 1.061 (0.013)
6, 1.000 | V1 0.667 | 1.024 (0.017) | 0.699 | 1.003 (0.017) | 0.738 | 0.997 (0.017) | 0.795 | 0.997 (0.017) | 0.861
¢, 1.000 | Vo 0.222 | 1.057 (0.033) | 0.248 | 1.033(0.033) | 0.267 | 1.023 (0.033) | 0.293 | 1.018 (0.033) | 0.322
6, 1.000 | V3 0.037 | 0.809 (0.087) | 0.024 | 0.789 (0.085) | 0.027 | 0.786 (0.085) | 0.030 | 0.786 (0.085) | 0.033
6, 1.000 | V4 0.003 | 0.663 (0.251) | 0.002 | 0.570 (0.265) | 0.001 | 0.553(0.272) | 0.001 | 0.545 (0.279) | 0.001
o 2.892 2.875 (0.009) 2.875 (0.009) 2.875 (0.009) 2.875 (0.009)
h?  0.100 0.105 0.111 0.119 0.128
Offspring data generated with double reduction rate a=0.15

Simulated Parameters Estimates ¢ Estimates ? Estimates © Estimates ®
4 1.000 1.008 (0.017) 0.977 (0.017) 0.986 (0.016) 1.031 (0.017)
6, 1.000 | V1 0.867 | 0.992(0.018) | 0.853 | 1.063(0.023) | 0.753 | 0.996 (0.019) | 0.794 | 0.994 (0.018) | 0.922
¢, 1.000 | Vo 0.311 | 1.031(0.027) | 0.330 | 1.114(0.032) | 0.276 | 1.041 (0.028) | 0.303 | 1.027 (0.026) | 0.361
6, 1.000 | V3 0.053 | 1.077 (0.081) | 0.062 | 1.074 (0.097) | 0.043 | 1.077 (0.083) | 0.056 | 1.078 (0.080) | 0.067
g, 1.000 | V4 0.004 | 1.329 (0.364) | 0.007 | 1.540 (0.404) | 0.008 | 1.303 (0.371) | 0.006 | 1.355(0.361) | 0.007
o 3333 3.304 (0.010) 3.308 (0.010) 3.303 (0.010) 3.304 (0.010)
h?  0.100 0.103 0.090 0.096 0.111
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Here 4 is the population mean and and &, (i =1, ..., 4 ) are accordingly monogenic, digenic, trigenic and quadrigenic genetic effects

of the QTL. o is a random variable and h? is the heritability. V1, V2, V3 and V4 represent monogenic, digenic,trigenic and quadrigenic
genetic variance components, respectively. The estimation procedure was carried out in ways as follows:
a — estimates obtained when 0=0.00; b — estimates obtained when 04=0.05; ¢ — estimates obtained when 0=0.10;

d — estimates obtained when a=0.15; e — estimates obtained when a=0.20
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1.4.2. Two-locus analysis

We simulated a F, population of 300 individuals generated from crossing two autotetraploid
parental genotypes, AAAA/BBBB and aaaa/bbbb, respectively. A simulated quantitative trait was
controlled by two linked QTLs with a recombination frequency r = 0.2, and the coefficient of

double reduction was a = 0.10 at the QTL A, implying that the coefficient of double reduction at

the QTL B was = [a (3—4r)2 +2r(3- 2r)]/9 =0.1693 (Luo 2004). All the genetic parameters

as listed in Table 1-1.2 (on page 31) are set to be 1.0. The simulation mimicked gametogenesis
of an autotetraploid individual with all quadrivalent pairing of homologous chromosomes during
meiosis, which meant that recombination can occur between two non-sister chromatids. QTL A
and B were obviously in linkage disequilibrium in the F, population, thus the genetic effects can
be calculated as developed in Section 1.3.2.2. Phenotype of an offspring individual was
generated as sum of the corresponding genotypic value and a randomly generated number from
a normal distribution with mean zero and variance, which was adjusted for a simulated

heritability of 0.1 for the quantitative trait.

Theoretically, there are twenty-five different genotypes (without consideration of linkage phase)
in the current simulated offspring populations. However, due to the limited population, some
genotypes at the QTLs may not appear with sufficient counts in the segregation population. In
this case, not all the genetic parameters are estimable. | first calculated the theoretical genotypic
frequencies of the twenty-five different genotypes by a computer-based algorithm (Luo et al,
2004). Based on the theoretical genotype distribution, it can be anticipated that some of these

genotypes may be present in a small number (e.g. less than 5) among the total 300 offspring
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individuals. Of all the possible genotypes, thirteen were expected to be present in the number
greater than 5, namely G, G,,, G, G,;, G, G,,, G,,, G,;, G,,, Gy, G,,, G,;, and G,,. By
using method in Section 1.3.2.3, the twenty-five genetic parameters can be reduced into thirteen
as shown in part (i) of Table 1-1.6. The newly defined parameters p, (i=0, 1...,12) can be
expressed linearly in terms of original genetic parameters, with p, highlighted the effect of
population mean, p,...p, highlighted monogentic, digenic, trigenic and quadrigenic genetic
effects at locus A, p,...p, highlighted monogentic, digenic, trigenic and quadrigenic genetic
effects at locus B and p,...p,, highlighted epistasis between the effects 6, and ¢;(i=1...,4).
Especially, when the residual epistatic effects were small enough, the parameters p, can well

reflect the main genetic effects which we interest in this way. Table 1-1.6 also summarized the

means and stand error of the estimated parameter, p, (i =0, 1,...,12) compared with the true

value based on 100 repeated simulations. It can be seen from Table I-1.6 that the parameters
were adequately estimated with small population size of 300 and low heritability of 0.1. In the

current study, most of the main genetic effects could be detected theoretically. However, some

of them (e.g. monogenic effect at Locus A reflected by p, , epistatic effects reflected by p,, and
p,, ) could not be well detected due to large residual epistatic effects and corresponding

weighted value.
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Table 1-1.6. Estimation of genetic parameters in linkage disequilibrium population by the bi-allelic two loci F, population

(1). the genetic parameters in a reduced model
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I glgl
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(ii). estimation result by the bi-allelic two loci model

Po P P, Ps Ps Ps Ps P Ps Py Puo Py Pr
True 1.142 0.090 3.492 1.049 7.119 2943 0.357 7.960 3.882 0.634 0.047 0.030 -13.100

Estimates 1.074 0.092 3.388 1.015 6.964 2914 0418 7931 3.872 0.618 0.030 0.029 -13.104
S.e. 0.321 0.003 0.069 0.025 0.095 0.023 0.062 0.083 0.047 0.011 0.016 0.006 0.174

All the original genetic parameters were assumed to be 1.0, including the mean. The F, population of size of 300 were simulated
under tetrasomic inheritance with the coefficient of double reduction locus A being set to 0.1 and recombination frequency between

locus A and locus B being 0.2. The heritability here was 0.1 and simulated replicates were 100.
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1.5. Discussion

Considerable advancement has been made recently in the genetic linkage analysis with
autotetrasomic inheritance, providing theory and tools for genetic map construction (Luo et al.
2000, 2004, 2006; Leach et al. 2010). These methods also provided ways to calculate the
conditional probability distribution of genotypes at any location along the chromosome given
the parental and offspring marker phenotypes at its linked genetic markers, achieving a step
forward for QTL analysis. However, as another key part of QTL analysis, progress in the study

of quantitative genetics of autotetraploids is emergent in the era of genomic genetics.

In this chapter, I have succeeded in extending Cockerham’s orthogonal contrast based
quantitative model for diploid species to autotetraploid species and establishing a quantitative
genetics model for analysing QTL effects and epistasis by using orthogonal contrast scales with
two alleles in autotetraploid species. Although less comprehensive in their representation of
natural populations, two allele models do have the advantage that they can be expressed in terms
of relatively few parameters which deal with genetic phenomena at the level of gene rather than
the populations, thus allowing more fundamental analysis. This quantitative genetic model has
taken the existence of epistasis into account and decomposed the genotypic value at the QTLs
into monogenic, digenic, trigenic, quadrigenic and epistatic effects. Under the assumption that
there is only two-locus epistasis for pairs of loci, the property of orthogonality ensures that the
monogenic, digenic, trigenic, quadrigenic and epistatic effects can be estimated independently
for any number of loci. In practice, a quantitative trait is usually controlled by more than one

QTL and the number of QTLs seems to be always incorrectly identified in QTL mapping. Thus
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it is very important to keep consistency in QTL effects estimation in a multi-locus setting, which
is essential for the QTL analysis to be multi-locus comparable. This orthogonal contrast scales
based quantitative genetics model ensures that genetic effects and genetic variance components
are consistently estimated no matter how many QTLs get involved and can benefit the study of

QTL mapping in autotetraploids.

This quantitative genetic model is generally used for populations with different structures, like
randomly-mating natural population or artificial designed F, population illustrated here.

Parameters estimation can be carried out under different levels of recombination frequency or
coefficient of double reduction. This two-allele model largely decreases number of parameters
used to describe the monogenic, digenic, trigenic, quadrigenic and epistatic genetic effects for
QTL from 9408 by Kempthorne (1957) to 24 for two loci analysis. | also proposed methods for
parameters estimation if the population was in linkage disequilibrium. This method provides a
way to divide genetic variances into components explained by genetic effects and covariance
between them in a linkage disequilibrium population. The variance components of genetic
effects would correspond to those components in the linkage equilibrium population, while the
components of covariance between genetic effects indicate the degree of disequilibrium in the
population. However, there was over parameterization problem because of the small population
size. Since the genetic effects could not be estimated in the full model in this case, | developed a

reduced model to select a subset of statistically interested genetic effects.

Simulation examples demonstrated the feasibility of estimation of genetic parameters using this
orthogonal model and validated the adequacy of parameters estimation under various situations.

This quantitative genetic model for genetic analysis based no orthogonal comparison of
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genotypic values at one or two QTL can also extend to more loci via the similar procedures if
not considering about three or more-locus epistasis but just two-locus epistasis for pairs of loci,
making the theoretical and methodological foundation for genetic analysis in these evolutionary

and agriculturally important species.

In QTL mapping experiments, finite sample size would cause a practical problem in estimating
the genetic effects, especially for autotetraploids. Some genotypes involving two or more loci
would be observed rarely or not at all. Thus I selected a subset of statistically significant genetic

effects in a reduced model and they could also be adequately estimated as shown in Table I-1.6.
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Chapter I-2: Interval mapping of QTL in autotetraploid species

2.1. Overview

Phenotypic variation in morphology, behaviour, physiology is widely exists in natural
populations and is partly due to underlying genetic variation from segregation of alleles at
multiple interacting loci and sensitivity to the external environmental condition (Mackay 2009).
To understand the relationship between such variation in phenotypes and genetic variation for
quantitative traits is a great challenge in the modern genomics. Insights into this question are
helpful for predicting disease susceptibility and providing individual therapeutic treatments, for
increasing the speed of selective breeding programmes in agriculturally and economically
important plants and animals. The principles of mapping QTLs that affect phenotypic variation
by linked to polymorphic molecular marker loci with Mendelian segregation have been known
since the early twentieth century. With the rapid development in discovering of abundant
molecular marker and effective genotyping method, the field of mapping QTLs has been

revolutionized since the landmark work by Lander and Botstein (Lander 1989).

QTL mapping methods are well developed and widely used in diploid species nowadays.
However, the corresponding methods for autotetraploids are still in the infancy stage for the
much more complicated inheritance. Several reasons exist why theory and methods for QTL
mapping in autotetraploids are far behind that in diploids. First, meiotic process in
autotetraploids is quite different from that in diploids. Crossovers may occur between any two

non-sister chromatids due to the formation of multivalent pairing of chromosomes during
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meiosis. One of the most important features of autotetrasomic inheritance caused by
quadrivalent pairing, double reduction, would result in segregation distortion in autotetrasomic
linkage analysis. This feature implies that it is not appropriate to do QTL analysis in
autotetraploids by remarkably reducing challenges in autotetrasomic inheritance under the
assumption of bivalent pairing of homologous chromosomes during meiosis. This finding
suggests a requirement to properly take account of the key features of gene segregation of
autotetrasomic inheritance during QTL analysis. Second, the existence of multiplex alleles in
autotetraploids would cause a substantially wider range of genotypic segregation. Since fully
informative genetic markers are not available in autotetraploids, a smiple one-to-one relationhip
between genotyping data and genotypes is usually difficult to obtain. The ideal marker loci
selected for QTL mapping in auotetraploids should be highly polymorphic so as to be more
informative. Thus theory and methods for QTL analysis in autotetraploids requires properly
modelling the inheritance of multiplex alleles of the autotetraploids. Finally, by contrast with
diploids, QTL parental genotypes and linkage phase between markers are unknown in practice
in the autotetraploid mapping population. The general methods for identifying and mapping
QTLs by linkage with markers are carried out based on crosses between lines that differ for the
trait of interest. To achieve the maximum linkage disequilibrium between the loci in Fi
population, it is preferred that phenotypic increasing alleles should be homozygous in one
parental line and phenotypic decreasing alleles should be homozygous in the other parental line.
Homozygosity of QTLs in parental populations is likely to be met by divergent artificial
selection for the trait of interest and subsequently inbreeding. In diploids, the parental inbred
lines are commonly crossed to generate the F1 population and then either backcrossed to one

parent, or inbred to produce the F2 population. Thus, QTL parental genotypes are known in
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either the backcross design or the F» design. However, in autotetraploids, QTL parental
genotypes are hardly to be known for two reasons: firstly, homozygosity of QTL in parental
lines is difficult to be achieved; secondly, no sharing of common marker alleles between two
parents is practically impossible. As a consequence, autotetraploid breeding has remained

empirical and genetically unsophisticated, particularly for those quantitative traits.

Any QTL analysis can be divided into two statistically independent parts, namely genetics
model and linkage analysis. For the first part, | have proposed an orthogonal based model for
autotetraploids and was discussed in part I. This quantitative genetics model divided the
genotypic value of an individual at the bi-allelic loci into monogenic, digenic, trigenic,
quadrigenic and epistatic effects independently, which takes account properly the key features of
autotetrasomic inheritance at the QTLs. For the second part, much effort has been made for
linkage analysis and QTL mapping in autotetraploids facilitated by newly developed genotyping
technologies, such as RAD sequencing (Baird 2008) and genotyping by sequencing (Elshire
2011), and advances in development of the theory and statistical method (Hackett 1998; Hackett
2001; Cao 2005; Hackett 2013). However, all these works did not properly take account of
tetrasomic inheritance, typically assuming only bivalent pairing during meiosis. To improve
modelling of data from autotetraploid populations, Luo et al developed the theoretical basis for
linkage analysis with genetic marker data from autotetraploid segregation population (Luo et al
2000, 2004, 2006; Leach et al 2010). The theory takes properly account of several essential
features of tetrasomic inheritance, under either bivalent pairing or quadrivalent paring, which
has been used to construct markers linkage maps. This provides a useful start for QTL linkage
analysis. However, from linkage analysis between markers to linkage analysis between markers

and QTL, it is certainly not just a trivial extension. Besides the need to take properly account of
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tetrasomic inheritance, this work would still face two main difficulties. First, the parental
genotype of QTL is not observable, especially in the outbreeding tetraploid population. Second,
linkage phase between marker alleles and QTL alleles is unknown in parents of most

outbreeding auto tetraploid populations.

In early studies, some authors used regression models to compare mean of the trait for different
phenotypes at a single marker (Meyer 1998, Sills 1995). But all these method gave little insight
into QTL individual effects and interaction. Hackett (2001) established an interval mapping
method to test for the existence of a QTL at positions between markers. To combat the
challenges of the incomplete parental configuration information, Cao (2005) proposed model
selection-based interval-mapping method under an autopolyploid bivalent pairing framework.
Later, with the development of new sequencing and genotyping technologies, researchers are
able to obtain high density SNP genotype data for mapping population. Based on these advances,
Hackett used a new type of genome information, namely the allele dosage, inferred from allele
intensity ratios by using of SNP arrays, to further improved the interval mapping method using
SNP dosage information for autotetraploids (Hackett 2013; Hackett 2014). However, these
methods did not take tetrasomic inheritance into consideration by assuming chromosomes were
paired at random to give two bivalents and crossing over was restricted to within each bivalent,
which did not account properly for the essential features of tetrasomic in heritance. Thus these

methods are not appropriate for linkage analysis and QTL analysis with real datasets.

In this project, | proposed a likelihood-based method for mapping bi-allelic QTL in an outbred
segregating population of an autotetraploid species. The method considers multivalent meiotic

pairing of homologous chromosomes. | proposed an EM algorithm to estimate the model
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parameters, including chromosomal location of QTL, QTL genetic effects, parental QTL
genotypes and linkage phase between QTL and markers in parents. Simulation studies were

carried out to investigate the performance of the method.

2.2. Introduction to QTL mapping in diploids

The principle of detecting and localizing QTLs is based on linkage disequilibrium between
alleles at the QTL and alleles at the linked marker loci. If a QTL in closely linked to a marker
locus, linkage disequilibrium will result in different mean values of the quantitative trait for
individuals among different genotypes at marker locus. Thus the basic information required for
mapping QTLs includes a linkage map of polymorphic marker loci that intensively distribute
throughout the whole genome and variation for the quantitative trait within the study
populations (Falconer 1996). With the rapid development of molecular technology, a variety of
molecular markers can be chosen to construct the linkage map for QTL analysis, including
simple sequence repeats (SSR), polymorphic insertions or deletions (indels) and single

nucleotide polymorphisms (SNPs).

2.2.1. Analysis of variance

Studies of genetic mapping in diploids were pioneered early in twentieth century and succeeded
to detect genetic linkage to the putative QTLs occasionally (Sax 1923; Rasmusson 1933;

Thoday 1961; T anksley 1982; Edwards 1987). The simplest method of QTL mapping is

Page 76 of 267



Part I: Theory and methods for QTL analysis in autotetraploids Chapter I-2

analysis of variance (ANOVA) at the marker loci. At each genotype marker, progeny may be
classified into different groups according to their genotypes and compare mean value of
phenotypes of these groups by F-statistic. This method is quite simple and even does not require
a linkage map of markers. QTL location is roughly denoted by the marker showing the largest
difference between marker genotype groups (the largest F statistic). However, QTL effects
would be usually underestimated because of the recombination between the marker and the QTL
and the power of detection QTL would be greatly decreased when markers are sparsely mapped.
Thus mapping of QTLs in such a way will not be systematic nor accurate because genome wide
distributed genetic markers were not available at that time and the statistical methods used were

limited in both power and accuracy.

2.2.2. Interval mapping

As restriction fragment length polymorphisms (RFLPs) were detected as genetic marker
(Botstein 1980), several statistical methods had been proposed to systematically map major
QTLs in various populations (Soller 1976; Weller 1986; Lander 1989). The interval mapping
method proposed by Lander and Botstein was the landmark work and become the most popular
method for QTL analysis. They improved the method from exploiting single genetic markers
one-at-a-time to test the presence of QTL within a pair of markers interval, which significantly
increased the power of detecting QTL and effectively decreased the number of individuals to be
genotyped to obtain a reasonable power (Lander 1989). The basic idea to construct likelihood
function for interval mapping lies in calculation of a putative QTL genotype probability

distribution given genotypes at the nearest flanking markers and recombination frequencies
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between them. Given a putative QTL at location z at a chromosome, likelihood of the model
parameters given the marker and trait phenotype data was evaluated in term of likelihood ratio

statistic given below:

LOD(z) =log(likelihood ratio comparing the hypothesis of a QTL at position z versus
that of no QTL)
Pr(observed data‘QTL at position z,ﬂza&f)

=log
Pr {observed data|no QTL, ﬁo,c}j}

Here 4, and 67 are the MLEs of means and variance of QTL genotypes, assuming a single
QTL at position z. In the no QTL model, the phenotypes are assumed to be independent and
identically normally distributed with mean 1, and variances o . The observed data includes the
numbers of individuals and their phenotypes in each marker class. The LOD score indicates
statistical significance for the presence of a QTL at the location z. The LOD score is calculated
for varying locations of QTL along the chromosome and MLEs of z, xand o”are values for

which the LOD score is maximized.

As the most popular method for single QTL analysis, interval mapping outperforms others
mainly in three aspects. First, the profile of LOD score along the chromosome may provide
information for the most likely position of QTL in the marker linkage map and allow inference
of QTLs to be located between markers. Second, compared with ANOVA method, it largely
enables estimation of QTL effects. Finally, interval mapping allows incomplete marker

genotype data by changing location of the next available flanking marker (Lincoln 1992).
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2.2.3. Multiple QTLs methods

If multiple QTLs exist on a chromosome, detecting QTLs by the method of interval mapping
would be seriously biased (Knott 1992; Martinez 1992). To increase reliability of QTL mapping
for multiple linked QTLs, Zeng (1994) established a method named composite interval mapping
(CIM), in which the test statistic is not affected by QTLs located outside a given test interval.
This method utilized the property of partial regression analysis to improve resolution and
accuracy of detecting QTLs. However, the key problem with CIM is the choice of suitable
markers, which in the closest position to the true QTLS, to serve as covariates. Apparently, if we
could find these, the QTL mapping problem had already been solved anyway. Another
interesting method proposed is multiple interval mapping (MIM), which is an extension of
interval mapping to multiple QTLs and consider interaction between QTLs (Kao 1999; Zeng
1999). In the MIM model, genetic parameters are interpreted based on Cockerham’s model
which introduced orthogonal contrast scales into genetics model, facilitating readily analysis and
evaluation in genetic effects of individuals and epistasis between QTLs. This method uses
multiple marker intervals to simultaneously search for QTLs, which largely improves QTL
mapping power and precision. Besides linkage mapping studies, several other methods,
including Bayesian approach and genetic algorithm, have been introduced into QTL mapping by
genetic researchers (Hoeschele 1993; Satagopan 1996; Uimari 1997; Sillanpaa 1999; Carlborg

2000).
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2.3. A statistical framework of linkage analysis for autotetraploids

Linkage analysis is a prerequisite for QTL mapping. Luo and his group have worked on the
topic of linkage analysis for autotetraploids for more than ten years since 2000 (Luo 2000). The
first step made by Luo et al was development of method for prediction of parental genotypes at a
codominant or dominant marker locus based on phenotype score of parents and progenies at that
locus (Luo 2000). This progress properly takes account of all aspects of the complexities and

provides solid basis for further linkage analysis.

Later Luo et al proposed a method for constructing linkage maps of molecular markers by
assuming bivalent pairing of homologous chromosomes during meiosis of autotetraploids (Luo
2001). To better model tetrasomic inheritance, a more matured statistical method was proposed
by Luo et al who considered the essential features of autotetrasomic inheritance such as the
occurrence of double reduction and mixed bivalent and quadrivalent pairing during meiosis (Luo
2004). The general theory proposed a method to estimate the coefficient of double reduction and
recombination frequency between two marker loci with tetrasomic inheritance. This work was
able to calculate the probability distribution for the gamete modes in terms of the recombination
frequency between the two marker loci and the coefficient of double reduction at the first

marker locus.

Subsequently, Luo et al elaborated the linkage analysis for autotetraploids and demonstrated its
reliability by constructing genetic marker linkage maps from a mapping population of cultivated
autotetraploid potato (Solanum tuberosum) with dominant and codominant markers (Luo 2006).
However, these algorithms searched for optimal markers order and genetic distance between

markers based on pairwise linkage analysis. The strategy to construct genetic linkage maps is to
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calculate the recombination frequencies and LOD scores for all possible linkage phase for each
pair of markers, and then use the MLE of recombination frequency and LOD scores for the most
likely linkage phase to assemble the genetic markers into linkage map using the JoinMap
software (Stam, 1993). This strategy has been demonstrated to have high level of reliability for

populations of size 150 or more (Hackett 1998).

To improve the reliability and efficiency of linkage map construction in autotetraploids, Leach
et al (2010) proposed a statistical method for multi-locus linkage analysis using hidden Markov
chain model that simultaneously utilized information from all partially informative markers
along a chromosome. This study provided the way to calculate the conditional probability
distribution of genotypes at any paired markers interval given the phenotypes of their linked

genetic makers, facilitating further QTL analysis in autotetraploid species.

2.4. Methods of interval mapping for autotetraploids

2.4.1. Model notations

The QTL mapping approach is developed for the first generation of segregation population
derived by crossing two autotetraploid parents, P1 and P2, composed of n offspring individuals.
The parents can have up to eight distinct alleles at each marker locus: they are represented by

alleles 1, 2, 3, 4 from parent Py and alleles 5, 6, 7, 8 from parent Pa.
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.....

individual, respectively. Let r; er (j=1, 2, ..., m-1) be the recombination frequency in the jth
marker interval flanked by marker Mj and Mj+1, and «; € & (j=1.2,..., m) be the coefficient of

double reduction at the jth marker locus. Phenotypes p;, pJ) and o/ are denoted by 1>8 vectors
(i.e. each locus may have up to eight different alleles coming from two parents) and we use 1/0
to indicate the presence/absence of one particular allele. Genotypes glj , gJand z) are denoted by

1>4 vectors and alleles appearring in the same vector column for different loci indicates that
these alleles are linked on the same chromosome. In practice, we can only observe marker
phenotype data directly from experiments. However, we can estimate the parameters of
recombination frequencies and coefficient of double reduction and infer the most-likely parental

genotypes and linkage phase between alleles at marker loci (Luo 2000, 2006).

For a quantitative trait Y, we observe phenotypic value y; for the i" individual. Here we consider
two alleles existing on the QTL, namely increasing phenotype allele, Q, and decreasing

phenotype allele, g. Thus there are five different QTL genotypes as qqqq , Qqag, QQqq, QQQq

and QQQQ . The genotypic values are denoted by Gi(i :0,1,...,4), with i representing the
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number of increasing phenotype alleles. The QTL genotypes of two parents P. and P, are

denoted by g, and g, .

To showing logical relationship between these model notations, all the model notations
mentioned above are summarized in Table 1-2.1. The notations highlighted with pink colour are
the observed data in this study. The notations highlighted with yellow colours are unobservable
in practice but can be inferred and estimated based on previous work (Luo et al 2000, 2004,
2006; Leach et al 2010), so notations in yellow area are assumed to be known. Notations
highlighted with both pink and yellow are input data in this model. The notations highlighted
with green colour are not observable but will be used to identify and map QTL. Finally, the

notations highlighted with blue colour are the parameters to be outputted in the model.
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Table 1-2.1. Notations used in interval mapping model for autotetraploids.

Markers QTL
_ Phenotypic Genotypic
M1 M2 M; Mm-1 Mm value Genotypes value
Phenotype P1 p; p. plj p/t P, qqqq G,
Parent P1 _ T1
Genotype G1 oh 9; 9; 9 gy Qqaq G,
Phenotype P2 P; p; pzj Py Py QQqq G,
Parent P2 _ T2
Genotype Q2 g; o] g, g, 9; QQQq G,
The i Phenotype Oj o o/ o o 0" QQQQ G,
offspring Yi
individual Genotype Zj Zi:l Zi2 Zij Zim_l Zim
Parental genotypes g, and g
Recombination r ro rj Im-1
Chromosomal location L,
11 TL
Coefficient of double o a, @, a a (cM)

reduction («)
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2.4.2. Modelling for a quantitative trait

For simplicity but without loss of biological basis, we assume that there are two different alleles
existing on the QTL, namely increasing phenotype allele, Q, and decreasing phenotype allele, q.
As discussed in Chapter I-1. The phenotypic value of an autotetraploid individual i can be

expressed as

Yi :GQTL+8 (1-2.1)

where G, is the genotypic value of QTL genotype and ¢ is a random variable following a

QTL

normal distribution with mean of zero and variance of o*. G, is given by

Gon =G, = u+6m,; +0,0,; + O,05; + 0,0,;  if the genotype of QTL is Q,q,_;,(1 =0,1,...,4)

(1-2.2)

where x4 is the population mean, and 6, (i = 1, ..., 4 ) are accordingly monogenic, digenic,
trigenic and quadrigenic genetic effects of the QTL, and o, (i=1,...,4;j=0,1...,4) are the
corresponding orthogonal contrast scales. ; variables are relevant to genotype frequencies of

QTL as detailed in Chapter 1-1. Genotype frequencies of QTL are unknown in practice, but can
be expressed in terms of recombination frequencies between QTL and flanking markers given

marker data and parental QTL genotypes, which I will discussed later in Section 2.4.4.
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2.4.3. Interval mapping for autotetraploids

Here we develop an interval mapping approach for fitting a single QTL in a full-sib family,
considering one chromosome at a time. Since markers of autotetraploids are not fully
informative, we need to use the information from all markers on a chromosome to calculate the
conditional probabilities of genotypes at QTL given parental QTL/markers genotypes and
linkage phase between them and markers phenotypes of offspring. Let g (k=0, 1, ... , 4) be the
set of possible QTL genotypes for the ith individual (i.e. QTL is assumed to be biallelic here, so
there are five possible genotypes at QTL, as qgqg, Qqgq, QQqq, QQQg, QQQQ, for all
individuals) and k represent the number of increasing phenotype allele. Let ¢ €C/ (I =1..., Lj)
be the I"™ chromosome configuration of interval j flanked by markers M;j and Mj+1 for the it
offspring individual. Here chromosome configuration refers to flanking marker genotypes,
flanking marker linkage phase and parental chromosomes from which marker alleles come. The

conditional probability distribution of ¢! can be calculated from three sources of information
(Further discussed in Section 2.4.4): (1). Parental marker genotype data of the offspring i, g, and

d,, and the parental chromosomes from which the marker alleles come; (2). z' and z*, the i""

individual’s genotypes and phases at the flanking markers M; and Mj+1; (3). Phenotype of
markers on the same chromosome but excluding the flankging markers of the i offspring

individual. Then we can fit a QTL at location z in the jth interval and maximizing the likelihood
for each location as a function of the QTL parameters Q={Q, Q, Q.}={(a,r, 91, 92), (1,1,
j+l j+l

9/,97.97".9", a4y, 0, ), (.6,.6,,6,,0,,0°)} . Qs a set parameters assumed to be known

(i.e. can be estimated from marker data by Luo et al. 2000, 2004, 2006), including the
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coefficient of double reuduction at marker loci, the recombination frequencies between markers

and parental genotypes on the markers. Q, is a set of known parameters relevant to the j™ marker
interval and parental QTL genotypes. r; indicates the recombination frequency in the j™ marker

interval and r;, indicates the recombination frequency between the marker M; and the putative

j+l

QTL in the j" interval. g/, g/}, g,

j+l

and g, are parental marker genotypes at two flanking
markers of the j™ interval. Q,is a set of parameters of genetic effects, with 4 is the population

mean, and & (i = 1, ..., 4 ) are accordingly monogenic, digenic, trigenic and quadrigenic

genetic effects of the QTL, and o indicate residual variance.

The likelihood function of the trait phenotypic values, y, €Y, and the offspring marker data,

0, €0 (i=1,...,n), of the n offspring individuals is

L(Q0,Y) :ﬁPr{oi, Y9, 09,0, :ﬁPr{yi|oi,91,92,93}Pr{oi|Ql,Qz,Qs}
i=1 i=1
ocll[Pr{yi|oi,Ql,Q2,Qg}

i=1

(1-2.3)

Here,

Pr{ylo,©,Q,,Q,} = Pr{y,c! g0, ,,Q,.0Q,)

P
->

MA TfM»

f (yi|qk’Ql’QZ’QS)Pr{qk|CijI’Ql’QZ'QS} Pr{cijl‘oi'Qsz’Qs}

=~
1l
(=]

C,]I eC;

(1-2.4)
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We can simplified Equation (1-2.4) by considering three aspects as follows: Fisrt, the trait
phenotype values, yi , are only relevant to QTL genotypes, gk , and parameters of genetic effects
u,0,,0,,0,,0, and residual variance o°; Second, QTL genotype distribution given two
flanking markers is independent of genotypes at the other markers on the chromosome; Third,

¢, configuration of chromosome interval flanked by markers M; and M;«+1, is determined by the

coefficient of double reduction, recombination frequencies, parental marker genotypes and

offspring marker phenotypes. Thus Equation (I-2.4) can be rewritten as:

Pr{yi|0i1Ql7QZ’QS}: Z 24: f (yi|qk’Q3)Pr{qk|Cijl’QZ} Pr{cijl‘oiigl} (1-2.5)

cl'ec] k=0

Thus the likelihood function can be calculated as

n

L(QOY)<]] Zi f (yi|qk,Q3)Pr{qk|cij',Qz}Pr{ci""oi,Ql} (1-2.6)

i=1 Cijleci] k=0

The calculation of conditional probability Pr{q,c,<,} and Pr{ci""oi,Ql} is discussed in the
next Section 2.4.4. The trait phenotypic value, yi, is assumed to follow normal distribution,
with G, and oas the mean and variance for the k™ QTL genotype. G, can be expressed as a

linear function of genetic parameters («,4,,6,,6,,6,) in Equation (1-2.2). Then

f (yi|Qk’Qs)=ﬁeXp(_%J (1-2.7)
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The maximum likelihood estimate of parameters G, and o can be obtained by using EM
algorithm (Dempster 1977). The E-step calculates the probability of the ith individual having the

kth genotype on quantitative trait locus in the jth marker interval at the scanned location, “)ijqk

a’ijiqk :Pr{Qk|Yi’0in11Q2’Qs}
= 3 Prig ]y, ¢ 2,0, Q) Pr{c!0, 0, 0,0, (1-2.8)

o'ec)
_ f(yi|qk’Q3)Pr{qk|Cijl’Q2}Pr{cijl‘oi’Ql}

E . 4 .
¢l'ec) Z f (yi|qk193)Pr{qk|Ci”aQQ}
k=0

According to Bayes theorem, Pr{qk| yi,cii',Ql,Qz,Q3} can be calculated as

. f(yla.c' Q,Q, Q)P 10,00
Pr{qk|yiniJ|,QlyQQ,Qg}: . (y||Qk G - 11292 3) r{Qk|Cu - 1152 3} (1-2.9)
Zf(yi|qk7cijl’Ql’QZ’QS)Pr{qk|CiJI’QI’QZ'Q3}
k=0
Substituting by Equation (1-2.9), Equation (1-2.8) can be expressed by
COiJ:qk= Z f(Yi|Qk'Ciil’Ql’Qz’Qsi)Pr{QACijl’legz’Qsl} Pr{cijl‘oi’Qsz'Qs} (1-2.10)
o < Z f (yi|qk’cill’Ql’QZ’Q3)Pr{qk|CiJI’Ql’QZ’Q3}
k=0

Since y; is only relevant to g,and Q,, q, is only relevant to ¢'and Q,, and ¢ is only relevant

to o, and €2, , Equation (1-2.10) can be simplified as:
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f (yi|qk’Q3) Pr{Qk|Cijl ’Qz} Pr {Cijl‘oi’Q1}

4 ) 4 j
alect Y F(wila0 Q) Priac, Q)
k=0

The M-step updates the estimates of the genetic parameters from

G — J : J
k E a)i.qk y, E a)i‘qk
i=1 i=1

Chapter I-2

(1-2.11)

(1-2.12)

(1-2.13)

As the E and M steps are repeated iteratively following equation (1-2.11), (1-2.12) and (I-2.13),

the likelihood function will increase and the parameters will converge to the MLEs, G, and o .

Then the likelihood ratio of locating the QTL at the site of r; recombination frequency away

from its left marker locus M;, is

L(G:,0?[0Y)
L(G“,a**z\o,v)

LOD(rjl) =log

where

G” =Zn:yi/n
i=1
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G~ and o “are estimates of mean of all genotypes and residual variance under no QTL model.

In the no QTL model, the phenotypes are assumed to be independent and identically normally

distributed with mean G and variances ®. The LOD score indicates statistical significance for
the presence of a QTL at the location z with the j™ marker interval, with recombination

frequency of r, between the QTL and the j'™ marker. If every interval of each chromosome of

the genome is scanned for the presence of QTL at all possible locations by the methods
discussed above, a curve of LOD scores against the searched chromosomal locations will be

obtained for every chromosome.

2.4.4. Calculation of QTL genotype probabilities distribution

In the previous section, | demonstrate the way to construct likelihood function in this model and

establish an EM algorithm to estimate model parameters. To calculate the likelihood function

and conditional probabilities of QTL genotypes, “)ijq , two terms as mentioned in the previous

Section 2.4.3, Pr{g,|c",Q,} and Pr{ci“‘oi,Ql}, need to be calculated first. In this section, I will

discuss the methods to carry out these calculations in details as follows.

Page 91 of 267



Part I: Theory and methods for QTL analysis in autotetraploids Chapter I-2

2.4.4.1. The conditional probability of the chromosome

configuration ¢! of interval j flanked by markers M;j and Mj+1 for

the i"" offspring individual, given the marker phenotypes of the i
offspring individual and parental marker genotypes and linkage

phase between them, pr{c/|o, |

Given o/ and o/, the i individual’s phenotypes at two flanking markers M; and Mj+1, we can

work out all the possible genotype and linkage phase configuration at these two marker loci, M;

and Mj+1, taking origins of marker alleles into consideration (i.e. consider parental chromosomes

from which marker alleles come). We denote Ll as the total number of possible chromosome

configuration of marker interval j for the offspring individual i. For clarity, ¢ (I =1,..., L,‘) can

be expressed into a gamete configuration a’ /b (I, =1...,L,}; l,=1...,L,/) where a/ and
b’ indicate gametes that make up of the offspring zygote. The ¢ expressed in terms of a’=and
bl is detailed as ¢/*=al/b*, ci2=al/bi?, ..., ¢/t =alt/pl | WY =ai2/pit, |,
¢ =al /i Thus =L/ (I,-1)+l, and L/ =LJL,}. Accordingly, the i individual’s

genotypes of chromosome configuration ¢ (I'=1,...,L}) at two flanking markers of interval j ,

2z (I =1..., L,’) can be expressed by gametes genotypes that make up the offspring zygote

Jila 5 J+LI jl j+1,) _ j- _ j H jla j+Ll,
as  z,)hz, )M 1zhz )" (1, =1, L) |, =1..,L}) , respectively. Here z}"z " are

gamete genotypes of marker configuration a= at two flanking markers of interval j, and
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z, /% z J**% are another gamete genotypes of marker configuration b at two flanking markers of

interval j. Then the conditional probability Pr{cij"oi,Ql}(l =1...L;) can be expressed as

Pric"|o, @} =Pr{a’ /b" |0, Q| =Pr{z,J 2,/ 17,47, /"" |0, Q| (1-2.15)

where Q, = {a,r, 01, 02}, « are the coefficient of double reduction at marker loci, r are

recombination frequencies between markers, and g1, g2 are the parental genotypes at the marker
loci. Since gametes are randomly unioned to generate offspring, the probability of zygote can

be calculated as products of the probabilities of two gamtes as

Pr{c’|o,}=Pr{a™

0, Ql} Pr {bijlb 0, Ql} _ Pr{zaij,la 2 34

0 Ql} Pr {ZbinIb Zbim'lb |Oi ' Ql}
(1-2.16)

According to Bayes theorem, the conditional probability distribution of gamete genotypes at

makers M;j and Mj+1 can be calculated as

Ql} Pr {oiloi2 ..o

ila 5 J+Lly Jla o J+LI
IDr{zai Zai Zai Zai 'Ql}

ilay it
Pr{Zai Zai L)
Pda o j+Ll,
ZPr{zai Z,;
=

oi,Ql}:

(1-2.17)

Ql} Pr {oiloi2 ...o"

Jlao J+Ll
Zai Zai ! Ql}

Since the genotype distributions of markers at the left side of marker M; given marker genotype
of M is independent of marker genotype of Mj+1 and vice versa, Equation (I-2.17) can be

calculated by
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ila s i+l
Pr{zai Z,i

oi,Ql}

[FRRTERS
Pr{z, "z,

Q, | Pr {oiloi2 ..o}

Jila Jj+Hl A j+2 m
~ Z,; ,Ql}Pr{oi 0/ “...0
_Laij

ila 5 i+,

ZPr{zai Z,;

l,=1

j+Ll,
2, Q) (1-2.18)

Ql} Pr {oiloi2 ..o}

2", Ql} Pr {oi“loij+2 ...o"

j+l,
Zai ! Ql}

To calculate Equation (1-2.18), we have first to carry out the probability distribution of gamete

genotypes at two linked loci from a bivalent or quadrivalent meiosis of autotetraploid species.

Under bivalent pairing, the element Pr{zai"'Ia [z,

Ql} in Equation (1-2.18) can be calculated

by classifying the gametes generated from an bivalent meiosis into four modes of gamete
formation according to the occurrence of recombination events. For simplicity, but without loss
of generality, a general presentation for an autotetraploid genotype at two linked marker loci can
be AB,/AB,/AB,/AB,, indicating that Ai and Bi (i=1,2,3,4) are linked on the same
chromosome. Let r be the recombination frequency between these two loci. During bivalent
meiosis, four homologous chromosomes of an autotetraploid species is assumed to randomly
form two pairs of bivalents with an equal chance of 1/3, and then recombination event occurs
only within each paired bivalent. Table 1-2.2 summarizes the probability distribution of two-

locus gamete genotypes from a bivalent meiosis of autotetraploid species. Then

Pr{zai"'Ia /2,77 Ql} is worked out in the last column of Table 1-2.2, depending on which

gamete mode z,'" /z ™= belong to.
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Table 1-2.2. Probability distribution of the gamete genotypes at two linked loci from a

bivalent meiosis of autotetraploid species

Gamete mode Recombination Probabilities

(1<i, j,k,1<4) Frequency events Modes Gametes
AB//AB, 4 0 (1-r)°/3 (1-r)° /12
AB/AB 4 1 (1-r)r/3 (1-r)r/12
AB,/AB, 4 1 r(1-r)/3 r(1-r)/12
AB, /AB, 4 2 r’/3 r’/12

The number in the third column denotes the number of recombinant chromosomes in the gametes.

Under quadrivalent pairing, Luo et al. (2004) has classified the two-loucs gametes generated
from a quadrivalent meiosis into eleven modes according to the occurrence of double reduction
and recombination events during the process of gamete formation and carried out the

corresponding probability distribution of gamete genotypes at two linked loci as detailed in

Table 1-2.3 (Table and annotation reproduced from Luo et al 2004). Pr{zaij'Ia /7,77

Ql} is
worked out in terms of the coefficient of double reduction at locus M; and the recombination

frequency between marker M; and Mj+1 as detailed in the last column of Table 1-2.3, depending

on which gamete mode z )" / z,J*" belong to.
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Table 1-2.3. Probability distribution of the modes of gamete formation and gamete genotypes at two linked loci from a

guadrivalent meiosis of autotetraploid species (Table and annotation reproduced from Luo et al 2004)

Gamete mode Frequency Double reduction and Probabilities

(1<i, j,k,1<4) recombination events Modes Gametes
AB/AB 4 Aand B (0) a(l-rY 27a(1-r)’ /108
AB,/AB, 12 Aand B (12) ar’/3 3ar?/108
AB /AB, 12 A(1) 2ar (1-r) 18ar(1-r)/108
AB, /AB, 12 A (2 2ar?/3 6ar?/108
AB /AB 12 B (1) 2(1-a)r(1-r)/3 6(1-a)r(1-r)/108
AB;/AB, 12 B (2) 2(1-a)r?/9 2(1-a)r?/108
AB/AB, 6 — (0) (1-a)(1-r)’ 18(1-a)(1-r)° /108
AB /AB, 24 — (@) 4(1-a)r(1-r)/3 6(1-a)r(1-r)/108
AB, /AB, 6 — () (1-a)r?/9 2(1-a)r?/108
AB;/AB, 24 — @ 4(1-a)r*/9 2(1—a)r? /108
AB;/AB 12 — 2(1-a)r?/9 2(1-a)r? /108

The number in parentheses denotes the number of recombinant chromosomes in the gametes; —means that neither loci A nor B
involves double reduction; « and r represent the coefficient of double reduction at locus A and the recombination frequency between

locus A and B.
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zaij”"a,Ql} and the left,

The next step to calculate the right, Pr{oij*loi"*z...o{“

Pr {oiloi2 ...0]

zaij"ﬂ,Ql} conditional probabilities defined in Equation (1-2.18) is readily solved

by Leach et al (2010). Leach et al. (2010) proposed a method using “the Markov property of
genotype distribution at linked loci, i.e., genotype of an individual at marker Mg given its

genotype at Mk-1 or Mk+1 is independent of genotype at any other marker loci”.

Similarly, the conditional probability distribution of another gamete genotypes at makers M; and

Mij+1 can be calculated as

Pr { Zbi“b ZbijJrlVIb |OI ! Ql}
Pr{zbi"'Ib z, ) |Ql} Pr {oiloi2 ..o} ‘ 20", Ql} Pr {oi"”oij*2 ...o{“‘ z, )", Ql} (1-2.19)

L o o o _
Y Pr{z,itz,™h Q| Pr {oiloi2 ~.ol[z, " ,Ql} Pr {oi‘“oiJ+2 00|z, Ql}

l,=1

Finally, substituting by Equation (1-2.18) and (1-2.19), the conditional probability Pr{cij"oi,Ql}

in Equation (1-2.16) can be calculated as

Pric’|o, Q| =Pr{z,/"2,}"" |0, }Pr{z,* 2,/ |0, Q|

ila J+l A j+2 m
Z,; ,Ql}Pr{oi 0/ "...0

ila o i+l i+l
Pr{Zai Zai Zai ’Ql}

- I—aij
il P,
ZPr{zai Z,;
=

Pr{zbi"'Ib 7,/ |0y, L Pr {oiloi2 ..0l[z, 0, Ql} Pr {oij”oij+2 .0 [z, ,Ql}

Ql}Pr{oilof...oi‘ (1-2.20)

j+Ll,
Zai 7Ql}

iila jHLAj+2 m
Z,i ,Ql}Pr{oi 0/ "...0

Ql} Pr{oiloi2 ..o/}

Lo! S o o .
Y Pr{z,itz,"h | | Pr {oiloi2 ..0)[z,0%, Ql} Pr {oi“loiJ+2 .0z, ,Ql}

=1

where 1<1=L/ (I, -1)+l,<Land L=L,/-L}.
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2.4.4.2. The conditional probability of the QTL genotype, given the

chromosome configuration, ¢, Pr{q|c/,Q,}

Given the chromosome configurationc', we can identify possible QTL genotype and calculate

their probability distribution for a putative QTL location along the chromosome. If a QTL,
denoted as Q, locates in the j" interval with flanking marker M; and Mj+1, recombination
frequencies between M; and Q, Mj+1 and Q, M; and M;-+1 are denoted as rjs, rj2 and rj, respectively,
which satisfy r, =r,+r,-2r,r, for bivalent pairing and r,=r,+r,—4r,r,/3 for
quadrivalent pairing under the assumption of absence of recombination interference. The
demonstration of relationship between rj1, rj2 and r; for bivalent pairing or quadrivalent pairing

can be verified as follows:

Under bivalent pairing, we consider three linked loci A, B and C in autotetraploid species shown
in Figure 1-2.1. For simplicity, but without loss of generalilty, four duplicated homologous
chromosomes are paired to create two bivalent pairs as: chromosome 1 is paired with
chromosome 2 and chromosome 3 is paired with chromosome 4. Recombination event may
occur only within each bivalent pair. We denote r1, »’2 and » 12 as recombination frequencies in
interval AB, BC and AC for the first bivalent pair, and »’’1, »’> and r’’12 as recombination
frequencies in interval AB, BC and AC for the second bivalent pair. The average recombination
frequencies in interval AB, BC and AC are represented by ri1, r> and ry2. In each bivalent pair,
behavious of crossover events is the same as that in diploids, thus recombination frequencies
satisfy the relationshipas r', =r'+r',=2r r', and r", =r"+r",—2r", r",. Then the average

recombination frequency between marker A and C, r12, can be calculated by
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Figure 1-2.1. Diagrammatic illustration of recombination events in the three-locus

linkage model for autotetraploid species under bivalent pairing

Chromosome
numhber 1
AI. 311.
'y

2
Alg A%
E? g?
[ ]
2 v Cz.

BB

Al A%

B*l B*

cs c*

Here the eight blue lines represent duplicated homologous chromosome in autotetraploids. Under

bivalent pairing during meiosis, chromosomes are paired to create two bivalent pairs (i.e. here

chromosome 1 is paired with chromosome 2 and chromosome 3 is paired with chromosome 4).
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A= 2r e, =2r )
1-2.21
—l(r'+r")+1(r'+r" )—Z(Er' r'+lr"r") ( )

2 1 1 2 2 2 2 17 2 2 1 2

Since it is assumed that recombination frequencies are the same between two bivalent pairs (i.e.,

r=r",r,=r"andr',=r",), we have

r =%(r'l+r"1) (1-2.22)
1. . .
r, ZE(r ") (1-2.23)

1, N A .\
2r1r2:2-5(r1+r l)E(r ")

1 1 1 l 1 n 1 n 1 l n n
=2 2T A
(I-2|24)

T, 1, .1, .1
=2 ZI’1I‘2+ZI‘1I’2+ZF1I‘2+ZI’1I’2

Substituting by Equation (1-2.22), (1-2.23) and (1-2.24), Equation (I-2.21) can calculated by

, =h+6 -2 (1-2.25)
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Under quadrivalent pairing, we consider three linked loci A, B and C in autotetraploid species
shown in Figure 1-2.1. We denote r1, Iz and ri2 as recombination frequencies in interval AB, BC
and AC, respectively. Assuming that crossovers take place randomly between four chromosomes
and there is no recombination interference, we can deduce the relationship between ry, r2 and ri2

as follows. In Figure 1-2.1, the eight strands represent eight chromatids of autotetraploids with
three loci A, B and C. A" (B', C") (i=l, ... , 4) indicate four different alleles on the four
chromosomes, respectively. To calculate the recombination frequency, ri2, is equivalent to

calculate the probability that allele A'on strand 1 will not be on the same chromosome of allele
C*after recombination for simplified interpretation. If there is no recombination between allele
A" and allele B'on strand 1, then recombination event between allele A'and C'would happen
only if B'recombine to C*, C*® or C*on the remaining six strands. In this situation, the
probability that allele A'will not be on the same chromosome of C* on strand 1 is (1-r,)r,. If
recombination happens between allele A' and allele B'on strand 1, for example A" on strand 1 is
connected to B”on strand 3 in Figure 1-2.1, to ensure recombination event occuring between A'

and C'on strand 1, two of the possible six recombination events for strand 1 in the second
interval BC should not happen as shown as dotted red line in Figure 1-2.1, or it will restore the

connection between A'and C'on strand 1. In this situation, the probability that A'on strand 1
will not link to C* is r, (1—r,/3). So we can calculate the probability that A'on strand 1 will not

link to C*after recombination as r,(1—r,/3)+(1—r,)r,.Then we have the relationship between

riz, r1 and rz as follows,
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r, =r(1-r,/3)+(1-r)r,=r+r,—4rr,/3 (1-2.21)
where r, can be solved for a known r, and a given r, as

h,—h

©1-45/3 (1-2.22)

Figure 1-2.2. Diagrammatic illustration of recombination events in the three-locus

linkage model for autotetraploid species under quadrivalent pairing

STRAND
NUMBER
1
1 A e . — s ('
\ [ B\
2 4 a e \ ! — e C!
:\ A\
I \g’
b ." \\ !n\
3 Aa JE ! \“ iy o 7
B* ;
4 4 o e o C?
3
3
6 Aa JE s C’
B* ’
7 :‘.{4. o Y { &
B ’
8 A'a a s C*

Here the eight blue lines represent duplicated homologous chromosomes in autotetraploids, with markers
A, B and C locating along the chromosome. The red lines indicate recombination events occurring

between non-homologous chromsomes.
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Given the relationship of recombination frequencies along three loci, we can proceed to

calculate conditional probability distribution of QTL genotypes, gk, given chromosome
configuration, ¢ . Since the conditional probability distribution of QTL genotypes, Qx, is

independent of other marker genotypes given the genotypes at its flanking markers, we have
Prigfc’ .} =Prig|z, "2, 12,2 Q] (1-2.23)

j+l j+l

where Q,={r;,r;, 9/,9),9/" g, s Op, }o T; is the recombination frequency in marker

interval j, r;, is the recombination frequency between the marker M; and the QTL, 9/.9),09/",

j+l

g, are parental genotypes at the marker M; and Mj+1.

The gamete genotypes at two flanking markers of interval j can be classified into 4 or 11 modes
according to the occurrence of double reduction and recombination events under bivalent pairing
or quadrivalent pairing, as detailed in Table 1-2.2 or Table 1-2.3. For a QTL within the j"
interval, | classified the marker-QTL-marker configuration of each mode of gamete into 5
modes according to the recombination events. There may be up to 4 recombinaiton events
occuring between the marker and QTL alleles in the diploid gamete of an autotetraploid
individual. Figure 1-2.3 shows the four possible positions of recombination events and lists all
the possible combinations of recombination events. For example, if there is two recombination
events occurring within the marker-QTL-marker configuration, there will be six possible
combinations of recombination events occurring, detailed as: recombination events take place at
position (1) and (2), position (1) and (3), position (1) and (4), position (2) and (3), position (2)
and (3), or postion (3) and (4).
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Figure 1-2.3. Recombination events in marker-QTL-marker configuration in a gamete for

autotetraploids

Marker. @© Q?L 3 Marker

Marker & Q?L @ _Marker

No. of r:\c/:grr]rs:)ination coml\tl)?ﬁ;t];ons Possible combination of recombination events
0 1 No recombination
1 4 ©;@;3;®
2 6 O@; OE: O®; @®: @G): A®
3 4 ORE; D@®; DE®; @B®®
4 1 OR®

Here the two blue lines represent two chromosomes in a gamete of autotetraploids with a QTL locating

between two flanking markers. Recombination events may occur within interval (1), (2), 3) and (3).
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Based on the classification of two-locus gametes as detailed in Table 1-2.2 and Table 1-2.3, |
further divided marker-QTL-marker configuration of gametes according to the number of
recombination events in Table 1-2.4 and Table 1-2.5 under bivalent pairing or quadrivalent

pairing. For example, we consider the first two-locus gamete mode, AB,/AB, (with probability
of a(l—rlz)z), in Table 1-2.3 under quadrivalent pairing. Let « be the coefficient of double

reduction at locus A, r,, r,and r,, be the recombination frequencies between locus A and QTL,

QTL and locus B, and locus A and locus B. For a QTL within the interval AB, | worked out the
possible marker-QTL-marker configuration according to recombination events one by one: Fisrt,

considering no recombination events occur within the interval, there will be only one possible
marker-QTL-marker configuration, AQB,/AQB, , with probability of a(1-r,)’ (1—r2)2. And
the conditional probability of the marker-QTL-marker configuration given the flanking marker
. 2 2 2 2 2 2 .
genotypes is calculated by «(1-r) (1-r,) /a(l—rlz) =(1-r) (1-r) /(1— r,) . Given a
particular two-locus gamete AB,/AB, the frequency of three-locus gametes with configuration
of AQB,/AQB; is 1 and the conditional probability of a particular three-locus gamete with
configuration of AQB,/AQB; given flanking marker genotypes is (1-r,)’ (1—r2)2/(1— )

Second, considering only one recombination event occurring, there will be no such marker-
QTL-marker configurion; Third, considering two recombination events taking place, there is one
possible marker-QTL-marker configuration (i.e., two recombination events take place at
positions (1), 3 or (2), @) and the outcome configurations are the same), AQ,B,/AQ;,B; , with

probability of 2ar, (1-r)r,(1-r,)/3. And the conditional probability of the marker-QTL-

marker configuration given the flanking marker genotypes is 2r, (1-r)r,(1—- rz)/3(1—r12)2 .
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Given a particular two-locus gamete AB./AB., the frequency of three-locus gametes with
configuration AQ, Bi/AQj B, is 6 (i.e., Q; may present any of the two chromosome with any of
the other three alleles) and the conditional probability of a particular three-locus gamete with
configuration of AQ. Bi/AQJ. B, given flanking marker genotypes is equal to
rd-r)r, (1—r2)/9(1— rlz)z; Fourth, considering three recombination events occurring, there

will be no such marker-QTL-marker configurion; Fifth, considering four recombination events

occurring, there are two possible marker-QTL-marker configurations, namely AQ;B, /AQ;B;
and AQ;B /AQB, , with probability of ar’r,?/27 and 2ar?r,?/27 , respectively. Given a
particular two-locus gamete AB./AB, , the frequencies of three-locus gametes with
configuration of AQ,B,/AQ;B, and AQ;B, /AQ,B, are 3 and 6. Accordingly, the conditional
probability of a particular three-locus gamete with configuration of AQ;B;/AQ;B; or
AQ;B;/AQ,B, given flanking marker genotypes is r12r22/81(1— rlz)2 . Similary, 1 worked out all

the marker-QTL-marker configurations in this way and calculated the conditional probability
distributions of gamete genotype at QTL given flanking marker genotypes as listed in the last

column of Table 1-2.4 or Table 1-2.5 under bivalent pairing or quadrivalent pairing.

Let z,)%q,z, )" or z,)"*q,z,)"™" denote gamete genotypes at marker M;, QTL and marker Mjq1.

The conditional probabilities, Pr{qa

zaij"azai““a,Qz} and Pr{qb‘zbi""bzbi”l"b,Qz}, have been

worked out in the last column of Table 1-2.4 or Table 1-2.5 under bivalent pairing or

quadrivalent pairing, as explained above. By assuming random union of gametes to generate
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offspring zygote, the conditional probability distribution of QTL genotypes, gk, given flanking

marker genotypes in Equation (1-2.23), can be calculated by

pr{qk|CiJI,Qz}: Z Pr{qa|zaij,|azaij+1,|a’Qz}pr{qb|Zbij,lbzbim,lb,Qz} (1-2.24)

a /G €

Here q,/q, €0, represents the QTL zygote consisted of gametes g, and g, has the genotype

Q -
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Table 1-2.4. Conditional probability distribution of marker-QTL-marker gamete modes and gametic genotypes given two flanking

genotypes from a bivalent meiosis of autotetraploid species

Gamete modes of o Marker-QTL- o N
flanking markers Recombl?atlon marker Probability Frequency Cokndlthrnil proiablllty otf
(1<i j.k,1<4) events configuration marker-QTL-marker gametes
B.
0 A T o) @)/
AJQJ Bl
1 - - - -
AQB
‘ rl(l_ rl) I (1_ I’z)/3 1 rl(l_ rl) r (1_ rz)/(l_ rlz)z
AB AQ;B;
AB, 2 AQE
= I’l(l— rl) I (1_ rz)/3 1 rl(l_ r1) r (1_ rz)/(l_ '12)2
AQB;
3 - - - -
AQB
4 AJQTB] r12r22/3 l r12r-22/(1_ r-12)2
Total (1-r,)°/3
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0 ) - - -
/ﬁgg n(1-n)(-r)/3 1 L(1-5)(1-n) /n,(1-5,)
1
QS—E -n)'r-rn)s 1 (1-6) n(-n)/r0-r,)
AB
AB 2 - - ] _
nggl rl(l_ rl)r22/3 1 rl(l_ rl) r22/r12 (1_ r12)
3 1)
2%( :i r12r2 (1_ rz)/S 1 r12r2 (1_ rZ)/r12 (1_'12)
4 ) - - -
Total (1 rlz)/3
0 ) - - -
AB,
B 1 Aas,  Swe-ws () /o ()

Page 109 of 267



Part I: Theory and methods for QTL analysis in autotetraploids

Chapter -2

AQE, 2 2
AQ;B; (L-n)r, (1—[’2)/3 (1_'1) , (1_ rz)/rlz (1-r,)
AQB; 2 2
AQB, A rz)/3 r’r, (1- I’Z)/r12 (1-r,)
AQB, ) ,
AQB; (1 rl)r2 /3 rl(l_ rl) P! /r12 (1_ r12)
Total r,(1-r,)/3
AB, AQ.B, , , 2
AB, AQB, r?(1-1,)’/3 R (L-r,)° /K2
AQB i
AQB n-n)rn1-r)/3 n(L-r)r,1-r)/r;
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AQ B, 2
W rl(l_ rl) I (1_ r2)/3 1 rl(l_ rl) r (l_ rz)/rlz
AQB, 2 5 2 5/
AijB| (1_ rl) I /3 1 (1_r1) r /r12
3 - - - -
4 - - _ -
Total r,”/3
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Table 1-2.5. Conditional probability distribution of marker-QTL-marker gamete modes and gametic genotypes given two flanking

marker genotypes from a quadrivalent meiosis of autotetraploid species

Gamete Conditional probability of marker-QTL-marker gametes
modes of
flanking - - : i
Modes Gametes
1<i,j.k1<4
2 2 2 2
0 AQB, a(l—r)2 (1_r )2 1 (1_r1) (1—I’2) (1_ rl) (1—[’2)
ARE U 1-r) -r)
1 - - - - -
B. 2r (1-r)r,(1-r rL(l-r)r,(1-r.
AB 5 AQB, gal‘l(l—l’l)rz(l—l’z) 6 3 1)2(2 2) i 1)2(2 )
A AQB 3 311 o(1-1;)
3 - - - - -
AQ,B AQB,
4 AQJ B AQ: B. arlzrzz/g 3,6 r12r22/9(1— r12)2 r12r22/81(1— I‘lz)2
ji i
Total a(l-t,)
AB, 0 - - - ] ]
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1 - - - - -
AQB,
AQ B, at? (1-1,)’' /3 1 AN AN
1)
B. — _ _ —
2 AQI j gal’l(l— ri)rz (1_r2) 2 Zrl(l r]_)2r2 (l r2) r;[(l rl)ZZ (1 r2)
A1Q1'BJ' 3 h, I,
B.
% a(l-r)’ r22/3 1 (1-1) rj/rli (1-r) rj/rl";
i~]
B.
—23' BJ 4ar, (1-1r)r,’ /9 4 4, (1-r)r,?/3r; r(1-r)r,’/3r
kBj
3
B.
% 4ar’r,(1-1,)/9 4 4r’r, (1-1,)/3r; r’r, (1-1,)/3r;
kPj
B. B.
4 :ng' : :ng’ Aar?r? /27 2,2 4r’r,? /9r2 r2r?/or?
kB 15j
Total arl/3
A 0 : : : : :
AB,
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AQ.B, ~ s r(1-r)@ r2)2 n(1-r)1 r2)2
AQ;B, 25 (1-6)0-5) ' o (1-1,) h(1-1,)
AQB, v (1-r)r(1-r,) (1-r)'r,(1-1)
A1QiBj 20!(1 rl) r2(1 rZ) ' rlz(l_ru) Ir12(]-_r12)
A'QiBi ﬂ _ _ 2r1(1_r1)r2 1_r2) rl(l rl)rz(l rz)
AQE Sarl(l L, (1-r,) 2 3 (1-1,) 3r, (-1,
AQJBi AQkBi 2 _ r12"2(1 rz) rlzrz(l_rz)
AQ;B; " AQ;B, 2t ()3 b 3n, (1-1, or, (1-r,
A‘QJBi AiQkBi _ 2 rl(l_rl)rzz rl(l_rl)r22
AQB; " AQB, e (1-0) /3 b2 3n, (1-1,) on, (1-1,)
AQB AQB
QkBj | QkBj |
A A 405!’12I’22/9 2,2,2 2r12r22/9r12 (1_'12) r12"22/27r12 (1_ r12)
AQB
AQ.B,

Total

2ar, (1_ rlz)
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AB; 1 :
AB,

AQE,
AQ.B, 20m?(1-1,) /3 1 R (1-r,)’/r} i (L-n) /3
k =k

AQB, AQB,
AQB, 'AQB,

2
%arl(l— nr,(L-r,) 1 Al-RRl-n)/n h(A-5)rn(-n)/r

AQB,

AQB 20(1-1,)" 1,2 3 1 (AN (L) n? /]
i~k

AQB; AQB,
AQ.B. AQB,’ 1,1,

AQB, AQB 8artr, (L-1,)/9 L. anlen)Esg Enlon)/sg
i i ’

AQ;B, " AQB,

A1QkBj A1Q|Bi
AQB, "AQB, 1,1,

8ar, (1-1)1,’ /9 an(-n)n’ /3, n{-n)n’ /35
AQB, AQB, ok

AQ;B, 'AQB,

B. B. 1,1,
:ngJ 'zngj ! 8ar’r,” /27 ar’r,’ /9 T’ /o
ik 1 =k 1’ 1
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AQB, AQE,
AQ;B,  AQB,
Total 2ar? /3
; _ _ _ _ _
Mo Aaseen f1<1r12?1>_(1r12)rz)2 rl(lrl—za)flrm)rzf
| T R
o0 Ree seerwwen e SRR SRS
R LU L < SR = =
R eeesr o S g
* 232 ’ /i\,-gk;: o A2 2,22 2P/, (1-r,) /27, (1-x,)
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Ai Qk B,

Total

2(1~a)r, (1-1,)/3

AB,
AB,

AQE, 2(1-a)’ (1-r,)' /o

AQJBJ AiQiBj 4

AQB AQB ol @ul-n)r{-r)

(o]

1,1

AQB, 2(1-a)(1-r)"r /9

AiQk Bi AQ|BJ-

AijBj ’ AijBj !

AQJB] AQ]BJ
AQB; 'AQB,

8(1-a)r’r,(1-1,)/27

1,1,

4r2r 1-r 3r.2
1,1 ! 2( 2)/ 12

M 8(1—a)r (1-1)rz2/27
AQB, ' (1-a)r@-n)r?/

1,1,

4n (1-r)r? /3r;
1’1 l( 1) 2/ 12
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A1Q|Bj
A<QkBj ,
AQiBj AQiBj
AQB; AQB,

AQ:B; AQB,

AkQIBj ,AinBj , - 1,1,
4 8(1-a)r’r,’ /81 4r?r? /9r? r’r,?/9r2
AQB; AQB; 11

AQB; AQB,

Total 2(1-a)r3 /9

AQB,

AQ;B, (L-a)r* (1-r,) 1 21-n) /-, r2-n)/0-x,)

ﬂ A1QJ'Bi AQB

AB; AQ.B. 'AQB _ _ _ _
j , Q;B;  AQ;B; %(1—a)r1(1—r1)r2(1—r2) 1,2, 2r, (1 rl_)rz(l2 r) (1 rl)_rz(l2 r,)
AQB  AQB 1,2 3(-r) I-r2)

AQB, 'AQB,
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AQB AQB
AQB; AQB;
AQ.B. AQB 1,22,
AQB, AQB,’ SR b WEfen) e /A
AQB
AQB,
Total (1-a)(1- rlz)2
AQB ﬂ(l—a)rl(l—rl)(l—rz)z . rl(l—rl)(l—r)2 n(1-r)1 r2)2
AJ Qk Bk 3 LIPS (1_ r12) I, (1_ rlz)
B. “rVr(1- —rVr(1-
AR v O A S E R = L= CS U
A-Bk i<k rlz(l_r12) r12(:|-_r12)
J
.B. B. 2r,(1-r)r,(1-r. r(l-r)r,(l-r.
AQB ’ AQB; §(1—a)rl(1—r1)r2(1—r2) 1.1 L(1-n)r, ) (1-n)rn(-r)
AQB, AQB, 9 3'12(1_'12) 3"12(1 r12)
AR gpagreone 111 LEeE i (1)
AijBk ’ o 3r12 (1_ rlZ) 9r12 (1_'12)
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AQB.  AQB,
AQB, 1 AQB,

AQJBi A1Q|<Bi

AQB. AQ;B, Cr\r? C\p2

- spoaponnfe 111 SRR neu)e
AQ,B, 3I‘12(1—I’12) gﬁz(l_ﬁz)

AQ,B,

AQ;B; AQSB
AQB, , AQ B,

A|Q| Bi AQjBi 2,2 1’ 1’ 1’ 2.2 2,2
4 : 8(l—a)r°r, /27 2r°r, /9, (1-r, ror°/27r, (1-r,
AJ'Qin Ale B, ( ) e / 1,1,1 o / 12( 12) L / 12( 12)

AQ:B AQB
Ale B, 1 AjQI B,

Total 4(1-a)r,(1-r,)/3

B AQ;B,

AQB (1-a)5’(1-r)’/o ! R (L-r,)°/r2 62 (1-1,) /i
] 1 1
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AQ;B; 1AQiBJ g(l—a)rl(l— On-n) 1,1 26 (1-6)r,(1-r,) hA-n)nd-r)
AQB 'AQB 9 / 2 2
AQB;
AQB (L-a)@-n) r /9 1 (L6 r?/rs (L6 r? /s
AQ:B; AQB
A Qk BJ » QJ BJ 4(1-a)r’r,(1-1,)/27 2,2 4r?r, (1-1,)/3r; r’r,(1-r,)/3r;
i i <k i
AQ:B; AQB
i Qk BJ AO BJ 4(1-a)r(1-r)r? /27 2,2 4r (1-1)r,?/3r; n(l-r)r’ /3
i Sl <k i
B. B.
N S aag 22 g e o
Wb AND
Total (1-a)r3/9
AB; - - - - -
i AQ;B
e e R N I I =
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AQij
AQB,’
AQB,
AQ,B,

oo

_(1_0‘) h (1_ rl) A (1_ rz)

(o]

1,1

A1QiBj
AijBk

4(1-a)(1-1)’r? /9

AQB;
AQB,
A1Q|Bj
AQB,
AQ;B; AQ;B;
AQB, "AQB,

16(1-a)r’r, (1-1,)/27

1,1,
1,1

4r12r2 (1_ r )/3'12

r12r2 (1_ I )/3'13

AQkBj A1Q|Bj
AQ;B."AQB

AQB; AQB,
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2.4.5. Method with unknown parental genotypes on QTL

In practice, it is usually that the parental genotypes of QTL and the linkage phase between a
putative QTL and markers can’t be observed directly. For simplicity, but without loss of
generality, QTL genotype of an autotetraploid individual can be presented by QQ,Q,Q,. In the
biallelic model here, QTL on each chromosmome may carry allele Q or g. Since there are four
homologous chromosomes in an autotetraploid individual, there are up to 2* QTL genotypes for
each autotetraploid parent, taking linkage phases into consideration (i.e., Q.(i=1,2,3,4) may be
Q or q). By crosses between two autotetraploid parents, P1 and P2, there will be up to 256 (24>2%)
possible combinations of parental genotypes at QTL. Since QTL genotypes are expected to
segregated in the first generation of population derived by crossing two autotetraploid parents, it
is impossible to be homozygotes at QTL for both parents. Thus four crosses between two
parents should be excluded, detailed as: QQQQxQQQQ, QRQQxgqgq, qgqgxQQQQ and
ggqg xgqqg - Among the remaining 252 possible parental QTL genotype combinations, | use
computer-intensive search method to find the most likely parental genotypes with the maximum
LOD score at location z on the chromosome, by repeating the interval mapping method
developed in Section 2.4.3. The maxium LOD score with predicted parental genotypes will be

chosen as the final LOD score at location z.
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2.4.6. Estimation of parameters of genetic effects

In Section 2.4.3 | have discussed the method to obtain the MLESs of genotypic values of QTL. In
this section, I will discuss how to estimate genetic effects to give some insight into QTL. For the

one locus biallic model, the genotypic value can be expressed as

G, =u+6w;+0,0,, +0,0,; +0,0,;, (j=0,1...,4) (1-2.25)

where x is the population mean, and & (i = 1, ..., 4 ) are accordingly monogenic, digenic,
trigenic and quadrigenic genetic effects of the QTL. o, are the correspding orthogonal scales,

which are determined by the theoretical probability distribution of QTL genotypes given

parental genotypes.

Let fk(k =0,1,...,4) denote frequency of QTL with genotype Q,q, , . A general presentation for

an autotetraploid genotype at QTL can be QQ,Q,Q,, with allele Q, (i =1,...,4) can be Q or q.

Under bivalent pairing, there are six different gametes produced by the autotetraploid parent and

each gamete QQ; (1<i, j<4;i= j)is generated with equal probability of 1/6. By random union
between gametes, there are 36 different zygote with equal probability of 1/36. Then f, can be

calculated by sorting these zygotes according to their genotypes and summing over the

probabilities of zygote with the same genotype.
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Under quadrivalent pairing, there are ten different gametes produced by the autotetraploid parent,

including four double reduction gametes, Q.Q. (13 i< 4), and six non-double reduction gametes,

QQ;(1<i, j<4i= j). The coefficient of double reduction rate at QTL, «;, , can be expressed

in term of a function of the coefficient of double reduction at the flanking marker which is
nearer to centromere, « , and recombination frequency between QTL and the marker as (Luo et

al. 2004):
tgn =| @(3-4r)" +2r(3-2r) | /o (1-2.26)

Thus the probability of each double reducntion gamete equals to «,, /4and the probability of

each non-double reduction gamete equals to (1—aQTL)/6. Assuming random union of these

gametes, the 100 zygotes can be sorted into three different categories according to the number of

double reduction gametes involved and their probabilities are given by

(1—aQTL)2/36 if no double reduction gametes involved

Ogn (1= atgr ) /24 if no double reduction gametes involved

aQTLZ /16 if no double reduction gametes involved

Then f, can be calculated by sorting these zygotes according to their genotypes and summing

over the probabilities of zygote with the same genotype.

Then orthogonal scales ; can be worked out follow the method developed in Section 1.3.1 of

Chapter I-1. The genetic effects can be then calculated by

Page 127 of 267



Part I: Theory and methods for QTL analysis in autotetraploids Chapter I-2
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where G;(k :O,l,...,4) are MLEs of genotypic values of QTL, x is MLE of the population
mean, and @ (i = 1, ..., 4 ) are accordingly MLEs of monogenic, digenic, trigenic and

quadrigenic genetic effects of the QTL.

2.5. Simulation study

A simulation study was implemented to investigate this approach of QTL mapping for
autotetraploid species. The present simulation study considered a linkage group of 14 marker
loci and a QTL located on a simulated chromosome. The simulation programs produced marker
phenotypes and trait value from a full-sib family of individuals generated by crossing two
genetically unrelated parental autotetraploids under tetrasomic inheritance with bivalent pairing
and quadrivalent pairing, respectively. The simulated parental markers and QTL are listed in

Table 1-2.6.
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Table 1-2.6. Simulation parameters of the coefficient of double reduction at and

recombination frequencies between 15 linked marker loci and QTL and parental

genotypes used to simulate the mapping populations

Obivalent dquadrivalent Parental genotype
Locus O quadrivalent r

(cM) (cM) P1 P2
L, 0.050 0.00 0 0 MsM:M;M, MsM3sMsMo
L, 0.100 0.10 11.16 10.73 MsM1M2M M2M3MsM
L3 0.137 0.10 22.31 21.47 M2MsM1Ms M:iM3sM1M;
L4(QTL) 0.152 0.05 27.58 26.64 qqQQ qqQQ
Ls 0.164 0.05 32.85 31.81 MoM2M3M; M1M1M2Mg4
Ls 0.175 0.05 38.12 36.99 MoM1M1Mo M3sMsM3zM;
L, 0.185 0.05 43.39 42.16 M4sMoM1Ms M:iM2M:1M;
Ls 0.201 0.10 54.54 52.90 MoMoM 1M1 MsM1M2M;
Lo 0.207 0.05 59.81 58.07 MoM2oM4M; M1M>M1Mg4
Lo 0.218 0.10 70.97 68.80 MsMsM2Ms M2M2M1Mg4
L 0.222 0.05 76.24 73.98 M1MsM4Ms MsM1MsM
Lo 0.229 0.10 87.39 84.71 M3zMsMsMs MsM>M3Ms3
Lis 0.234 0.10 98.55 95.44 M2M:1M3Ms3 MsMsM1M;
L 0.236 0.05 103.82 100.62 MsM1M4M; M2M3MsM
Lis 0.240 0.10 114.98 111.35 M3MsMsM M1M1M2Mg4

Simulation parameters of the coefficient of double reduction (a for quadrivalent pairing) at and
recombination frequencies (r) between 15 linked marker loci and QTL and parental genotypes at markers
and QTL. M;(i=1,...,5) represent five distinct alleles from two parent and Mo represent the null allele.

Alleles listed in the same column are on the same chromosome.
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For the QTL, the genetic parameters of genetic mean ( ), monogenic (6,), digenic (6,),
trigenic ( 6,) and quadrigenic effects (6,) are assumed to be 500, 100, 60, 30 and 10,
respectively. The mapping population size is 300 (mapping population size usually generated in
practice) and heritability is 0.1 (with a low heritability to test the reliability of this method).

Under the model parameters setting in Table 1-2.6, the genetics model developed in Chapter I-1

can be carried out as fallows.

In the full-sib family created from crossing two parental lines with genotypes QQqq and QQqg.
For bivalent pairing, frequencies of the offspring genotypes qqqg, Qqqg, QQqg, QQQq and
QQQQ are 1/36, 2/9, 1/2, 2/9, and 1/36, respectively. For quadrivalent pairing, frequencies of
the offspring genotypes can be expressed in term of ¢, the coefficient of double reduction at the
QTL, as f,=+2a)?/36 , f,=201-a)1+2)/9 , f,=[3-4a(l-a)]/6
f,=2(1-a)(1+2a)/9 and f, = (L+2a)*/36. With these, the genotypic values Gbivatent = (G4 Gs

G2 G1 Go)" and Gguadrivalent = (G4 G G2 G1 Go)' can be presented in a matrix form of

(1 2 53 2/3 18 |[u
11 Y6 -6 -116/ 4,
Gorarent =SBy =|1 0 -1/3 0 124 || 6, (1-2.28)
1 -1 16 1/6 -116| 6,
11 -2 53 -2/3 1/8 ||6,]
and
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1 2

Gypacrivalens = SEq =|1 0 —(1+2a)/3 0 (1-a)(2a+1) /(12(2+a))
1 -1 (1-4a)/6  (1+2a)/6 —(1+2a)(4a’-4a+3)/(24(2+a))
(5-2¢)/3 -2(1-a)/3 (1-a)(4a’-4a+3)/(12(2+a)) |

1 -2

The genetic values can be calculated from E, = Sy Goivaienr aNd  Eq = Sq Goivatent Where

[1/36 2/9 1/2 2/9 1/36 |
112 1/3 0 -1/3 -1/12

gt-| 2 1 3 1 5
° 24 6 4 6 24
Y2 -1 0 1 -1/2

1 -4 6 -4 1

(5-2a)/3 2(1-a)/3 (1-a)(4a’-4a+3)/(12(2+a)) |
1 1 (1-4a)/6 —(1+2a)/6 —(1+2a)(4a’-4a+3)/(24(2+a))

and
| (1+20)' /36 2(1+20)(1-a)/9 (4a° ~4a+3)[6 2(L1+2a)(1-a)/9 (1+2a) /36 |
(1+2a)/12 (1-«)/3 0 (a-1)/3 ~(1+2a)/12
gi_|(1+22)(5-20) (a-1)(4a-1) (4o’ -4a+3) (a-1)(4a-1) (L+2a)(5-2a)
’ 12(2+a) 3(2+a) 2(2+a) 3(2+a) 12(2+a)
1/2 -1 0 1 -1/2
1 4 6 4 1

for bivalent pairing and quadrivalent pairing, respectively.
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Then the trait values for offspring individuals were carried out as genotypic values plus an

environmental effect sampled from a normal distribution of N (0,02) . The value of the residual

variance o° was calculated by o® =2 /h? —cZ, where h? is the desired heritability and &2 is

the genetic variance. Based on the simulated parameters setting in Table 1-2.6, we obtained a
profile of LOD scores along the chromosome for two pairing pattern. Figure 1-2.4 shows such a
profile with population size of 300 and a heritability of 10%. The higher LOD score indicates
the more likely QTL existing on the position along the scanned chromosome. The solid lines and
dotted lines represent the profile of LOD scores estimated under bivalent and quadrivalent
pairing, respectively. The blue lines indicate that statistical estimation is carried out without
know of parental QTL genotypes and the red lines are obtained by re-estimating with the most
likely parental QTL genotypes. We took the maximum of LOD scores as the most likely
location of the QTL. When LOD scores were estimated with all possible parental QTL
genotypes, we can see from Figure 1-2.4 that there are other peaks (except the peak indicating
the existing of true QTL) along the curves of LOD scores (indicated by red lines). However, it
can be seen that the existence of the ghost QTL could be removed after the profile of LOD

scores were re-estimated with the most likely parental QTL genotypes (indicated by bule lines).

To detect a QTL, we need first to set a threshold for LOD scores, above which we declare the
presence of a QTL. Simulations were run with a similar pattern to simulation setting in Table I-
2.6, but the phenotypic values of the trait were randomly shuffled among the offspring
individuals. In this way, we can see how the LOD scores distribute under the null hypothesis of
no QTL existing on the chromosome. We would declare that a QTL exist on the scanned

location significantly (e.g. significance level is 0.05) when the corresponding observed LOD
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Figure 1-2.4. Profile of LOD scores along the chromosome.
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The red curve is the profile of LOD scores estimated with unknown parental QTL genotypes and the blue
curve is the profile of LOD scores re-estimated with the most likely parental QTL genotypes. The solid
lines represent quadrivalent pairing and the dotted lines represent bivalent pairing. The purple straight

line indicates the position of QTL. Population size is 300 and heritability is 0.1.

scores exceeds the 95% point of the LOD score distribution under the null hypothesis. Under
the simulation model in Table 1-2.6, the threshold for LOD scores to declare a QTL is 3.79 (SE

0.15) and 3.50 (SE 0.16) under bivalent pairing and quadrivalent pairing based on 100 replicates.
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Table 1-2.7 summarizes the estimates of genotypic values and residual vriance under both
bivalent pairing and quadrivalent pairing with the parameters setting in Table 1-2.6. For each
study, the mean and standard errors and presented over 100 replicates. For a heritability, all the
data set with or without known of parental QTL genotypes had LOD scores greater than the
threshold of 3.79 under bivalent pairing and 3.50 under quadrivalent pairing. Thus the power of
QTL detection was 1.00 in current simulation studies under both bivalent pairing model and
quadrivalent pairing model. The row labelled Qgenotype IS the proportion of correct prediction of
the parental QTL genotypes. We can see that the parental QTL genotypes and and linkage
phases have been correctly predicted in nearly half of these simulations under bivalent and
quadrivalent pairing. The proportion was a little bit higher in the bivalent pairing model than
that in quadrivalent pairing model. To investigate the mapping accuracy, | calculated the mean
distance between the estimated most likely QTL location and the true QTL location in the row
labled “Accuracy (CM)” in Table 1-2.7. From the result, we can see both bivalent and
quadrivalent methods predicted QTL location adequately with or without knowing parental QTL
genotypes. Comparing with analysis with known parental QTL genotypes, the mapping
accuracy and parameters estimation that without known of parental QTL genotypes are
comparatively poorer but still in an acceptable range (i.e. average estimated location is within 5
cM away from the true QTL location). In addition, the proportions of the simulations indicating
a QTL within 10 cM away from the true QTL location are also shown in Table 1-2.7. From these
simulation studies, around 80% of predicted QTL positions were located within 10 cM away
from the true QTL position with a small population size of 300 and a low heritability of 10%.
This proportion in analysis with unknown parental QTL genotypes did not significantly

decreased compared with analysis with known parental QTL genotypes. Again, this
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Table 1-2.7. Results of simulation studies for QTL mapping in autotetraploids

Bivalent pairing Quadrivalent pairing

Parameters True value Known parental Unknown parental True value Known parental Unknown parental
QTL genotypes QTL genotypes QTL genotypes QTL genotypes
G1 381.25 374.33 (7.96) 525.88 (22.14) 377.78 382.80 (8.70) 485.24 (23.68)
G2 414.38 423.32 (3.75) 491.82 (11.36) 409.82 417.32 (3.82) 466.82 (11.52)
Gs 480.42 480.73 (2.18) 480.73 (2.89) 474.49 475.85 (2.31) 484.60 (4.54)
G4 604.38 600.16 (3.45) 529.88 (8.93) 596.78 590.77 (3.82) 537.86 (8.84)
Gs 821.25 797.80 (13.19) 646.90 (23.58) 811.71 782.01 (8.00) 656.94 (24.04)
o 259.81 259.27 (1.14) 258.89 (1.13) 297.89 296.72 (1.23) 295.76 (1.25)
Detection : 1.00 1.00 : 1.00 1.00
power
Qgenotype - - 0.48 - - 0.42
A"(‘é‘f\;‘;‘cy i 1.21 (0.94) 3.89 (1.50) i 2.11(1.46) 4.48 (1.83)
Proportion in 0.82 0.80 : 0.79 0.75

(10 cM)

The heritability is 10% for simulation. Sample size of each mapping population is 300. G; (i=l1,...,5) represents genotypic value for QTL with

genotype Qq-1yde-)- o IS the normal residual variant. The simulation replicates is 100.
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proportion was found slightly higher in bivalent pairing model than that in quadrivalent pairing

model.

From Table 1-2.7, we can see that QTL mapping performance was comparatively better in
bivalent pairing model than that in quadrivalent pairing model. However, in practice
autotetraploids undergo tetrasomic inheritance in which homologous chromosomes segregate
either in bivalent, quadrivalent pairing or a mixture of the two during meiosis, which means
neither bivalent pairing method nor quadrivalent pairing method probably may not perform well
in fitting experimental data. To investigate the robustness of different models, namely bivalent
pairing model and quadrivalent pairing model, for fitting data generated under different pairing
patterns, | simulated data with both bivalent and quadrivalent pairing and each was analysed
using both bivalent method and quadrivalent method with known of parental QTL genotypes.
For bivalent pairing data, the coefficient of double reduction was assumed to be zero on all the
marker loci when using quadrivalent method. For quadrivalent pairing data, bivalent method
was applied after screening data that were compatible with bivalent pairing, which would reduce
sample size to about one half in current data sets as shown in Table 1-2.8. Table 1-2.8
summarizes the estimates of genotypic values, residual variance, mapping accuracy. From the
result we can see that performance of quadrivalent method was still good when analysing
bivalent data, with estimation result similar to that analysed with bivalent method. On the
contrary, bivalent method did poorly in modelling quadrivalent data. First, bivalent method has
to discard individuals uncompatible with bivalent pairing due to the occurrence of double
reduction under quadrivalent pairing. And then QTL detection power and mapping accuracy

were significantly decreased in quadrivalent datasets using bivalent pairing method.
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Table 1-2.8. Comparison of two pairing pattern methods with two different datasets

Bivalent method Quadrivalent method
True value Estimates Estimates
G1 381.25 374.33 (7.96) 377.32 (7.37)
G2 414.38 423.32 (3.75) 425.19 (3.80)
Gs 480.42 480.73 (2.18) 480.72 (2.12)
G4 604.38 600.16 (3.45) 596.72 (3.36)
Bivalent
data Gs 821.25 797.80 (13.19) 789.73 (12.17)
o 259.81 259.27 (1.14) 259.78 (1.12)
Detection power 1.00 1.00
Accuracy (cM) 1.21 (0.94) 1.80 (0.97)
Proportion in (10 cM) 0.82 0.79
G1 377.78 356.14 (18.28) 382.80 (8.70)
G2 409.82 414.11 (6.99) 417.32 (3.82)
Gs 474.49 484.11 (4.56) 475.85 (2.31)
G4 596.78 606.36 (8.23) 590.77 (3.82)
_ Gs 811.71 761.31 (24.18) 782.01 (8.00)
Quadrivalent
data o 297.89 289.85 (1.94) 296.72 (1.23)
Proportioréoc/)og discarded 56.99 (0.26) i
Detection power 0.91 1.00
Accuracy (cM) 10.44 (2.61) 2.11(1.46)
Proportion in (10 cM) 0.45 0.79

The heritability is 10% for simulation. Sample size of each mapping population is 300. G; (i=I,...,5)
represents genotypic value for QTL with genotype Qg-10e-i). o IS the normal residual variant. The
simulation replicates is 100. The row labled with proportion of discarded shows the mean and s.e. of

proportion of data has been discarded when ‘bivalent method” was used to analyse ‘quadrivalent data’.
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To further investigate the reliability of this method in practical implementation, | simulated twelve
linkage groups (i.e. for the twelve sets of chromosomes) of marker loci and two QTLs in an
autotetraploid potato genome. The simulation programs produced marker phenotypes and trait
value from a full-sib family of individuals generated by crossing two genetically unrelated
parental autotetraploids under tetrasomic inheritance with quadrivalent pairing. The simulated

parental markers in the twelve linkage groups and two QTLs (i.e. located on Chromosome 1 and

3) are listed in Table 1-2.9.

Table 1-2.9. Simulation parameters of the coefficient of double reduction at and
recombination frequencies between the linked marker loci within the twelve linkage

groups and two QTLs and parental genotypes used to simulate the whole autotetraploid

potato genome for the mapping populations

Chapter I-2

Chromosome 1

Oquadrivatent Parental genotype
Locus O quadrivalent r
(cM) P P

L; 0.050 0.00 0 MsM:M2M; MsM3MsMo
L> 0.100 0.10 10.73 MsM:M>M; M2M3MsM
Ls 0.137 0.10 21.47 M2M3M1Ms M1MsM1M;
L4(QTL) 0.152 0.05 26.64 qqQQ qqQQ
Ls 0.164 0.05 31.81 MoM2M3M; M1M1M2Mg4
Le 0.175 0.05 36.99 M:M:M1Mg MsMsMsM
L, 0.185 0.05 42.16 MsMoM1Ms MiM2M1M;
Ls 0.201 0.10 52.90 M>MoM1 M1 MsM1M2M;
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Lo 0.207 0.05 58.07 M2M2MaM; M1M2M1Mg4
Lo 0.218 0.10 68.80 MsMsM2Ms M2M>M1Mg4
L 0.222 0.05 73.98 M1MsMsMs MsM1MsM
Li2 0.229 0.10 84.71 M3MsMsMs MsM2M3M3
Lis 0.234 0.10 95.44 M2M:M3M3 MsMsM1M;
L4 0.236 0.05 100.62 MsM1MsM, M2M3MsM
Lis 0.240 0.10 111.35 M3MsMsM; M1M1M2Mg4
Chromosome 2
L, 0.010 0.00 0.00 MsM1M2M3 MoMsM2M;
L, 0.041 0.05 5.17 MsM2MoM; M1iM2M3zM4
L3 0.093 0.10 15.91 MoMoM1 M3 MsMsM1M
L4 0.132 0.10 26.64 M2MsM:1M; M:M2MsM4
Ls 0.147 0.05 31.81 MsMsM3M1 M2M2MsMe
Le 0.160 0.05 36.99 M1MiM2Ms MoM1M4M4
L, 0.183 0.10 47.72 MsM1M1 M3 MoM;M3My
Ls 0.200 0.10 58.45 M:M2M2M3 M2MsMsMs
Lo 0.212 0.10 69.19 M1MoMsM3 M3zM3zMoM;
L1 0.217 0.05 74.36 MsM1M1 M, M3zMsMsM4
Lu 0.225 0.10 85.09 M2M2MasM3 M1M1M2Mg4
Chromosome 3
L; 0.020 0.00 0.00 M1M:M>M3 M2M3MsM4
L, 0.050 0.05 5.17 M>MoM1 M3 MiM1M2oM4
L3 0.100 0.10 1591 MoMsM1M; M1MsM2M3
L4 0.137 0.10 26.64 M1MsM2M; MsMsM:1 M
Ls 0.152 0.05 31.81 MoMsM3M3 M:M:M;M3
Ls 0.176 0.10 42.55 M1MoMsM4 M3zM3zMoM,4
L, 0.194 0.10 53.28 M1MsM1M, M2MsMsM
Ls 0.202 0.05 58.45 MoM2M3zM, M1M1M2Ms
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Lo 0.208 0.05 63.63 M1M:M:1M3 M2M3MsMy
Lo 0.218 0.10 74.36 MsMsM2M; MsMsMsM
L 0.226 0.10 85.09 M1M>MsMs M2M3MsMg4
Li2 0.232 0.10 95.83 M2M3MsMy MsM1M2M:
L13(QTL) 0.234 0.05 101.00 qqQQ qgqQQ
L4 0.236 0.05 106.17 M1MsM:1M, M2MsMsM
Lis 0.240 0.10 116.91 MoMoM3zM, M1M:1M2Ms
Lis 0.242 0.10 127.64 M1M:M1M3 M2M3MsMy
L7 0.243 0.05 132.81 MzMsM2M1 M3sMsMsM1
Lis 0.245 0.10 143.55 M:M2MsMe MoMsM4M4
Lo 0.246 0.05 148.72 M2MsMsM,4 MsM1M2M;
Chromosome 4
L, 0.040 0.00 0.00 M:iM1M2Ms M2MsMsM;
L> 0.067 0.05 5.17 MoMsM1M; MsM2M2M4
L3 0.113 0.10 15.91 MoMsMsMs MiMoM3M3
L4 0.147 0.10 26.64 M:MsM:1M; M:MsM: M4
Ls 0.160 0.05 31.81 MsM2>M3sMg M1M2M4Mg4
Ls 0.172 0.05 36.99 M3zMoM,M; M2MsMsM4
L, 0.191 0.10 47.72 M1M2MsMs M1M3MsMg4
Ls 0.206 0.10 58.45 M1M:M>M3 M2M2MsMg4
Lo 0.217 0.10 69.19 M>M3MsMs M:M:MoM,4
Lo 0.221 0.05 74.36 M1M1MsM4 M2>M3M3Mag.05
Chromosome 5

L, 0.050 0.00 0.00 M1MiM;>M3 M2M3M2Mg4
L, 0.076 0.05 5.17 MoMsM1 M, M>M3zMsMs
Ls 0.119 0.10 15.91 M1MiM1M, M3zM2MoM,4
L4 0.152 0.10 26.64 M1MoM2>M3 M2MsMsM3
Ls 0.176 0.10 37.37 M1MsM1M, M2M3M3sMg4
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Le 0.186 0.05 42.55 M1M2M1Ms MoMsM2Mg4
L, 0.194 0.05 47.72 MoM3M3zM; M1MsM2Ms
Ls 0.208 0.10 58.45 MsMoM2M; M1M2MsMg4
Lo 0.213 0.05 63.63 MsMsM1M; M2M3M3Ms
Lio 0.222 0.10 74.36 M1M:M3M3 M2MsMsMy
L 0.226 0.05 79.36 MoM:1M2>Ms M1M3MsMg4
L1 0.232 0.10 90.27 M1MoM1M; M1M1MsMg4
Chromosome 6
L, 0.030 0.00 0.00 M:M2M:1M3 MoM1M3zM4
L> 0.085 0.10 10.73 M1MoM3Ms MoMsM1M4
L3 0.126 0.10 21.47 M1MiM3M, MoM2M4Ms
L4 0.142 0.05 26.64 M2MsMsM; MiM2M1M3
Ls 0.169 0.10 37.37 M:1MsM:M; M2MsM3M,
Le 0.189 0.10 48.10 M1MoM2Ms M1iMsM4M4
L, 0.204 0.10 58.84 M1iMoM1M, M3sMsM1M;
Ls 0.210 0.05 64.01 M:iM1M2Ms MsMsMsM
Lo 0.220 0.10 74.74 M1MsM;sM; M3zMsM2M;
Lo 0.227 0.10 85.48 M1M1M:Mg M3zMsMsMs
Chromosome 7
L; 0.000 0.00 0.00 M3MsM4sMs MoM:1M:M;
L> 0.032 0.05 5.17 M:M3sM3zMs M1MsMsM;
Ls 0.086 0.10 15.91 M1MoM3M4 M2M2MsM;
L4 0.108 0.05 21.08 MsMsM2M; M1M1MsMs
Ls 0.126 0.05 26.26 MoMsMsM3 MsM1M:1Ms
Le 0.157 0.10 36.99 M1MiM;Ms M3zMsMsMs
L, 0.180 0.10 47.72 M1MsMsMs M2M2M1M3
Ls 0.189 0.05 52.90 M1M>MzM3 M2M2MsMs
Lo 0.204 0.10 63.63 MoM:iM1M3 M2MsM2M3
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Lo 0.216 0.10 74.36 M2M2M3zMy MoM1MsMg4
L 0.220 0.05 79.54 M1M:1M3zMs M2MsM2Ms
L1 0.224 0.05 84.71 M1MsMsMs M2M>MsMs
Lis 0.227 0.05 89.88 M2M3MsMy M:M2M:1Ms
L4 0.233 0.10 100.62 M1MsM3M: MsM:1M1M,
Lis 0.237 0.10 111.35 MoMsM4sM, M1M3M:Ms
Chromosome 8
L, 0.010 0.00 0.00 M3M:M3M; MsMsM1M,
L> 0.041 0.05 5.17 M:1M1MoMs MoMsM4Ms
Ls 0.068 0.05 10.35 M2MsM:M, M2MsMsM;
L4 0.091 0.05 15.52 MoM1M2M, MoM;sMsM4
Ls 0.131 0.10 26.26 MoMsMsM, M1M3M3Mo
Le 0.160 0.10 36.99 M2MsMsM1 MsMoM:1M;
L, 0.172 0.05 42.16 MsM3M4Ms MoM1M1Ms
Lg 0.182 0.05 47.34 MoM1M3zM; MiMsMsM3
Lo 0.199 0.10 58.07 M2M2M3sMs MsMoM1Ms
Lo 0.206 0.05 63.24 M3sMsMsMs MiM2M2oMs
L 0.211 0.05 68.42 MsMoM:1 M, M3zM3zMsM;
Chromosome 9
L; 0.020 0.00 0.00 M1M:iM>M3 MsMsM2M1
L> 0.077 0.10 10.73 M3MsMsM3 M1M1M2M3
Ls 0.100 0.05 15.91 M1M3M1Ms MsMsM2oM;
L4 0.137 0.10 26.64 MoMsMsM; M1M3sM4M,4
Ls 0.165 0.10 37.37 MsM2M3zM, M1M2M:1Mo
Le 0.186 0.10 48.10 MsMsMsM, M3zM2MsM;
L, 0.194 0.05 53.28 M1iM1MsM4 M:M>M;Ms
Ls 0.208 0.10 64.10 MsM2M1M, MsMsM:1M3

Chromosome 10
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L, 0.050 0.00 0.00 M2M3sMzMs M1Mi1M4M;
L2 0.076 0.05 5.17 M1MoM;sMy M2M2MsMy
Ls 0.098 0.05 10.35 M3sM1M3M; MzM:MsM;
L4 0.136 0.10 21.08 M1M:1MsMs M2M3M2M
Ls 0.151 0.05 26.26 MoMsM:1M; M3MsM:1 M
Le 0.163 0.05 31.43 M1M1M3zM, M2MsM:1M;
L, 0.185 0.10 42.16 MsMsM1M, M2M>MsM
Ls 0.201 0.10 52.90 MsMsMsM; M3MsM:1 M.
Lo 0.207 0.05 58.07 M:iM2M2M,4 MzMsM1Ms
Lo 0.213 0.05 63.24 M1MsM1M, MsM2MoM1
Lu 0.218 0.05 68.42 MoMsM2>M; MsMsM1Mg
L1 0.226 0.10 79.15 M:1M1M3zMs M2M2M1M,
Chromosome 11
L, 0.010 0.00 0.00 M1iMoM1Ms M3sMsM2M;
L, 0.041 0.05 5.17 MoM2M2M; M3sMsMsM
L3 0.093 0.10 15.91 M:1M1M2Ms M3sMsM4M;
L4 0.132 0.10 26.64 M:M:M1M3 MsMsMsMs
Ls 0.161 0.10 37.37 M3M3M;Ms MoMsM1M1
Le 0.173 0.05 42.55 MsMsM2M; MiMoM1M3
L, 0.192 0.10 53.28 MsMsM1M; MoM:1MsM;
Ls 0.206 0.10 64.01 M1M3sM1 M4 MsM2MoM1
Lo 0.217 0.10 74.74 MsM2>M1Mg M3zMsMsM;
Lo 0.225 0.10 85.48 M1M2MsMy MsM3zMsMo
Chromosome 12
L, 0.020 0.00 0.00 MoM1M3zM, MsM3MsMo
L. 0.050 0.05 5.17 MsMoMsM; MiM2MsMs
L3 0.075 0.05 10.35 M1M:M>Ms MsMsMsM1
L4 0.098 0.05 15.52 MsMsMzM; M1M:1MsMo
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Ls 0.136 0.10 26.26 MoMsM1M; M3sMsM1M
Le 0.164 0.10 36.99 M1MiMsM, MsM>M2M
L, 0.175 0.05 42.16 MsM1M1M3 M2MsM2M
Ls 0.185 0.05 47.34 MsMoM:1M: M3MsMsM;
Lo 0.193 0.05 52.51 MsM3sMsM; MoM2M:Ms
Lo 0.207 0.10 63.24 M1M>M2Ms MsM3MsM
L 0.213 0.05 68.42 M1MoMsM, MsMsMsM
Li2 0.218 0.05 73.59 MsM:M1M; MsM3sM3M;
L3 0.222 0.05 78.77 M:iM2M2M,4 MsMsM3M,
Lis 0.229 0.10 89.50 MoM:M:1M3 MsM4sMoMs

Simulation parameters of the coefficient of double reduction (« for quadrivalent pairing) at and
recombination frequencies (r) between 15 linked marker loci and QTL and parental genotypes at markers
and QTL. M;(i=1,...,5) represent five distinct alleles from two parent and Mo represent the null allele.

Alleles listed in the same column are on the same chromosome.

For each QTL, the genetic parameters of genetic mean (), monogenic (6,), digenic (6,),
trigenic (6,) and quadrigenic effects (6,) are assumed to be 500, 100, 60, 30 and 10,

respectively. Interaction effects between genetic effects of two QTLs are all assumed to be 1.
These two QTLs are locating on two different chromosomes, thus we can assume they are in
linkage equilibrium in the mapping population. The mapping population size is 300 and
heritability of the two QTLs is 0.2. Based on the simulated parameters setting in Table 1-2.9, |
obtained a profile of LOD scores along the twelve chromosomes as shown in Figure 1-2.5. Two
QTLs were detected on Chromosome 1 and Chromosome 3, whose LOD scores exceeded the
threshold of 5.78. It can be seen from Figure 1-2.5 that the locations of QTLs were adequately
predicted around the true QTL locations (26.64 cM at Chromosome 1 and 101.00 cM at
Chromosome 3).
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Figure 1-2.5. Profile of LOD scores along the twelve chromosomes in the autotetraploid potato genome.

LOD score LOD score LOD score

LOD score

The true QTL are located on Chromosome 1 (26.64 cM) and Chromosome 3 (101.00 cM). Population size is 300 and heritability is 0.2.

Genetic Distance (cM)

Genetic Distance (cM)
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2.6. Discussion

In this chapter of Part I, | proposed a theoretical model for interval mapping of QTL in a full-sib
family of autotetraploids, which properly taking account for tetrasomic inheritance, including
the key feature of double reduction and multiplex allele segregation. This method allows
modelling and analysing data generated under bivalent paring or quadrivalent pairing of
homologous chromosomes during meiosis in an autotetraploid individual. In addition, this
method was designed to be generally applied to all kinds of marker genotyping data without any
further modification. However, the current method has not taken the information of allele
dosage into consideration, which could be obtained from genotyping technology by next
generation gene sequencing. The adequacy of the method in estimating the model parameters
and in mapping QTL was demonstrated by extensive simulation studies under both bivalent

pairing and quadrivalent pairing models.

| analysed extensive simulated datasets to show that the method of interval mapping in
autotetraploids gives adequate estimates of model parameters and mapping accuracy under
bivalent meiosis or quadrivalent meiosis. With a small population size of 300 and a low level of
heritability of 0.1, both bivalent method and quadrivalent method were powerful to detect QTL
with 100 percent over the 100 replicated simulations. As expected, the bivalent method had
better performance in mapping accuracy in fitting the data generated under a bivalent pairing
model compared with that of the quadrivalent method which introduces an additional parameter
as the coefficient of double reduction. However, the quadrivalent method showed stronger

robustness in fitting data generated under different pairing models. On the one hand, the
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bivalent method would collapse in fitting data generated under quadrivalent pairing model.
From the simulation studies, we can see more one half of data generated under quadrivalent
pairng did not fit bivalent pairing pattern and we have no alternative but to discarded them. This
strategy would definitely cause loss of statistical power and loss of accuracy in parameter
estimation. On the other hand, the quadrivalent method analysed data generated under bivalent
pairing model with acceptable result both in statistical power and estimation accuracy. In the
quadrivalent pairing model, the allele segregation distribution would be very close to that in the
bivalent pairing model when the coefficients of double reduction on all the markers equal to
zero. This explains why quadrivalent pairing model can still work well in fitting bivalent pairing
data. From this aspect, this investigation indicates that quadrivalent method would outperform
the bivalent method in modelling and analysing experimental data collected for QTL analysis in
autotetraploids. In practice, it seems to be always the case that most autotetraploid species would
undergo a mixture of bivalent pairing and quadrivalent pairing of homologous chromosomes
during meiosis. Thus the bivalent method would be not applicable in the real data analysis,
which would probably cause large bias in the parameters estimation, while the performance of
quadrivalent method could be still satisfied. The quadrivalent method developed here modelled
quadrivalent pairing of homologous chromosomes during meiosis and introduced the parameter
of the coefficient of double reduction in the QTL mapping of autotetraploid species for the first

time, acheiveing a step forward for QTL analysis in real dataset from autotetraploids.

In the current simulation study, it is assumed that marker order and recombination frequencies
between them were known without error, which may not be the situation for experimental data.
However, the reconstruction methods based on autotetrasomic model can be used to construct

genetic map with high consistency with the true marker genotype and order (Luo et al 2000,
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2004, 2006; Leach et al 2010), which have provided a good basis for QTL analysis with
experimental data. In addition, | integrated the Hidden Markov chain statistical method proposed
by Leach et al (2010) to calculate the conditional probability distribution of QTL genotypes
using all the genetic markers on the chromosome but not just two flanking markers, which
would improve the informativeness in fitting a QTL. In practice, parental QTL genotypes and
linkage phase between QTL and marker are usually unknown. We used a computer-intensive
search method to find the most likely parental QTL genotypes among 252 possible parental
genotypes and phases, which adequately in detecting and locating a QTL on the chrosome under
bivalent pairing and quadrivalent pairing in autotetraploid species. Moreover, the statistical
methodology described here for QTL mapping in autotetraploids can be fully extendible to any
other experimental design and any types of genetic markers. The theoretical method developed
in this thesis, which first taking quadrivalent pairing into consideration, would provide analytical
tools to recent lauched genome projects in autotetraploids, such as cultivated potato and farmed
salmon, and improve breeding efficiency for economically important autotetraploid species in

both agriculture and aquaculture.

From the simulation study of whole potato genome analysis, we can see that QTLs can be well
detected by using this method when no or small amount of interactions existing between QTLSs.
However, if there are large amount of interactions between QTLs or QTLs are closely linked on
the same chromosome, statistical inference of QTLs would be seriously biased. Thus

simultaneously estimation of multiple QTLs would be appreciated by further efforts.
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Chapter I1-1: Statistical inference of crossover interference in both

diploids and autotetraploids

1.1. Overview

The world is currently facing what is arguably its most serious challenge yet, to meet the
demand for a sustainable food supply for its rapidly expanding population. A crucial goal to
address this crisis is to develop tools for breeding of both diploid and polyploidy crops that are
designed to fully realize selection response through the release of genetic variation that is
currently “locked up” in crop plant genomes. This “release” of genetic variation occurs during
the process of recombination between paired homologous chromosomes during meiosis. Pairing
and recombination is essential for ensuring balanced chromosome segregation and enables
generation of new combinations of chromosomes segments or alleles at different genetic loci,
boosting genome variability. The genetic variation so created forms the most important basis
both for natural selection that drives the evolution of species and also artificial selection that
enables target alleles to be integrated into an elite line or strain in genetic breeding programs of

domesticated animals or agricultural crops.

Over the past decade it has emerged that chromosome pairing and synapsis, followed by
recombination, as the key events in meiosis, are subject to highly stringent and complex control.
It has been well established that a series of genes or proteins are involved in the process of
synapsis and in the subsequent promotion or limitation of meiotic DNA double-strand breaks

and crossovers (COs), thus influencing the frequency of meiotic recombination (Osman et al
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2011). It has been established since the era of Thomas Morgan that recombination occurring at
one chromosome site is not independent of the other recombination at nearby sites, which
describes the well-known phenomenon of recombination interference (Sturtevant 1915, Muller
1916). In almost all organisms, CO interference is likely to play an important role in
determining the frequency and patterns of recombination along chromosomes (Drouaud et al
2007). For example, extensive variation in recombination frequency between maize populations
has been linked to variation in the strength of interference (Bauer et al 2013). However,
remarkably little is known about the mechanisms of interference or about factors that affects its

strength.

In diploid meiosis, crossing over, the cytological organization of homologous chromosomes
prior to recombination, takes place along the bundle of four chromatids and therefore
recombination interference (RI) may be attributed to two types of interference: First, chromatid
interference, where different pair of non-sister chromatids are not equally likely to be involved
in the formation of crossovers; second, chiasmata interference, where the occurrence of one
crossover event at a given position along the chromosomal bundle affects the chances of an
additional crossover occurring in a nearby region (Stam 1979). There is sparse evidence of
chromatid interference in the literature and it can only be detected if all four products of a single
meiosis can be recovered, such as in the fungi Saccharomyces cerevisiae, Neurospora crassa
and Asperqillus nidulans (Lindegren 1942; Strickland 1958; Hawthorne 1960) or in specific
mutants of Arabidopsis (Copenhaver 1998). Most work on RI has there focused on chiasma

interference. Rl can be measured in terms of the coefficient of coincidence in the form of

C=r,/[(ry+1,)(ry +1,)] , which is the ratio of the observed frequency of simultaneous

recombination in two disjoint chromosomal regions over the expected frequency of
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recombination in these regions under independence of recombination between the two regions
(Sturtevant 1915; Muller 1916). Key for calculating the interference parameter is to estimate the
frequency of double recombination, which is usually infeasible, if not impossible, in practice.
Thus, this kind of RI analysis has been limited to those species such as yeast where gamete
genotyping is practically feasible (Malkova et al 2004), or to species where sperm or pollen

typing is possible.

Statistically, the prediction of Rl from zygotic genotype data requires modelling the
mathematical relationship between the rate of crossover and frequency of recombination and
hence the probabilistic distribution of crossover events along the chromatid bundle. Many
different models have been proposed to model the crossover distribution in diploid species,
including the count-location model proposed by Karlin and Liberman (1979), and the Poisson
model proposed by Cox and Isham (1980), in which crossovers occur as a stationary Poisson
point process. A hard core model proposed by Stoyan et al (1987) formulates crossover events
as a stationary renewal process with renewal intervals distributed as a constant scaled
exponential. By assuming the absence of chromatid interference, McPeek et al (1995) proposed
a gamma model by generalizing the Poisson point process of crossovers to be a renewal process
taking general gamma distributed intervals. In this the coincidence parameter was estimated
together with other model parameters through a maximum likelihood method, which
outperformed other rival methods in the fitting of multi-locus genotype data. To make the
gamma model mathematically more tractable, Zhao et al (1995) proposed a Chi-square model in

the form of C (C,)™, which can be interpreted the model as the occurrence of a crossover event
(C,) followed by a number m of non-crossover events (C,). Parameter, m therefore measures

the intensity of crossover interference, with larger value indicating stronger interference. The
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Chi-square model has an inherent property of mathematical tractability while retaining a strong
biological basis (Foss et al. 1993). The stochastic process of crossovers along paired
chromosomes may be considered as a renewal process whereby the distance between adjacent
crossover events are independently drawn from a probability distribution, originally proposed by
Mather (1936a, 1937) and further elaborated extensively in Owen (1950) and Carter and

Robertson (1952).

Based on the Chi-square model, | developed here a novel statistical method for recombination
interference analysis with autotetraploid species. The method properly accounts for the essential
features of segregation and recombination under tetrasomic inheritance. We tested reliability of
the method and explored its statistical properties through an intensive computer simulation study.
In addition, we demonstrated utility of the method by implementing it to model and analysed
phenotype datasets of three linked fluorescent marker loci scored from a large segregating

population of diploid and autotetraploid budding yeast S. cerevisiae.

1.2. Methods of inferring crossover interference for zygote in

diploids

1.2.1. The Chi-square model

The Chi-square model for crossovers has been historically of interest (Mather 1936, 1937; Owen

1950; Carter and Robertson 1952) extensively. The Chi-square model can be represented in a
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form of C,(C,)" (Zhao 1995a), explained as that occurrence of crossover events (C ) along the
paired chromosomes were separated by m consecutive non-crossover events (C ), where m
measured the intensity of crossover interference. Both C,_andC, are termed as C events and are
randomly distributed on the four-strand bundle of paired chromosomes in a diploid meiosis and
the number of C events in any given chromosomal interval is assumed to follow a Poisson
distribution. Secondly, the chi-square model assumes absence of chromatid interference, i.e.
crossover may occur between any pair of non-sister chromatids with an equal chance. It is
referred as “chi-square” model because the probability distribution of interexchange distances is

a chi-square distribution with an even number of degrees of freedom (Lange et al. 1997).

The Chi-square model, which was originally developed for diploid species, has two key features.
First, it models the distribution of crossover and non-crossover event along paired chromosomal
bundles without any limitation on the number of homologous chromosomes involved. Second,
RI is modelled in terms of the distance between two consecutive crossover events. These basic
features are not inherently specific to diploid genomes where the bundle involves four
homologous chromosomes. Thus, the model can in principle be extended to autotetraploid
species where the bundle may involve eight chromosomes. However, such an extension is not
trivial autotetraploids may undergo tetrasomic inheritance and thus shows a much more
complicated pattern of gene segregation and recombination when compared to disomic
inheritance in diploids. Firstly, in autopolyploids, multivalent pairing of homologous
chromosomes during meiosis may result in the well-known phenomenon of double reduction, in
which sister chromatids enter into the same gamete (Mather 1936b), resulting in systematic

allelic segregation distortion in comparison to disomic gene segregation and recombination.
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Secondly, multiple alleles at individual loci of polyploids cause a substantially wider spectrum

of genotypic segregation (Luo et al 2004).

1.2.2. Assumption and notations

We consider three marker loci, A, B and C, along the chromosome of a diploid species. Three

parameters are needed to specify the three-locus model, m indicating the number of non-
crossovers (C,) between two crossovers (C,), and d, and d, being genetic distances of the first

and second marker interval respectively. The genetic distances are defined as the expected
number of crossovers occurring on a single chromatid within the given interval. In the Chi-
square model aforementioned, C events (including both Cx and C,) are assumed to be randomly
distributed on the four-strand bundle, and the number of C events in any given chromosomal

interval follows a Poisson distribution with a mean of y. Thus, the probability of s C events is
equal to e’y*/s!. In absence of chromatid interference, each strand made up of the four-strand
bundle has a chance of % to be involved in every crossover. Let p=m+1 be the length of a
complete set of C events, C (C,)". Each strand will be involved in an expected number of
s/(2p) crossovers among s C events. According to the definition of genetic distance here, the
average number of C events (y, or y,) occurring within any given interval can be expressed in
terms of genetic distance of the interval (d, or d,), for example y, =2pd, (ory, =2pd,). For

three marker loci, there are up to four different recombination configurations for each chromatid.

We denoted one of the recombination configurations by a vector X =(i,j) and the
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corresponding probability of X =(i, j) by xij, where i (or j) takes a value of 0 standing for non-

recombination or 1 for recombination that occurs in the first (or second) marker interval.

1.2.3. Prediction of probability distribution of crossovers occurring

within marker intervals

In the following discussion, | suppose that markers are laid out from left to right, and the C

events occur also from left to right. The chi-square model assumes that the C events resolve in

sequence as ---C C,C,---C,C,C,--- and that the process is stationary, so the first C event
occurring in the first marker interval could be any one of the m+1 elements in C_(C,)", each of

which occurs with an equal probability of 1/p.

In each marker interval, the occurrence of k (k>1) crossovers (C,) between two flanking
markers might be the result of p® possible situations, depending on the number of C, ’s
between the first crossover C; and the left marker of the interval, L, and the number of C;’s
between the last crossover C¥ and the right marker of the interval, R, as illustrated in Figure 1.

These p? possible C events can be expressed as a px p matrix as follows:
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(Co)"Ci(C)"Cl (Co)"CH(C)"CiCy (C)"Ci(C)" - Ci(Co)"
(Co)m_1 Ci (Co)m C: (Co)m_1 Ci (Co)m "'C:Co """ (Co)m_l Ci (Co)m C:: (Co)m
. : A j
Coci (Co)m C: CoCi (Co)m "'C:Co """ CoCi (Co)m C>l<( (Co)m
Ci(co)m"'C: Ci(Co)m”'C:Co """ Ci(Co)m"'C: (Co)m Jpxp
(n-1.1)

The matrix lists all possible C events given k crossovers occurring in the chromosomal interval.

Within the marker interval, there are k-1 sets of C (C,)", C, and a varying number of C,
events between the left marker and the first C, event (listed as column elements of the matrix) or
between the last C,event and the right marker (listed as row elements). Thus, each element in
this px p matrix represents one possible C event sequence occurring in a marker interval, i.e.
the (i, j)™ element in the matrix for (p-i) C, events occurring between the first C_and the left

marker and (j-1) C, events between the last C, and the right marker. In the C! stands for the it"

(i=1,2,...,k) C, inthe chromosomal interval and (Co)j for j consecutive C,events.

If there are no crossover events occurring in the marker interval, then the C events can only be
C, events varying in number from zero to m. We represent the corresponding matrix M, as M,

for the special case of no crossovers in the form of:
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'no C event C, e (Co)"
no C event .- (C)"
M, = :
CO
i noCevent| (11-1.2)

It is assumed that the C events are randomly distributed along the chromosome and the number

of C events within the interval follows Poisson distribution with the mean parametery=2pd ,

thus the probabilities of C events listed in matrix Mk can be listed accordingly in matrix D, ()

(k =1) in the form of:

YR (L) YR (ke D) ey (pks pd)t |
Dk(y):eiy ypk”il/(pk"‘l_i)! ypk”ii/(pk"'j_i)! ypkwii/(pk"'p_i)! é(Q;'jk)pxp
k+p-1 k+j— i kip-
YR/ (pk+1=p)! e IR (pk j-p)t e YRR f(pktp-p)Y

(11-1.3)

When k = 0, the probability matrix of no crossovers between markers corresponding to the C

events listed in M, can be expressed as:

VD ey D ey (p-)Y]

Do(y)=e” 0 9- y”/(:i—i)! - yp"/(:p—i)! £(Q), ., (11-1.4)

I ol
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Since the first C event in the first marker interval has an equal chance of being any one of the
m+1 elements of C,(C,)" with probability of 1/p, then the probability of k crossovers between

markers A and B can be computed by summing over probabilities of all the p? possibilities as

33 Qi if k >1
i=1

p
2

i=1 j

(I1-1.5)

i 217

I
JuN

Qi if k =0

'oll—‘ -c5||—\

-

where QM =e™y™*I7 /[(pk+ j—i)!, which is the (i, j)" element in matrix D, (y) (Equation Il-

(e iy i
1.3), and Q) ={E e ilf :>; , the (i, j)™ element in matrix D, (y) (Equation 11-

1.4).

We can represent the probability of k crossovers between markers A and B in matrix notation as
1 '

=1-D ()| (11-1.6)
p 1

where|=[1 1]1xp'

As demonstrated by Zhao (1995), the analysis formulated above can be extended from two
markers to that with three markers A, B and C. We firstly noted that sum of elements in the j*

(1< j< p) column in the matrix M is the probability of the situation that k crossovers occurr

between A and B followed by the (j-1) C, events (1 < J < p),
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P = P =
p. =D Q) (fork =1)or > Q" (k =0). Thus, the probability of k crossovers between the
i=1 i=1

markers A and B can also be expressed as

lI-Dk(y)-l'=1(|ok pr . Pl
D P (11-1.7)

In the three marker model, we formulate the probability of ki: and kz crossovers in the first and

second chromosomal intervals respectively. Because the probability that there are | C,
between marker B and the first C, in the marker interval flanked by B and C is equivalent to the

probability that the last C event between markers A and B is the (p-1-1)" C event after the last

C,in the marker interval flanked by A and B, which is pkf*'. Thus, the probability of ki

crossovers occurring between markers A and B, and kx> crossovers between markers B and C is

given by

_zpk’z IZQIJkZ Zpk’i |ZQO|J k —O (”-18)

p 1=1 j=1

Equation (1.8) can be expressed in a matrix form as
%(pil P2 .. P)-D (YN (11-1.9)
or in a general form of

%. D, (,)-D, (¥,)-1" (11-1.10)
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1.2.4. Prediction of probability distribution of recombination along

a chromatid

As mentioned before, if no crossover occurs between markers, no strand in the bundle will show
any recombination in that interval, while the expected recombination frequency is % given k >1
crossovers between two markers under the assumption of absence of chromatid interference as

demonstrated below.

In Figure 11-1.1, solid lines in red and black represent two replicated chromosomes in diploids
and blue forks in dotted lines indicate crossovers occurring between marker loci A and B. Az, A2
and By, B> are marker alleles on loci A and B, respectively. Since there is no chromatid
interference, chiasmata, the point where two homologous non-sister chromatids exchange
genetic material during meiosis, is equally likely to involve in any two strands can lead to a
crossover. Regarding only one of the A alleles, e.g. A1 on strand 1, the expected recombination
frequency after i crossovers between marker A and marker B is equal to the probability that
allele Az is not linked to By on the same strand after i crossovers. Here the number of crossovers
within this chromosome region is denoted as x and the number of crossover event involving

strand 1 is denoted as y. The probability distribution of y is listed in Table 11-1.1.
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Figure 11-1.1. Diagrammatic representation of crossovers occurring between marker A

and B on the chromosome in diploids, showing a typical double crossing-over on strand 1.

Strandl A, B,
Strand2 A, N/ B,
K \\ 4”
P X
Strand3 A, AN e B,
Strand4 A, B,

Here solid lines in red and black represent two replicated chromosomes in diploids and blue forks in

dotted lines indicate crossovers occurring between marker loci A and B.
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Table 11-1.1. The probability distribution of y crossover events involving strand 1 with

total x crossovers occurring in the chromosome region

Chiasmata Crossover (y)
) 0 1 2 3 i
0 1
1 1/2 1/2
2 1/4 1/2 1/4
3 1/8 3/8 3/8 1/8

As shown in Figure 11-1.1, double crossover on strand 1 will restore the original relation of allele
A1 and B; and so will be non-recombination. Similarly triple crossover will give recombination,
guadruple crossover no recombination and so on. Hence the expected frequency of
recombination given i crossovers occurring between marker A and B, p, will be given by the

summed frequencies of the single, triple, quintuple, etc. crossovers as,
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%(D+(;j++('—|ZJ+(:H st (11-1.11)
6] e

When i odd, since

Chapter 11-1

m+@++l(l_'2}(:ﬂ {{i ilj{i '3}%;}@} L, (11-1.12)

[ i i [ :
it can be deduced that (J+[3j+---+[i ZJJ{J:ZH and the expected recombination

frequency in Equation (1.1) is p=2""/2"=1/2.

n n-1
When i even, according to the property of binomial coefficient, (kJ: (k J+

n-1 h
, the
k

expected recombination frequency of Equation (1.1) can be rewrite as

A

2! 2

So as long as i (1>1) crossover occurring between two loci, the expected recombination

frequencies are all equal to 1/2.
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Let o denote the probability of no recombination and ol denote the probability of
recombination given k crossovers occurring within the marker interval. It is clear that o{” =1,
0 =0 and of’ =0 =1/2 when k>1. Let X =(i, i,) represent recombination configuration

of a chromatid, with i1 =1 or 0 indicating recombination or non-recombination between marker
A and B along the chromatid and similarly i = 1 or O indicating recombination or non-

recombination between marker B and C. We denote offs for the probability of recombination

configuration of a chromatid X =(i, i,) given that there are k, and k, crossovers in the first

and second interval, respectively. Then xi, the probability of observing recombination

configuration of a chromatid X =(i, i,), can be calculated as

_ (ki k)
Xy, =2 O )

Kk

=" ool ><| D, (v,):D, (v,)- 1"

ko k

[220“ 0, (1), (5}

ko k

(11-1.14)

:%I (Zoulkl K Y1 ZO k, yzj

ki

Define

}/ZD when i; =0
}/ZD when i, =1
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Then the probability of recombination configuration of a chromatid X =(i, i,) is

SENNVEVISE (11-1.15)

hly

X

where | =[1 ... 1]

1><p'

1.2.5. Prediction of probability distribution of marker phenotypes at

three loci

We consider a generic heterozygous genotype at three loci, i.e. ABC,/AB,C, . Gametes to be

generated from this individual can be divided into four categories according to the
recombination events in the intervals. A general form for frequency of the gametic genotype i

can be expressed as

1 1 1 1
G = Wigo '_Xoo+Wi01'EX01+Wi10'EX10+Win'§X11

(11-1.16)

where w.

ist

is the number of gametes with recombination configuration X =(s t) within the i"

gametic genotype category. By assuming random union between all possible gametes generated
from two parents, a general form for the frequency of zygote genotype i can be carried out after

sorting the zygotes according to their genotypes and be written as
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1 1 1 1 1
H, = ZZZZZzivst/s.t.xstxs.t. (11-1.17)

where z.

i,st/s't'

indicates the number of zygotes made up with the two gametes with recombination

configuration X =(st) and X '=(s"t') within the i zygotic genotype class.

Probability of the i phenotype of the three markers among offspring can be readily derived by
summing up the probabilities of those genotypes that are compatible to the same phenotype, and

is expressed as

1 1

Ziizzzg,st/s‘t'xﬁxs't' (”-118)

el s=0 t=0 s'=0t'=0

fi=YH,=

gei

E L

where z indicates the number of zygotes made up with the two gametes with

g,st/s't'

recombination configuration X =(st) and X '=(s" t') within the g™ zygotic genotype class.

1.2.6. The maximum likelihood estimates of the model parameters

In the model above, the unknown parameters are m, d: and d». The statistical analysis presented
below predicts these model parameters based on the P1 and P2, the parental genotypes (i.e.
parental genotypes could be predicted from phenotypes of parents and offspring), and

0=(0,,0,,...,0,), the phenotype records of a random sample of n offspring individuals from the

parental lines. Let M be the number of phenotype categories in the offspring. We assume that the
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phenotype of offspring is randomly sampled from a multinomial distribution with probability
parameters given by f (i=12..,M) . Then the likelihood function of the parameters
Q=(m,d,,d,) has a form of

n ”1 n n
L(R,P.QI0) = Pr(OIR R Q)= " |y (11-1.19)
172 M l

Where n.(i=12,...,M) is the number of individuals within the i phenotype class. Logarithm

of the likelihood in

log(L (R, P, Q]0)) e Zn In(f)ec >0, ln( 2222 Zasyshs stj (11-1.20)

i=1 s=0 t=0 s'=01t'=0

where z, indicates the number of zygotes made up with the two gametes with recombination

i,st/s't'

configuration X =(st) and X '=(s"t') within the i" zygotic genotype class. x, and . can be

calculated according to From equation (I1-1.14) as follows

1 L& 0]1]2 1 jljzk1 01213 1 leskz

1>1 ko1

b p P L
X01 — %Z z Z{ 0]1]2 1 thJZkl}{z Z ;;Jakz}
=1j,=1j=1 kl>l k,>1

l I i2k 0]213 1 Z Q J2 Iaka
2 Y1
k=1 23

1o vw)1l k k
XM:_ZZZ - J1J21 ZQJZJBZ
Piha] 2k11 2
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if i < j

.. Yyl —_
where QU =e™y™*I7 /(pk + j—i)!and Q) :{Z YA _—
if i>]

Let a$ denote the conditional probability of recombination configuration X =(st) along the

three marker loci given k crossovers occurring in the marker interval A and B, thus when k >1

k—klzzz{h%&z;ﬁ}

Piti1im kp>1

when k = 0, it can only resolve in non-recombinant in the marker interval flanked by A and B,

then

4-155 S oo - Lye

Y J3=1 jp=1 =1 kp>1

%-135 3o} 1y o]

Piaiai= ko2l

Similarly, let b denote the conditional probability of recombination configuration X =(st)

along the three marker loci given k crossovers occurring in the marker interval B and C, thus

when k >1
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bfy = bf, == ZZZ{ RIS }{ Q’“ﬁk}

J3 =1j=1j=1 k=1

2333 ya o]

when k = 0, it can only resolve in non-recombinant in the marker interval flanked by B and C,

then

bgo_%iii{ 0J1J2+1Zthzk1}{ 012]3}

3=l =1 j1=1 k=1

=135 5o o)
[ ] k1>1

Because m takes non-negative integer values, we propose here an EM algorithm to calculate the

MLE of the model parameters d1 and d> at any given value of m, and determine the MLE of all

three parameters by searching for the maximum of the likelihood profiles at every given value of

m. In the EM algorithm, the expectation (E) step calculates the conditional probability of a total

of k crossovers within the first marker interval in the offspring with the ith phenotype, y, , given

the model parameters, which can be formulated as

N

SlEsst e /i

gei s=0 t=0 s'=0t'=0

(11-1.21)
if s#0,k' cannot be0 and if s'#0, k'cannot bek

and also the conditional probability of a total of | crossovers within the second marker interval

among the offspring with the i phenotype, @, , which is given by
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1 1 1 1
l;){ ZZZZZ; g,st/s't' stbsktk/fi}
ei s=0 t=0 s'=0t'=

(11-1.22)
if t0,k' cannot be0 and if t'#0,k'can not be k

Since each strand made up of the four-strand bundle has a chance of ¥ to be involved in each
crossover in diploids, the M step updates the estimates of the genetic distances, which are
defined as the expected number of crossovers occurring on a single chromatid within that

interval, from

=1 k>1

(Z D K / 2”} (11-1.23)

(Z ke, / an (11-1.24)

=1 k>1

The likelihood function increases as the E step and M step repeated and the parameter estimates
converge to the MLEs conditional for a given integer value of parameter, m. We then infer the

most likely index of crossover interference, m, as that maximies the likelihood function.

1.3. Methods of inferring crossover interference for zygote in

autotetraploids

The Chi-square model, which was originally developed for diploid species, has actually two key

features. First, it models distribution of crossover and non-crossover events along paired
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chromosomal bundles without any limitation on the number of homologous chromosomes
pairing to constitute the bundles. Second, recombination interference is modelled in term of
distance between two consecutive crossover events. Obviously, these basic features are not only
inherently specific to diploids. Thus, we propose here to extend basic idea of the Chi-square
model to autotetraploids by properly accounting for the essential features of gene segregation

and recombination in meiosis of the complicated species.

In meiosis of autotetraploids, homologous chromosomes may pair into two different patterns as
mentioned before, bivalent pairing and quadrivalent pairing. In the former, four chromosomes
are randomly paired into two pairs, each making up of two homologous chromosomes, and
crossovers occur only between the paired chromosomes. Thus, under bivalent pairing, tetraploid
genes show the disomic inheritance like diploids. While homologous chromosomes pair together
forming a quadrivalent pair, the crossover may occur between any pair of the homologous
chromosomes. When recombination occurs between the centromere and a marker locus,
duplicated sister chromatids at the marker locus may enter the same gamete during meiosis. This
is the phenomenon of so called double reduction, which is the key feature of the tetrasomic

inheritance of autotetraploids.

In the autotetraploid chi-square model, we consider three marker loci, A, B and C, along the
chromosome of an autotetraploid species. Four parameters are needed to specify the three-loccus

model, m indicating the number of non-crossovers (C,) between two crossovers (C, ), being
the coefficient of double reduction, and d, and d, being genetic distances of the first and second

marker interval respectively. To make the analysis of recombination interference comparable
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between diploids and autotetraploids, genetic distance is also defined as the expected number of

crossovers occurring on a single chromatid within the given interval.

1.3.1. Prediction of probability distribution of crossover occurring

within marker intervals, Pr{kl,k2 |m,dl,d2}

Firstly of all, it is necessary to find a proper probability distribution to describe crossover events
occurring along the chromosomes. As mentioned before, the Chi-square model proposed by
Zhao et al (1995) models distribution of crossover and non-crossover events along paired
chromosomal bundles without any limitation on the number of homologous chromosomes
pairing to constitute the bundles. Thus I can apply the basic principle of chi-square model to

model crossover events distribution along chromosomes in auotetraploids as follows.

In the absence of chromatid interference, each strand made up of the four-strand bundle during
meiosis has an equal chance of of 1/2 to be involved in any given crossover in autotetraploids

with bivalent pairing during meiosis. Let p = m+1 be length of a complete set of C events,

C,(C,)". Among s C events, each strand will be involved in an expected number of s/(2p)

crossovers. According to the definition of genetic distance here, the average number of C events

(y, or y,) occurring within any given interval can be expressed in terms of genetic distance of
the interval (d, or d,), for example y, =2pd, (ory, =2pd,). However, in autotetraploids with

quadrivalent pairing during meiosis, each strand made up of the eight-strand bundle during
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meiosis has an equal chance of of 1/4 to be involved in any given crossover. Accordingly, the
average number of C events (y, or y,) occurring within any given interval can be expressed in
terms of genetic distance of the interval (d, or d,), for example y, =4pd, (ory,=4pd,) in

autotetraploids with quadrivalent pairing.

The occurrence of k crossovers (C,) between two flanking markers A and B on a pairing

bundle might be the result of p® possible situations as shown in Equation (1.1) and Equation
(1.2) for k>1 and k=0 in Section 1.2.3. By assuming the C events are randomly distributed
(Poisson distribution) along the chromosome and the first C event has an equal chance of being

any of the m+1 elements of C_(C,)" , the probability of k crossovers between markers A and B

can be computed by summing over probabilities of all the p? possibilities as

i Q) if k >1
i=1
p
2.

i=1 j

(11-1.25)
QX if K =0

U 31

I
JiN

TJIH 'o|l—‘

ey (i) i

. Here IS mean
0 ifi> ] yl

where QM =e™y,*"™ /(pk+ j—i)land Q;’ ={

parameter of Poisson distribution, with y, =2pd, for bivalent pairing and y, =4pd, for

quadrivalent pairing.

Similarly, as introduced in Section 1.2.3, analysis formulated above for two markers can be

extended to that with three markers A, B and C. Consequently, the probability of ki crossovers
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occurring between markers A and B, and kx> crossovers between markers B and C along one

pairing bundle of chromosomes is given by

%l D, (v.)D, (v,)-1" (11-1.26)
where the details of matrix D, (y;) and D, (,) can be found in Equation (11-1.3) and (11-1.4)

in Section 1.2.3, with y, =2pd, for bivalent pairing and y, = 4pd, for quadrivalent pairing.

In autotetraploids with bivalent pairing during meiosis, there are two sets of paired

chromosomes, Pr{kl,k2|m,dl,d2} can be calculated by noting independence of the crossover

events between the created bivalents as

%ZE:OZZ:O[I 'Dkl' (Y2)- Dk'z (¥2)-! IJ[I .Dkl—ki (V1) Dkz_k‘z (¥,)-1 1 (n-1.27)

p

where y, =2pd, for bivalent pairing, k, indicates the number of crossovers occurring on the

first chromatid among the k, crossover events.

In autotetraploids with quadrivalent pairing during meiosis, all the chromosomes paired together

to form one pairing bundle. The probability of ki crossovers occurring between markers A and B,

and kz crossovers between markers B and C along chromosomes, Pr{kl,k2|m,dl,d2}, is given

by:

N 'Dkl(yl)‘Dkz (YZ)' | (11-1.28)
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where y, =4pd,.

1.3.2. Prediction of diploid gamete mode distribution, C/; ¢

hiz/ Ji J

Given the probability distribution of crossover events along the three marker loci, we can

ool g 808
Cilizljl iz

proceed to calculate the probability distribution of gamete mode, , under bivalent
pairing or quadrivalent pairing during meiosis. Here |, or |, equals to 1 or O, indicating the
presence or absence of double reduction for the first marker of the first or second interval. e
and e, indicate the e" and e,” two-locus gamete mode corresponding to the recombination

configuration of the gamete i, i,/j, j, . In autotetraploids, we denote a recombination

configuration of a diploid gamete by C=(i, i,/j, J,), which is made up of recombination
configuration Y, = (i, / j,) within the first marker interval of the two chromatids in the gamete

and recombination configuration Y, =(i, / j,) within the second marker interval of the two

chromatids in the gamete. Here, i1 (or i2) takes a value of 1 if recombination occurs in the first
(or second) chromosomal interval on one strand, and zero otherwise. Similarly, ji1 (or j2)

indicates recombination events in the first (or second) chromosomal intervals on the other strand.

Let Oii‘j ilk,lel denotes the probability of Gﬂ?’h,el , the " two-locus gamete mode with recombination

configuration of Y, =(i, / j,) given ki crossovers occurring in the first marker interval. Similarly,
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oi'j,’jzkfez denotes the probability of G.” the e, two-locus gamete mode with recombination

i/ 2.8 ?

configuration of Y, = (i2 / j2) given kz crossovers occurring in the second marker interval.

For bivalent pairing, there are four different two-locus gamete modes as summarized in Table I1-
1.2. It is clear to see if no crossovers occur, all marker intervals will be non-recombinants.
Mather (1935) demonstrated that under the assumption of no chromatid interference, if there are
k>1 crossovers between two markers, then the probability for the two markers to be
recombinant on any given single strand is expected to be Y2 for bivalents. In autotetraploids with
bivalent pairing, a total of k crossovers within a marker interval will be assigned across the two

bivalents with &’ crossovers on one bivalent and k-%’ crossovers on the other bivalent, as shown

in Equation (11-1.27). Thus, the frequency of two- locus gamete modes, 0« *

i/« » depends not only

on k but also on k£’, as summarized in Table 11-1.2.
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Table 11-1.2. Two-locus gamete modes under bivalent pairing in an autotetraploid meiosis

The et Frequency of two-locus gamete mode given k crossovers occurring
Recombination t Gamete modes
amete _
configuration (Y) J (1<i, j,k,1 <4) k=0 k>1
mode
k'=0 k'=k k'#0and k'#k

0/0 1 AB /AB, oyt 1 172 172 1/4
0/1 1 AB /AB Ogry 0 1/2 0 1/4
1/0 1 AB./AB, Of/ok,l 0 0 1/2 1/4
11 1 AB,/AB, 0% 0 0 0 1/4

Here K' indicates the number of crossovers occurring on the first chromatid among the K crossover events.
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For quadrivalent pairing, there are five different two-locus gamete modes involving double-
reduction and ten different two-locus gamete modes involving no-double-reduction, as

summarized in Table 11-1.3.

Table 11-1.3. Two-locus gamete modes under quadrivalent pairing with or without double

reduction in an autotetraploid meiosis

Double Reduction (1, =1)

Recombination The e Gamete modes Frequency Og tW.O'IOC;S
cntgiaon () | S | asiiii< | BRI,
o0 ' AB/AB 05l
o . AB/AB, 03hs
" ' AB; TAB 0l
= ' AB;TAB, oy
i AB; T AB, i,
No Double Reduction (1, =0)
Recombination The e Gamete modes Frequency of tw_o-locus
cotigraion () | | siikize) | Smeen g
o0 ' AB/AB, 0pis
o ' AB/AB Opis
? ABTAB, o5k
1/0 1 AB;/ AB; o5,
2 AB, / AB, 0%,
= ' AB, /A8, ol
2 AB; T AB, 01.7152
3 AB/AB Of/fs
) AB/AB, ol
° ABAB s
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To calculate the probability distribution of two-locus gamete modes with k crossovers occurring
under quadrivalent pairing, we have first to calculate the transition probability from gamete

modes with k crossovers occurring within the interval to gamete modes with k-1 crossovers

occurring with diagrammatic demonstration as follows.

During meiosis in autotetraploids under quadrivalent pairing, crossovers may occur between any

two non-sister chromatids, which leads to twenty-four different crossovers as shown in Figure

1-1.2.

Figure 11-1.2. Twenty-four different crossovers between any two non-sister chromatids in

autotetraploids with quadrivalent pairing

14,717 ™ By
u
2A1 — 7 T Bl
Aﬁcrossovers l"E Crossovers ="
FY  ssssase R sassiia 11
34, 1Y ! B2
11}
4A2 = ‘:4cro over: : - 7 BZ
H | SERRCTLIELED 1] 1y, ¥ 4 crossovers
foA I ok Y —
H T
5 43 : i HRTIRY 5
6 Aj i & n [ I RV 3
H i [ noAorowvou
i i i) n N1 AV
74 ¥ ¥ i TRC BN R
4 ' | ' A | Y | W
84, (N O 1 L [ K} B,

Here the eight solid lines with different colors represent four duplicated chromosomes in autotetraploids,

flanking by markers A and B. The black forks in dotted lines indicate twenty-four different crossovers

involving any two non-sister chromatids.
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As listed in Table 11-1.3, there are five different two-locus gamete modes involving double

reduction and ten different two-locus gamete modes not involving any double reduction. The

expected frequency of a particular gamete mode, OiI,“j"l: , given k crossovers is difficult to

calculate directly. However, a recurrent relationship can readily be found for oi',“j',f of gametes

with or without any double reduction gametes by considering the fate of two chromatids that

would form the gamete.
1. Double reduction occurs on the first locus of the interval (1,)

For illustration purposes but without loss of generality, regarding only one pair of A alleles on

the sister chromatids, e.g. A1 on strand 1 and strand 2 in Figure 11-1.2, the expected frequency

I,k

0, s equivalent to the probability of the gamete with two alleles A; on strand 1 and strand 2

having the gamete mode Gil,jyt after k crossovers occurring between two loci. To obtain the

recurrent relationship, we consider the crossover configuration after k-1 crossovers between the
two loci, and the effect of adding another crossover adjacent to these as follows. Here eight
straight lines, indicated by four different colours (blue, red, green and yellow), represent eight
duplicated chromosomes during meiosis. The chromosomes with the same colour are the sister
chromatids, between which crossing over could not occur. The black dotted forks indicate the k™

crossover occurring during meiosis.
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1.1.After k-1 crossovers, the gamete mode is Gé,oyl

k crossovers Probability
- ‘:( \v)' “u" ‘llr; llnl;
LY N '] u 1L 1
S FANY. S GO 1.1 6/24
T i il
v an
[ n
I 1 )
[
k-1 crossovers
A T A B A B B B B B |
AN S 1A Y
T L) v w r
_— AN Stid G1_.-'0=1 6/24

1
GO.-"OJ

-
-
==

Gll.-"Ll 12/24

-
-
eommE
Smm
-

.

Sz
>3
b=

=

If the gamete mode is Gy, after k-1 crossovers, adding the k™ crossover would result in three

different gamete modes as shown above.
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1.2.After k-1 crossovers, the gamete mode is Gcl,,n

k crossovers Probability
x .
pr— GCIJ.-"O,I 1/24
bIS— AR
— S T G 17/24
k-1 crossovers b " re
< X *
R Gf-‘o.1 1/24
1
Go.-'1,1 HH
=<1
I = G11.-'1:1 1/24
" ] o
. [ I,".. AA Glllz 4/24

If the gamete mode is Gé,m after k-1 crossovers, adding the k™ crossover would result in five

different gamete modes as shown above.
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1.3.After k-1 crossovers, the gamete mode is Gll,ov1

k crossovers Probability
- Gojon 1/24
ﬁ( v
- Gy, 1/24
k-1 crossovers
X o wo— i1
—— T G| 17/24
r,“ “!‘E & :;" - H
1
Gyc,] AV
AN
— Gllll,l 1/24
* |'|' |.1 |"|' (W1
A Y o
— AW - Gllll,z 4/24

oo
LR
T
L

If the gamete mode is Gll,o‘1 after k-1 crossovers, adding the k™ crossover would result in five

different gamete modes as shown above.
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1

1.4.After k-1 crossovers, the gamete mode is Gy,
k crossovers Probability
ok
1
Go/1,1 2/24
\/ v
YA X VA
- —— 1 2/24
k-1 crossovers Glm,l /.
AV
FANAYA
AN
* /\( |‘lll|lll ilm‘;
1 A 1
G1/1,1 — S G1/1,1 12/24
7
A A—
LAY YR Y] o 1
b i ;(‘l : lil A ;.:‘ “," 1l"1 G1/1.2 8/24

noo
N
K]

A
1
HiM

If the gamete mode is G;,, after k-1 crossovers, adding the k™ crossover would result in four

different gamete modes as shown above.
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1.5.After k-1 crossovers, the gamete mode is Gll,lv2

k crossovers Probability
X\xi A
1
— A G0 i 2/24
V I
7% \x/ v
Hi 1
I JAWAWAY G 2/2.4
k-1 crossovers \ 1/0.1
7
FAMY
X
A |
AV
AN\
G! L — Y G! 2/24
1/1.2 A /1,1
Do
\xl - i
i 1
Aw— g f G, 2 8/24
hd " AV

If the gamete mode is Gll,lv2 after k-1 crossovers, adding the k™ crossover would result in four

different gamete modes as shown above.
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2. No double reduction occurs on the first locus of the interval (1,)

For illustration purposes but without loss of generality, regarding only one pair of alleles on the

non-sister chromatids, e.g. A1 and B1 on strand 1 and strand 3 in Figure 11-1.2, the expected

frequency oi',“j’ft‘ is equivalent to the probability of the gamete with two alleles A; and Bi on

strand 1 and strand 3 having the gamete mode G/ ;1 after k crossovers occurring between two

loci. To obtain the recurrent relationship, we consider the crossover configuration after k-1
crossovers between the two loci, and the effect of adding another crossover adjacent to these as
follows. Similarly, here eight straight lines, indicated by four different colours (blue, red, green
and yellow), represent eight duplicated chromosomes during meiosis. The chromosomes with
the same colour are the sister chromatids, between which crossing over could not occur. The

black dotted forks indicate the k™ crossover occurring during meiosis.
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2.1.After k-1 crossovers, the gamete mode is GS,M

k crossovers Probability
e !.fii. T G:?m 13/24
: A 1
i R
! .
e
0
Gun,l 1/24
| X GO a)24
k-1 crossovers g i — 01,2
l1.-' J;n‘.'.‘
l?f
0 ik 0
Gum,l p— € 101 1/24
B p———
Tt
.‘.1 :. .u.r ‘: 0 4/24
R A Gy
[
kY
1/1.1 1/24

If the gamete mode is 63,0,1 after k-1 crossovers, adding the k™ crossover would result in six

different gamete modes as shown above.
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2.2.After k-1 crossovers, the gamete mode is G

k-1 crossovers

s

0
G'IJ.-‘LI

0
0/11

k crossovers

LAY

A

At

i LA R

i il

=L
—a

Izeel

-
-

—
=

4
-
A
=

=t o
e

.
-

e
-

0
Gnm,l

0
Gﬂ;" 11

0
Gml,z

111

0
Gm,s

Probability

2/24

12/24

4/24

2/24

4/24

If the gamete mode is Gg,l‘l after k-1 crossovers, adding the k™ crossover would result in five

different gamete modes as shown above.
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2.3.After k-1 crossovers, the gamete mode is GS,LZ

k crossovers Probability
LYY i}
—T qul 2/24
LV 1].;
— 7% Gons 1/24
AW o
v T T o
Y 1 IR RR R
— i .i‘ Gona 15/24
k-1 crossovers
AYa 1!’
- \vi— A
AN o
AN Gl.-'l,Z 2/24
]
Go.mz
1.u.f
v " 0
FANE A G]_I.l]_’g 1/24
|
BV o
e Gina 2/24
[
T
T o
— A Gy s 1/24

If the gamete mode is 63,1,2 after k-1 crossovers, adding the k™ crossover would result in seven

different gamete modes as shown above.
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2.4.After k-1 crossovers, the gamete mode is Gl(;o,l

k crossovers Probability
AW (¥
| AT
A 0
P TR TS
1= R
Y HH o
— T Glion 12/24
AN W :
It frns Loy
[l [
k-1 crossovers
7 7
1 I
FAN FAY T 0
——— LY I l!
AN - Croa 4/24
- F"'.
0
Gl.-'ﬂ,l
\Vi 1Y)
=T
A} 0
e Giny 2/24
AW
Y
AT VA o
— FANE S G 4/24
P ;

=

-4
—

If the gamete mode is Gf}o‘l after k-1 crossovers, adding the k™ crossover would result in five

different gamete modes as shown above.
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2.5.After k-1 crossovers, the gamete mode is Gy, ,

k crossovers Probability
W
L
N r N 0
e . w0 B Gooa 2/24
7
'
" 0
— 1% Gloq 1/24
W R R
' 1w ¥ b i
;ﬂ\ - 'n;. ¥ 0
— -'1i fra f! Gy 15/24
i 1 i fid }.
k-1 crossovers
7 T
hhi L'
i Y 0
Y . A GL,L2 1/24

]
GlFD:2

LY A
LY
il 0

L T Gy 2/24
W
A
R 0

— 7T & G1.41,4 1/24
Wi
A7
i 0

— T GL,L5 2/24

If the gamete mode is Gﬁo,z after k-1 crossovers, adding the k™ crossover would result in seven
different gamete modes as shown above.
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2.6.After k-1 crossovers, the gamete mode is Gﬁlyl

k crossovers Probability
VA
AN
0
GD.-'EI,I 1/24
A¥i
AN
]
Gyy 1/24
i
yu—
FAY 0
k-1 crossovers Glm,l 1/24
\i
il
U FoRF Ny
——
: s ﬂ
G — il VAIRIAH 13/24
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n -THTI_
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PN A Y
P 2 11 )
— “l o T
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[
7
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G ¥ W W 0
g : 1.=.! ij 4/24
A

e
-

If the gamete mode is Gﬁm after k-1 crossovers, adding the k™ crossover would result in six

different gamete modes as shown above.
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2.7.After k-1 crossovers, the gamete mode is Gl(;l,z

k crossovers Probability
il LY
R ANAY 0
— Gyn» 2724
v
1
AV (]
— Gl 24
\
1
HK 0
— Gl."ﬂ,Z 1f24
k-1 crossovers
T i
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& T :
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e T
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If the gamete mode is Gﬁlyz after k-1 crossovers, adding the k™ crossover would result in seven

different gamete modes as shown above.
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0

2.8.After k-1 crossovers, the gamete mode is G,

k crossovers Probability
T
| i
T 0
— Goma 1/24
Ty
| -
| ! 0
— 7 G s 1/24
.Y
| o
I F) 0
S Gl."ﬂ,2 2/24
k-1 crossovers
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If the gamete mode is Gﬁlys after k-1 crossovers, adding the k™ crossover would result in seven

different gamete modes as shown above.
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2.9.After k-1 crossovers, the gamete mode is GEM

k crossovers Probability
i ™
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| —s 0
A Guoa  2/24
T
|
0
k-1 crossovers A Gis 2/24
N
1
T
A
il
T
0 U oo E 0
Gl.-'l:4 — 4 :lt 11 GL,L3 2/24
I ::ii’ E: Y .H' 1t
L i | i l_f”‘ ]
e “JI‘II : |!! 1!! ("}1:,1,4 12/2a4
Ix H non
R
T
|
i 0
R Gl.*l,E 4/24
AN ST
A A

If the gamete mode is G31,4 after k-1 crossovers, adding the k™ crossover would result in six

different gamete modes as shown above.
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2.10. After k-1 crossovers, the gamete mode is Gy, 5

k crossovers Probability
i ™
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Ll ¥ 0
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If the gamete mode is G10/1,5 after k-1 crossovers, adding the k" crossover would result in six

different gamete modes as shown above.
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All these diagrams above (1.1-1.5, 2.1-2.10) illustrate the transition probabilities and are
summarized in Table 11-1.4. Let O and Of represent the vector for probability distribution of

gamete modes after k crossovers with or without double reduction on the first marker locus,
k 1,k 1,k 1,k 1,k 1k 7
O = [00/0,1 Oona  Ovos Ouna 01/1,2] (11-1.29)

T
k _ [ A0k 0.k 0k 0.k 0.k 0,k 0.k 0.k 0.k 0.k
and O, = |:00/0,1 Ooir Qo2 Owor Qo2 Ouma Otz Onz Ouig 01/1,5] (11-1.30)

Matrices T1 and To represent the transition probability from gamete modes with k-1 crossovers
occurring to gamete modes with k crossovers occurring with or without double reduction on the

first marker locus, detailed as:

Yo Y Yo 00
Yo o Yoa Yo Mo
T=1Y Y Y Yo Mo
0 You Y V2 N2
o % Kk K %

4 Mo Yo Ho Mo Yu 0 0 0 0
Yoo Vo Yo 0 0 Yy 0 0 0
o o M Y Mo Mo
Yoo Yo You O 0O O
% 0 Yu N2 Ho Ao
o 0 B W
R N N A B B

SR ©

> 7% % Ho Mo
s O Y4 Yu Y Mo
» O M Mo % U

o

o
R
~

o
o

ANEONIEN
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Table 11-1.4. Transition probability from gamete modes with k-1 crossovers occurring to gamete modes with k crossovers

occurring
Double reduction on the first marker locus
0/0 0/1 1/0 1/1
k-1 k AB /AB AB,/ AB, AB;/AB, AB; /AB, AB; / AB,
0/0 AB/AB 1/2 1/4 1/4 0 0
0/1 AB//AB; 1/24 17/24 1/24 1/24 1/6
1/0 AB;/AB 1/24 1/24 17/24 1/24 1/6
11 AB;/ AB; 0 1/12 1/12 1/2 1/3
AB;/AB, 0 1/12 1/12 1/12 3/4
No double reduction on the first marker locus
0/0 0/1 1/0 1/1
k-1 k| AB/AB, | AB/AB  AB/AB, | AB,/AB, AB/AB, | AB,/AB  AB,/AB, AB/AB AB/AB, AB//AB,
0/0 AB/AB,; 13/24 1/24 1/6 1/24 1/6 1/24 0 0 0 0
0/l AB 1 AB, 1/12 1/2 1/6 0 0 1/12 0 1/6 0 0
AB; 1 AB, 1/12 1/24 5/8 0 0 0 1/12 1/24 1/24 1/12
AB; I AB; 1/12 0 0 1/2 1/6 1/12 1/6 0 0 0
1/0
AB. I AB; 1/12 0 0 1/24 5/8 0 1/24 1/12 1/24 1/12
AB;/AB; 1/24 1/24 0 1/24 0 13/24 1/6 1/6 0 0
AB; 1 AB, 0 0 1/12 1/24 1/24 1/12 5/8 0 1/24 1/12
1/1  ABJ/AB 0 1/24 1/24 0 1/12 1/12 0 5/8 1/24 1/12
AB / AB, 0 0 1/12 0 1/12 0 1/12 1/12 1/2 1/6
AB. /AB, 0 0 1/12 0 1/12 0 1/12 1/12 1/12 7/12
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Then the probability distribution of gamete modes after k crossovers occurring within the

marker interval under quadrivalent pairing in autotetraploids can be calculated as

Of =(T,) -0’ (11-1.31)

and  Of =(T,)"-Q¢ (11-1.32)

where O?=[L 0 0 0 0]'and O’=[1 0 0 0 0 0 0 0 0 O] .

It can be seen from the demonstration above that the probability distribution of two-locus
gamete modes is only related to the double reduction event on the first marker locus and the
number of crossover events within the marker interval. Thus the probability distributions of
two-locus gamete modes of any pairs of markers are independent with each other. Take three

linked loci into consideration, the probability distribution of gamete modes on three loci,

loolg
Gy} i,ee, » CAN be calculated as
| dpere ak Ig: -
'1'2/1112 ;;oh/hl‘%o'zllz € Pr{kl'k2|m’d1’d2} (” 133)
1 0 2

where Pr{k,k,|m,d,,d,} can be obtained from Equation (I1-1.27) for bivalent pairing and

Equation (11-1.28) for quadrivalent pairing, 0,17111el and o,'fjjze can be obtained in Table 11-1.2 for

bivalent pairing and in Equation (11-1.31) and (I1-1.32) for quadrivalent pairing.
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1.3.3. Prediction of probability distribution of marker phenotypes at

three loci, f.

For simplicity but without loss of generality, a three-locus genotype of an autotetraploid parent
can be represented by ABC,/AB,C,/AB.C,/AB,C,. During gametogenesis, gametes can be
divided into 16 or 125 categories according to different gamete modes for bivalent pairing (or

quadrivalent pairing) as summarized Table 11-1.5 (or Table 11-1.6). A general formula for the

frequency of these gametes can be expressed as:

O =o't (L—ar) = Claxilon e (11-1.34)

Sctic /S i

where o, is a constant which equals to 1/12 for bivalent pairing and takes various values such as
36/144, 12/144, 12/144, ..., 6/144 as shown in the last column of Table II-1.6 under
quadrivalent pairing. a represents the coefficient of double reduction under quadrivalent

pairing, while there is no such term for bivalent pairing. |, , takes the value of 1 or 0, indicating

the presence or absence of double reduction on locus A. Cl=*!7%*« can be calculated by

St /Sy i

Equation (11-1.33)

For any individual with a particular three-locus genotype rather than the generic genotype, the
probability of a gamete genotype can be worked out on the basis of Table 11-1.5 or Table 11-1.6

through the following formulation

G =2 0= o™ (lma) " Crr™ ™ (11-1.35)

St /S'k i
kei kei
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where k i indicates the sum over the frequencies of all those gametes k that correspond to the

same gametic genotype i.

Table 11-1.5. Probability distribution of the modes of gamete formation and gamete

genotypes at three linked loci of an autotetraploid species with bivalent pairing

In the case of bivalent pairing, three equally likely pairs of bivalents can be generated for parent

AiBlcl/Aszcz/AsBscs/AABACA J as follows A181C1/A282C2 ” AsB3C3/AAB4C4 1

ABC,/ABC,|ABC,/ABC, , and ABC,/AB,C,|AB,C,/ABC, , where || is used to
distinguish paired homologous chromosomes. For a given pairs of bivalents, gamete genotypes

at three loci gametes can be classified into 16 categories as follows

Recombination | Recombination Probabilities
configuration | configuration Gametes
forthe first | for the second Frequency
interval interval (i.j.k1=1,2,3,4) Modes | Gametes
(i) J;) (27 12)
0/0 ABC,/ABC, 4 Coos | Cooro /4
0/ ABC,/ABC, 4 Coooi | Cooror /4
0/0
10 ABC,/ABC, 4 Covss | Coues /4
1/1 ABC,/ABC 4 Covei | Couer' /4
0/0 ABC,/ABC 4 Coois. | Coon /4
0/1
/1 ABC,/ABC, 4 Coni | Coonr' /4
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1/0 ABC,/ABC, Coinio Coino. /4
1/1 ABC,/ABC; Coinr Coiny' /4
0/0 ABCy / AB,C; Civeo Cfd%tl/ 4
0/1 ABC, / A;B;C, Clor Cfd%ll'l/ 4
1/0
1/0 ABC, / ABC; Clieg Clioo’ / 4
1/1 ABC, / AB,C, Couer Cfﬁodi'l/ 4
0/0 AB.C, / ABGC Cyono” Cfd?ié'l/ 4
0/1 ABC,/ABC; Conr Crom' /4
1/1
1/0 ABC, / A;BC, Coino Cfﬁ%'l/ 4
1/1 ABC, / ABC, Con ijﬁil/ 4
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Table 11-1.6. Probability distribution of the modes of gamete formation and gamete genotypes at three linked loci of an autotetraploid

species with quadrivalent pairing

Recombination

Recombination | Number Probabilit
%Oui).le %Oui).le configuration | configuration ’
reauction | reduction for the first for the second .
Gametes (1, |,k,1=1,2,3,4
on locus | on locus interval interval (] ) Frequency
Al B(l,) i e | e Mode Gametes
( a ) B H H (| / )
(i,/ ) 21 )2
0/0 0/0 1 1 ABC, / ABC, 4 aCoico 36050361/'(1)'3/ 144
0/0 0/1 1] 1 ABC, /ABC, 12 aCiiut 12aCyH 144
0/0 1/0 1|1 ABC,/ABC 12 aCoo 12aCyyz5 144
1] 1 ABC,/ABC, 12 aCiitl 12aC3ie /144
0/0 1/1
1 1 1 2 ABC; / ABC, 24 aCoot 60Cyyioy / 144
11 0/0 1|1 ABC;/ABC 12 aCipp 12aCy;; /144
1/1 0/1 1| 1| ABC,;/ABC ABC,/ABC, 12, 24 aChtt 4aClit [144
11 1/0 1 1 AB,C,/AB,C,,AB,C,/ AB,C, 12,24 aClitt 4aC11]’}’11(',1/144
1/1 11 1| 1| ABC/ABC ,ABC,/ABC, 12, 24 aClitt 4aClt [144
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ABC,/ABC,,ABC,/ABC,
A I e T
i~k i~
0/1 0/0 1|1 ABC,;/ABC, 12 aCos 12aCqy; /144
1] 1 ABC,/ABC 12 aCitt 12aCLo [144
0/1 0/1
1 2 ABC, / AB,C, 24 aCoyii? 6aCaps’ / 144
1] 1 ABC,/AB,C, 12 aCylt 12aCHx" /144
0/1 1/0
1] 2 ABC,/AB,C, 24 aCl? 6aCoi? [144
1] 1 ABC,/ABC, 12 aCodtt 12aClo [144
1 0
1] 2 ABC,/AB,C, 24 aCl? 6aCok? [144
0/1 11 1| 3 ABC, / ABC, 24 oCoyis” 6aCopy;’ 144
1] 4 ABC, / AB,C, 24 aCylh 6aCes’ /144
1] s ABC,/ABC, 24 aCoot? 6aCi® /144
1/0 0/0 1|1 ABC,/ABC 12 aCiyos 12aCyy55 /144
1/0 0/1 1|1 AB,C;/ ABC; 12 aClysi 12aC;y5; /144
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ABLC, ABC, u | acir | eaciifae
AB,C./ ABC, 12 aClys 12aC; 5" /144

1/0 1/0
AB,C,/ ABC, 24 aCye’ 6aCijy 144
ABC,/ ABC, 2 | e | 12ecihs
AB,C,/ ABC, 24 aCyjei’ 6aCyyjo;’ /144
1/0 11 AB,C,./ ABC; 24 aCiyer” 6aClyy’ [144
ABLC,1ABC, 2| acwy | eaciips
AB jCI I ABC, 24 aclli(/)blis 605C11i(/)61i5 / 144
1/1 0/0 AB,C,/ AB,C, 24 aCyyie” 6aCyyso” / 144
AB,C;/ABC, 24 aCii? 6aCyy;" 144

1/1 0/1
ABC;/ABC;,ABC;/ABC, 24,24 aCyyy” 3aCiyir” /144
AB,C,/ ABC, 24 aCpyo’ 6aCyjio" [144

1/1 1/0
AB,C 1 ABC, ,AB,C / ABC, 24,24 aCpyy”? 3aCyyio" /144
11 11 ABC,/ ABC, 24 aCpyy 6aCyy)ii /144
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AB,C,/ABC,,ABC,/ABC,
AB,C,/ AB.C,,ABC,/ ABC,
AB,C,/ ABC,,AB,C,/ ABC,

AB,C,/ AB.C,,AB,C, / ABC,

24,24

24,24

24,24

24,24

10,2,2
aCiyn
10,23
aCiin
10,2,4
aCiin

1025
aCiyy

3aC0%% [144
3aC02* /144
3aCL0%* [144

3aCl02® 144

0/1

0/0

ABC,/ ABC,

12

(1-a)Coono

12(1-a))CYt /144

0/1

0/1

ABC,/ABC,,ABC,/ ABC,

[t

12, 24

(1-a)Copns

4(1-a)Coiy /144

0/1

1/0

ABC,/ ABC,, ABC,/ABC,

=i

12, 24

(1-a)Coing

4(1-a)Cojpo /144

0/1

1/1

ABC,/ABC,,ABC, / ABC,

I

ABC,/ABC,,ABC,/ABC,
ABC,/ABC,

12, 24

24,24, 24

(L-a)Couss

(1-a)Cons”

4(1-a)Coipy' /144

2(1-a)Cii? 144

1/0

0/0

ABC,/ABC,

12

(1-a)Cuis

12(1-a)Cpy /144

1/0

0/1

AB,C,/ABC,,ABC,/ABC,

I

12, 24

(1-a)Cupr

4(1-a)Cjoy /144

1/0

1/0

AB,C,/ABC, ABC,/ABC,

17177

12, 24

(1-a)Cuiep

4(1-a) Ll 144

1/0

1/1

AB,C,/ABC,

I

AB,C,/ABC,
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AB,C./ABC,,ABC,/ABC
AB,C,/ ABC,

24,24, 24

(1-a)Cuior

2(1-a)CE 14

1/1

0/0

AB.C,/ABC,

12

(1-a)Co’

12(1- o) CEi* 104

1/1

0/1

ABC,/ABC, ABC,/ABC,
ABC,/AB.C,

24,24, 24

(1-a)Cns’

2(1-a)Ciy 144

1/1

0/1

ABC,/ABC, ABC,/ABC,
AB.C, / ABC,

24,24, 24

(1-a)Cuiny’

2(1-a)Cpyp* /144

1/1

1/1

ABC,/ABC, ABC,/ABC,
AB.C, / ABC,

AB.C,/ABC,,ABC, / ABC,
AB.C,/ABC, ABC, /ABC,
ABC,/ABC, ABC,/ABC,

12, 12,12

12, 12,12
12, 12,12

(1-a)Ciit”

(1-a)Cppy”

4(1-a) L 144

2(1-a) L 144

0/0

0/0

ABC,/ABC,

(1-a)Cos

(1)) Clg 144

0 0 0/0

0/1

ABC,/ABC,

ABC,/ABC,

12

24

(1-a)Conr

(1-a)Cor”

12(1-a)Cig /144

6(1-a) CL03* /144

0/0

1/0

ABC,/ABC,
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ABC,/ABC,

24

(1-a) oy’

6(1-a) Cig3 144

0/0

1/1

ABC,/ABC,
ABC,/ABC,
ABC,/ABC,
ABC,/ABC,

ABC,/ABC,

12

12

12

12

(1-a)Co
(L-a)Copny”
(L-a)Coior”
(L-a)Coe:”

(L-a)Copny”

24(1-ar) CLfi /144
12(1- ) Coypsi? /144
12(1-a)Coyi® 144
12(1- ) Coypy /144

12(1-a)Coyps® 144

0/1

0/0

ABC,/ABC,

24

(1-a)Copno”

6(1- )28z 144

0/1

0/1

ABC,/ ABC,

ABC,/ABC, ABC,/ABC

]

24

24, 24

(1-a)Cop”

(L-a)Copn”

6(1-a) CL05 /a4

3(1-a) L 144

0/1

1/0

ABC,/ABC,

ABC, / AB.C,,ABC, / AB.C,

24

24,24

(1-a) Copo”

(1-)Couy”

6(1-a) CL0z" /144

3(1-a)Coa3? 144

0/1

1/1

ABC,/ABC,

ABC,/ABC, ,ABC,/ ABC,
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(L-a)Cousy”

(1-)Coury”

6(1- ) 257+ 144

3(1-a)Coa3? 144
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ABC,/ABC,,ABC,/ABC 24,24 | (1-a)Cope® | 3(1-a)Coyr® /144
ABC,/ABC, ABC, /ABC, 24,24 | (1-=a)Copt* | 3(1-a)Con2* 144
ABC,/ABC, ABC, /ABC, 24,24 | (1-a)Cop2® | 3(1-a)Copl® 144
1/0 0/0 ABC,/ABC, 24 (1_ a ) Cloo” 6(1_ a)Cloo'%é'l/ 144
ABC,/ABLC, 24 | (1-a)CHE* | 6(1-a)CliE /144

1/0 0/1
ABC,/ABC, ,ABC, /ABC 24,24 | (1-a)Cya? | 3(1-a)Chpa? 144
ABC;/AB,C, 24 (1-a)Chpt | 6(1-a)Chya/144

1/0 1/0
AB.C,/AB,C,;,ABC,/ABC, 24,24 | (1-a)Chm? | 3(1-a)Clpy? 144
ABC;/ABC, 24 (1-a)Cig" | 6(1-a)Cl" /144
AB,C,/AB,C,,ABC,/ AB,C, 24,24 | (1-a)Chm?® | 3(1-a)Clpr? 144
1/0 11 ABC, /AB,C,ABC /ABC, 24,24 | (1-a)Cli® 3(1—0{)Cf1',°(5f'3/144
ABC,/ABC.ABC /ABC 24,24 | (I-a)Chpe | 3(1-a)Clpi* 144
ABC,/ABC,ABC,/ABC, 24,24 | (1-a)Chpe® | 3(1-a)Chu® 144
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1/1

0/0

AB,C,/ABC,
ABC,/ABC,
AB.C,/ ABC,

ABC, / ABC

12

12

12

(1-a)Cno’
(1-a)Coons”
(1) Cuong”

(1-a)Cuong”

24(1-a)Cppet /144
12(1-a) Cy /144
12(1-)Cii? /144

12(1- ) Cyy* /144

1/1

0/1

AB,C,/ABC,
AB,C,/ABC,
ABC,/ABC,
AB,C,/ABC,ABC,/ABC,
AB.C,/ABC,
AB.C,/ABC,,ABC,/ABC

AB.C,/ ABC,

ABC,/ ABC,ABC,/ABC,

12

24

24

24,24

24

24,24

24

24,24

(1-a)Cpny’
(L-a)Cogn”
(1-a)Coon”
(1-a)Can”
(1-a)Cuons”
(1~a)Coom”
(1-)Coom”

(1-a)Cun”

12(1-a)Chyi' 144
6(1-a)Cagi? 144
6(1-ar)Cl7* 144
3(1-a)Cliz? /144
6(1-ar) i3 144
3(1-a)Clii? 144
6(1-a)CEp:* 144

3(1-a) e 144

1/1

1/0

AB,C,/ ABC,
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AB,C, / ABC,
AB,C,/ABC,
AB,C,/ ABC,,ABC,/ABC,
AB.C,/ABC,
AB.C,/ ABC, ABC,/ABC,

AB.C,/ ABC,

AB.C,/ ABC,,AB.C,/ABC,

24

24

24,24

24

24,24

24

24,24

(L-a)Cuino”
(L1-a)Cuo”
(1-a)Cup”
(1-a)Cuano”
(1-a)Cup®
(1) Cuno”

(1-a)Ciss’

6(1-a)CE0%" /144
6(1-a) CL0%" /144
3(1-a) 283 144
6(1-a)CL3" 144
3(1-a)COA3* /144
6(1-a) G155 /144

3(1-a)Chns? /144

1/1

1/1

AB,C./ ABC,
AB,C./ ABC,
AB,C,/ ABC,
AB,C,/ ABC,
AB,C,/ ABC,

AB.C,/ABC,

Page 216 of 267

12
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12

12

12

(1-a)Cup’
(L-a)Cn®
(L-a)Cuy”
(1-)Cny*
(L-a)Cn®

(-a)Cu”

24(1-a)Chprt /144
12(1-)Chpy? /144
12(1-a)Clpy® 144
12(1-a)Chr* /144
12(1-a)Cpyr® 144

12(1- ) Cln /144
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AB,C,/ AB.C,ABC,/ABC,
AB,C,/ABC, ABC, /ABC,
AB,C,/ ABC, ABC, /ABC,
AB,C,/ABC, ABC, /ABC,
AB.C,/ABC,
AB.C,/ ABC, ABC,/ABC,
AB.C,/ ABC,,AB.C, / ABC,
AB.C,/ABC, ABC, /ABC,
AB.C,/ABC, ABC,/ABC,
ABC, / ABC,
AB.C,/ ABC,ABC, / ABC,
AB.C,/ ABC,,AB.C,/ ABC,

AB.C,/ ABC,,AB.C,/ABC,
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12,12

12,12

12,12

12,12

12

12,12

12,12

12,12

12,12

12

12,12

12,12

12,12

(1-a)Coin”
(L1-a)Co”
(1-a)Crny®
(L-a)Con”
(1-a)Coumy”
(L-a)Cuny”
(L1-a)Cmy”
(L~a)Ciny*
(L1-a)Coumy”
(1-)Cpny”
(L-a)Cpn;”
(L1-a)Cmy”

(1-a)Con®

6(1- ) Ci2* /144
6(1-)Ca 144
6(1- ) Cli2 /144
6(1-a)Chi* 144
12(1-a)Cp3t 144
6(1- ) Cli* /144
6(1-a)Chis* /144
6(1- ) Cli3 /144
6(1-a)Cli* /144
12(1-a)Clps* 144
6(1-ar) CE55* /144
6(1-a)Cli* /144

6(1-a) I35 144
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6(1-a)C285" 144

5 ‘ 5 ‘ AB.C,/ABC, ABC,/ABC, ‘ 12,12 ‘(1—05)(:&(135
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Under the assumption of random union of gametes from two parents, a general form for the
frequency of zygote j, which is composed of gametes k and | from the two parental genotypes,
may be expressed as:

hj = 0,0, = O.ko.la'a,k“aJ (1_a)2*|a,k*|a,l CIa,kvlﬁ,kvel,kvez,kclzz,lll/?,l 1182 (”-136)

Setic /St st /st

By sorting the zygotes according to their genotypes, a general formula for the frequency of

zygotic genotype i may be written as:

H; = Z 9.9

K&l<i )
— z Jko.lala.k+la.l (1_a)2_|u,k_|a,I CIa,kll,/},krel,krez,kcIa,lrl,/f,l B8 (” 137)

Sty /St sty /st
k&lei
where k &I i indicates the sum of the frequencies of all those zygotes made up of gamete k

and gamete |, which correspond to the same zygotic genotype i.

The phenotypic distribution of offspring from two parental autotetraploids can be derived by
summing up the probabilities of those genotypes that result in the same phenotypes. A general

formula for the probability of zygote phenotype i takes the form of:

_ _ lgktlay 2=l k=l Lo gk ok ™ol pieLg
fi - Z HG _z z 0y0,&x (1-&) Csktk/slktlk Cs|t|/s'|t'|

gei gei k&leg

— Z Z egm ank' (1_a)2‘wgk| C ek pictuicea CSI;;)I/’SI'ft‘I'lye“ ) (11-1.38)

St /St
gei k&leg

where k &1 e g indicates sum over the frequencies of all zygote combined with gametes k and |

that corresponding to the same zygotic genotype g and ZHg indicates the sum over the
gei
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frequencies of all those zygotic genotypes g that correspond to the same phenotype |,

0,, =0« 0, W

Oy [*P] = Iavk + I“v' )

1.3.4. Maximum likelihood estimates of the model parameters

The above statistical method predicts the unknown parameters m, «, d; and d. in the model
with the information of the given parental phenotypes at the three marker loci, P1 and P2, and the

marker phenotypes of a full-sib family of n segregating offspring individuals from a cross
between the parental lines, O =(0,,0,,...,0,) . It has been demonstrated previously (Luo et al
2000) that genotypes of the two parental lines, G1 and Gg, at each of the three loci, can be

accurately estimated from P1, P, and O=(0,,0,,...,0,) . The linkage phase of the parental

genotypes can be predicted through searching all possible allelic combinations at the marker loci

under a tetrasomic linkage analysis model as shown in (Luo et al 2004, 2006). To simplify
formulation of the RI analysis, we focus here on G, and G, the most likely estimated parental
genotypes. When the offspring can be classified into M phenotype categories, each with n
individuals, the likelihood function of the parameters Q =(m, «,d,,d,) can be written as follows:

L(Q|R,P,0)= > Pr(G,G,|0,R,R,)Pr(0|G,G, Q)

G,cR,,G,cP,

«Pr(01G,,G,Q)=| " | g
e (11-1.39)
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The logarithm of the likelihood is thus

M

In(L(Pl,PZ,Q|O))ocZni In(f

M
Way Wor = ko gioBuico®au a1 pi 82y
ocznl In(z Z 9 0( 1 0() Csktk/sktk CS|t|/5|t| J

i=! gei k&leg
(11-1.40)
In which
aklgkk €k N Lo kK gk ke
sktk/sﬂktf1 ) ZZ S /sy, elkotkﬂlt &2k Pr{kl'k2|d1’d2}
all | 1152 a)|l | I!kZ
sltllsft,el © l;;;os,/ls| = tl/;t'l,ezyl Pr{k11k2|d1!d2}
To simplify the formulation below, we write
| 1 15,k
'2//1‘1 J2.01.8 _ZOIIIJ & 'zﬂ/J =) Pr{k k |d1’d2}
(11-1.41)
which is the frequency of a three locus gamete mode, G,;;Z;i e, o+ ON three loci given k
crossovers occurring in the marker interval AB,
and
I | |
By e ‘Z 055 Oy, Pk, K[d, 0} (11-1.42)
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which represents the frequency of a three locus gamete mode, G,“, ;ﬁ e e, + 91VEN K crossovers

occurring in the marker interval BC.

Since the interference coefficient m takes non-negative integer values, the maximum likelihood
estimates of the other model parameters will be calculated based on a prior given m. We repeat
the estimation procedure at different m values and determine the global MLEs of all parameters
by comparing the likelihood function (Equation (11-1.39)) at these different parameter values.
For a given value of m, we propose an EM algorithm to calculate the other model parameters. In
particular, the expectation (E) step of the EM algorithm calculates the conditional probability

that individuals of the i phenotype carry a total of k crossovers within the first marker interval,

which are generated during meiosis of their two parents, ;.

Z{z O, o (L) A, A /f} (11-1.43)

gei u&veg

Here &’ indicates the number of crossover events occurring during the meiosis of one parent and

k-k” indicates the number of crossover events occurring during meiosis of on the other parent.

The conditional probability of individuals of the i phenotype with a total of k crossovers from

both parents within the second marker interval, @, , is:

k "
Z{Z > 0,0 (L-a) " B, L B / fi} (11-1.44)

k'=0 | gei u&veg
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The conditional probability of individuals of the i phenotype with k double-reduction gametes,

&, is calculated as

Wu\, Ia,u’l Ly Ia,wl vy i€y
éik :z Z ngva ’ Csutu/sﬁtlu i Csvtv/sfjtlv i /fI (“-1.45)

gei u&veg Way =k

where Z indicates the sum of the frequencies of zygotes consisting of gametes u and
U&VEQ,WQUV:k

gamete v that also have the same genotype g and the number of double reduction gametes in

each zygote, w,_, is equal to k.

Since each chromosomal strand has a chance of ¥4 to be involved in each crossover under both
the bivalent and quadrivalent pairing models, the M step updates the estimates of the parameters
of genetic distances, which are defined as the expected number of crossovers occurring on a

single chromatid within that interval, from:

d: :%[i 0> kz, /an (11-1.46)

(inizkw.k /Zn) (11-1.47)

and estimates the coefficient of double reduction from

a'= iniik(,ﬁk /2n (11-1.48)
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The likelihood function increases monotonically as the E step and M step repeat and the
parameter estimates converge to the MLEs conditional on the given integer parameter, m. We

can infer the most likely coefficient of crossover interference, m, by examining the likelihood.

1.4. Simulation studies

We conduct an intensive computer simulation study to test reliability of the theoretical analyses,
the feasibility of implementing the methods developed here for data analysis, and to explore the
statistical properties of the methods developed. The simulation model and programs mimic
chromosome segregation and recombination during gametogenesis of an autotetraploid species

under either bivalent or quadrivalent homologous chromosome pairing (Luo et al 2006).

To demonstrate the theory and method for inference of crossover interference developed here, |
simulated a full-sib family of 1000 individuals from crossing two diploid genotypes ABC/abc
and ABC/abc, and two autotetraploid genotypes ABC/ABC/abc/abc and ABC/ABC/abc/abc with
both bivalent pairing and quadrivalent pairing during meiosis. Three sets of parameters were
considered for each ploidy level and the means and standard errors (in brackets) of the MLEs

based on 30 replicate simulations are shown in Table 11-1.7.

To speed up the computation in autotetraploids with quadrivalent pairing, we first estimated the
coefficient of double reduction for locus A independently according to the offspring phenotype
data for locus A. The phenotypic probability distribution of offspring generated from parents
Ahaax AAaa is (1+2a)’ /36 for phenotype (1, 0), 1—(1+2a)’ /18 for phenotype (1, 1) and
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(1+ 20:)2/36 for phenotype (0, 1). Here 1 or 0 in the first (or second) element of the phenotype

vector indicates the presence or absence of allele A (or a). Then the likelihood function of

offspring data can be calculated as
1 2 1 2
L=(n+n,)In %(u 2a) +n, In{l—E(H 2a) }+C (11-1.49)

where n,, n,or n, denotes the number of individuals in phenotype category (1, 0), (1, 1) or (0, 1)

and C is a constant.

Setting the derivative of the likelihood with respect to « equal to 0, the likelihood function

reaches to maximum at the most likely estimate of « as:

o =[,/18n(n1 +n,) —n] /2n (11-1.50)

Here n=n+n, +n,.

For a given estimated coefficient of double reduction, further estimation of other model
parameters can be achieved more rapidly. The MLEs of the coefficient of interference, m, were
searched from 0 to 5 based on 1000 offspring individuals. It can be seen from Table 11-1.7 that

all model parameters were predicted accurately and with reasonable precision.
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Table 11-1.7. Simulated parameters and means and standard errors (in brackets) of their

MLEs
moo d d 0 G d, d,
e T
Diploid | 1 - 0.5 015 (éﬁiggg) ] <8Zégi8> <32$§§§>
2 - 0015 (g oo (0oots)
0 < 0101 gom T o (000
Tetraploid® | 1 - 015 015 <$§SS§> ] <82$g£> <8iéggg>
2 - 0B OB oo o (000
0 01015 035 (i (ooas (00008  (0OOID
ogorg| 1 03 o1 ois LSS o oo om
2 01015 015 (é:gggg) (00044 (81333% (Sjéﬁfé)

m (M), a(a), d, (&1) and d, (dz) are simulated value (or MLEs) of the coefficient of interference,

the coefficient of double reduction and genetic distances for the two consecutive marker intervals. Here
Tetraploid® represents autotetraploids with bivalent pairing during meiosis and Tetraploid? represents

autotetraploids with quadrivalent pairing.
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1.5. Real data analysis

In this section the model we have developed is implemented to fit three marker locus gamete
data generated from both diploid and autotetraploid Saccharomyces cerevisiae on three different
chromosomes 3, 6 and 8. Two haploid strains of budding yeast, YH1A and YL1C, were used to
initiate creation of autotetraploid strains. YH1A is isogenic to the standard strain, s288c, and
YLIC is a laboratory strain. The lithium acetate method was implemented to transform the three
anti-biotic genes hphMX4 (anti-hygromycin B), natMX4 (anti-nourseothricin), kanMX4
(anti_G418), into a given chromosome at pre-designed locations in the haploid strain YH1A
with MATa. The transformation of the anti-biotic genes was repeatedly and respectively done in
yeast chromosomes IlI, VI and VIII. The genetically modified haploid strain was then used to
construct diploid and autotetraploid strains. Right after completion of meiosis, tetrads generated
from the diploid and autotetraploid strains were dissected by use of a micromanipulator (Singer,
MSM300). Single-colony cultures were patched on a YPD plate added with hygromycin B, a
YPD plate added with nourseothricin, a YPD plate added with G418 and a standard YPD plate.
Genotype of each spore was confirmed from whether it could grow on a plate added the
corresponding anti-biotic. This part of experimental work was done by our collaborator from

Fudan University in Shanghai, China.

For each chromosome, parental genotypes for the three dominant marker loci are denoted by

Aa Bb Cc and Aaaa Bbbb Cccc for both diploid and autotetraploid parents, where capital letter
alleles are linked on the same chromosome. There are eight different phenotypes of gametes

generated by the genotyping data as follows: o,=(1 1 1), 0,=(1 1 0), o,=(1 0 1),
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0,=(0 1 1), 0,=(1 0 0),0,=(0 1 0),0,=(0 0 1),0,=(0 0 0). Here the three
elements in the vector represent the phenotyping results for the marker loci A, B and C,
respectively. A value of 1 (or 0) indicates the presence (or absence) of capital letter alleles in the
gametes for the corresponding loci. The observed counts of the different gamete phenotypes for

the three chromosomes in both diploids and autotetraploids are listed in Table 11-1.8.

In the current study, the total n gametes generated by a diploid/autotetraploid parent can be

classified into eight phenotype categories, each with n;j individuals, the likelihood function of the

parameters Q= (m,«,d,,d,) can be written as follows:

L(©G,0) Pr(O|G,Q)=( jf;‘l fe... f (11-1.51)

nn,...n
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Table 11-1.8. Observed counts of gametes from S. cerevisiae data

01 02 03 04 Os5 O6 07 Os

Phenotypes of gametes Total
111 110 101 011 100 010 001 000

Diploids 346 136 21 63 61 15 137 349 | 1128
Chromosome

3

Autotetraploids | 430 176 30 66 66 22 158 476 | 1424

Diploids 529 65 12 173 177 11 73 524 | 1564
Chromosome

° Autotetraploids | 395 67 39 183 188 26 68 426 | 1392

Diploids 382 87 30 147 143 30 87 382 | 1288
Chromosome

8
Autotetraploids | 390 120 38 145 150 32 115 406 | 1396
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Here G denotes the known parental genotype on three linked loci, with Aa Bb Cc for diploids
and Aaaa Bbbb Cccc for autotetraploids. O represents the phenotype records of the n gametes

on the three marker loci. f, is the frequency of gamete with the i phenotype.

In analysis of diploids, the probability of the gamete with the i phenotype can be calculated as

1

=36, :Z%Ziwhstxst (11-1.52)

hei hei s=0 t=0

where Gn is a general form for frequency of the gametic genotype h defined in Equation (11-1.16)

of Section 1.2.5 and ZGh means summing up the probabilities of those genotypes that are
hei

compatible to the same phenotype i.

To calculate the MLE of the model parameters d: and d» at any given value of m, the E-step
calculates the conditional probability of k crossovers within the first marker interval in the

gamete with the i phenotype as
1 1 1
Vi == D00 Wiy /fi if =0,k can not be 0 (11-1.53)

and also the conditional probability of | crossovers within the second marker interval in the

gamete with the i phenotype as

1 1
o =233 > w b / f if t 0, k can not be 0 (11-1.54)
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where W, is the number of gametes with recombination configuration X :(s t) within the it"

gametic genotype class. a& and b are defined in Section 1.2.6 on page 19 to 21.

Since each strand made up of the four-strand bundle has a chance of ¥ to be involved in each

crossover in diploids, the M-step updates the estimates of the genetic distances from

d, =%[i 0> ky /nj (11-1.55)

i=1 k>1

d, :%(i 0> ke, /nj (11-1.56)

As the E-step and M-step repeated, the parameter estimates converge to the MLEs conditional

for a given integer value of parameter, m.

In analysis of autotetraploids, the probability of the gamete with the i phenotype can be

calculated as

RT3 3T 3) S P (1157

hei hei ueh hei ueh

where Gy is a general form for frequency of the gametic genotype h defined in Equation (11-1.35)

of Section 1.3.3.
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The E-step of the EM algorithm calculates the conditional probability that gametes of the it

phenotype carry k crossovers generated during meiosis of parent within the first marker interval,
Vik «

fuo= Z 2o (=a) " AL, [ (11-1.58)

hei ueh

Here o, is defined in Equation (l1-1.34) and Ag'“'“"ﬂ*“’k can be calculated from Equation (I1-

utu/slutluvel‘urez,u
1.41). ais the coefficient of double reduction and 1,, takes value of 1 or O to represent

presence or absence of double reduction on the first marker locus.

The conditional probability of individuals of the i phenotype with k crossovers from parent

within the second marker interval, @, , is:

o =2 2 o (L—a) " Bl . / f (11-1.59)
hei ueg
where B;U?U“/’s'.‘::.’:fel‘u,eu can be calculated from Equation (11-1.42).

The conditional probability of gametes of the i phenotype with k double-reduction gametes, &, ,

is calculated as

E=D Y opal Ol / f (11-1.60)

hei ueg, 1, ,=k

where Cle#l7¢%0 % s given in Equation (11-1.33).

sLItLI /S'LI t'u
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Since each chromosomal strand has a chance of ¥ to be involved in each crossover under both
the bivalent and quadrivalent pairing models, the M step updates the estimates of the parameters

of genetic distances from:

d, :%(ZS: iikyik/n] (11-1.61)

d, - %(i 0> ke, /nj (11-1.62)

i=1 k=1

and estimates the coefficient of double reduction from

8 1

a'=> iZk(,‘ik/n (11-1.63)
i=! k=0

The likelihood function increases monotonically as the E step and M step repeat and the

parameter estimates converge to the MLEs conditional on the given integer parameter, m.

For both diploids and autotetraploids, | calculated MLEs of parameters given values of m from 0
to 5 and infer the most likely coefficient of crossover interference, m, by examining the
likelihood. The results of statistical inference were shown in Table 11-1.9 with estimated optimal
m, genetic distances and coefficient of double reduction for autotetraploids with quadrivalent
pairing. For autotetraploids, the analysis was carried out under the assumption of bivalent

pairing (denoted as Tetraploids') or quadrivalent pairing (denoted as Tetraploids?).
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To test the goodness of fit under the proposed C, (CO)m model, the Pearson chi-squared statistic,

z*, and corresponding P value were calculated (Table 11-1.9). The test statistic is calculated as

(11-1.64)

Here n; is the observed gamete counts of the i phenotype category and n is the total number of

generated gametes. f, is the expected frequency of gamete with the i phenotype under the

model with MLEs of parameters and can be calculated according to Equation (11-1.52) for

diploids and Equation (11-1.57) for autotetraploids. The degree of freedom is equal to 7.

It can be seen that the model fitted well to the data from diploid yeast (high P values). A mild
degree of crossover interference was observed on chromosomes 3 and 6 for which the MLE of
the integer shape parameter, m, was larger than 0. In the analysis of autotetraploid data, the
model fitted the data reasonably under the assumption of quadrivalent pairing, but the goodness
of fit was notably improved under the assumption of bivalent pairing. We infer that bivalent

pairing of chromosomes was more likely than quadrivalent pairing in this autotetraploid yeast.

To test the significance of crossover interference along the three chromosomes when m

exceeded O in either diploids or autotetraploids, the likelihood-ratio test statistic was calculated

by:

R®=2{In[L(R,P,,M,,d,,d,|O)]-In[ L(R,P,,m=0,a,d,,d,|0)]} (11-1.65)
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Table 11-1.9. Statistical inference of genetic parameters from data of diploid and

autotetraploid S.cerevisiae

Chromosome 3

n G & o e i
Diploids 1 0.148 0.323 0.006 (1.000)  2.318(0.130)
Tetraploids! | 0 0.150 0.391 0.142 (0.986) -
Tetraploids? 0 0.203 0.547 0.028 3.413 (0.844) -
Chromosome 6
mooh & @ e el
Diploids 2 0.255 0.104 0.044 (0.998)  9.955 (0.002)
Tetraploids® | 0  0.493 0.169 0.151 (0.985) -
Tetraploids® | 0 0.679 0.236 0.001  8.354(0.302) -
Chromosome 8
moh & @ peas e
Diploids 0  0.392 0.226 0.340 (0.952) -
Tetraploids® | 1 0.304 0.243 0.077 (0.994)  2.029 (0.150)
Tetraploids® | 0 0.504 0.400 0.000  9.278 (0.233) -

Chapter 11-1

Here di, dz indicate the genetic distances for the first and second interval, respectively. « is the
coefficient of double reduction under quadrivalent pairing of autotetraploids. Tetraploids® represents the
data set is analyzed under the assumption of bivalent pairing during meiosis, and tetraploids? represents

the data set is analysed under the assumption of quadrivalent pairing.
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As shown in Table 11-1.9, significant crossover interference was found on chromosome 6 (P
value 0.002) in diploid yeast with m equal to 2, but was absent in the corresponding
autotetraploid with either bivalent or quadrivalent pairing assumptions (m=0). Correspondingly,
we can see that compared with other chromosomes, the estimated genetic distances between
markers on chromosome 6 showed a greater increase in the autotetraploids compared with

diploids.

1.6. Discussion

Theoretical analysis of crossover interference has been a historically challenging area since 1915
and an important topic in genome research (Sturtevant, 1915; Muller, 1916). Although some
progress has been made in this field, the biological nature of crossover interference is still not
adequately understood (Haldane, 1931; McPeek and Speed, 1995). The present study addresses

some key problems in statistical inference of crossover interference in both diploids and

autotetraploids. In diploids, Zhao et al (1995) have already proposed a C,(C,)" model which

mathematically formulate crossover process and fitted well to genetic data from various
organisms. In the present study, | extended this model to analyse three-locus data for

autotetraploids and proposed an EM algorithm to obtain the MLE of model parameters.

To address crossover interference in autotetraploids, | have developed a new model for the
distribution of offspring genotypes from a cross between two parents at three linked loci in
terms of the genetic distances of the two marker intervals, the coefficient of crossover

interference and the coefficient of double reduction (where double reduction is present). This
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model takes into account several key properties of tetrasomic inheritance and can be applied to
the case of both bivalent pairing and quadrivalent pairing meiosis. These features include alleles
with multiple dosages, allelic segregation distortion due to double reduction, the existence of
null alleles, homologous chromosome pairing pattern during meiosis, and incomplete
information of phenotype in regard to genotype. The EM algorithm was developed to calculate
the MLEs of the model parameters. This work has therefore filled a longstanding theoretical and
methodological gap in the genetic analysis of crossover interference in autotetraploid species.
The feasibility of our new method in parameter estimation from genetic data of diploid or
autotetraploid species was demonstrated through extensive simulation analysis and the analysis
of real data from large populations of diploid and autotetraploid species of the yeast

Saccharomyces cerevisiae.

In our model, the coefficient of crossover interference, m, has the same definition in both
diploids and autotetraploids, which providing a convenient way to compare the degree of
crossover interference between diploids species and their corresponding autotetraploid relatives.
All flowering plants have experienced at least one polyploidization event during their
evolutionary history (Jiao et al., 2011), and as such, polyploidization has been an important
driving force in evolutionary of plants (Chen, 2007; Soltis and Soltis, 2009). Theoretical and
experimental evidence suggests that recombination frequency is increased in autotetraploid
plants compared with their parental diploids (Pecinka et al., 2011; Wang and Luo, 2012), but
little is known about the underlying mechanism. The real data analysis in the present study
described a direct comparison of crossover interference in diploids and their corresponding
autotetraploid species. We found evidence for a decrease in the strength of crossover

interference after polyploidization on one of the three chromosomes analysed, suggesting a new
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hypothesis worthy of future exploration that an increase in recombination in autotetraploids
compared with diploids could be explained by a corresponding decrease in the level of crossover

interference.

At the same time, this theoretical development in autotetraploids provides a way to calculate the
probability distribution of two/three-locus gametes/zygotes in terms of the genetic distances
between loci, the coefficient of double reduction and the coefficient of crossover interference,
which would be helpful to incorporate varying degrees of crossover interference into the linkage

analysis in autotetraploid species.

In the current real data analysis, parental genotypes on three marker loci were very special and
quite simple, which have only two different alleles and alleles denoted by capital letters are
linked on the same chromosome. In this special case, the traditional method for inference of
recombination interference could be applied to analyse the gamete data for autotetraploids under
the assumption of bivalent pairing. Thus using the statistical method | proposed here to analyse
this kind of data would cause another problem named over-paramerization. To have a better
understanding of the change of crossover interference after polyploidization, it is better to have

more general and larger dataset analysis in different autotetraploid species.
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Chapter 11-2: Predicting meiotic crossover rate in Saccharomyces
cerevisiae based on the whole genome wide sequencing data analysis

for autotetraploids

2.1. Overview

Polyploidization plays a very important role in the evolutionary history of plants in nature and
under domestication (Soltis 1995, Otto 2000, Comai 2005). More and more evidence has been
found to support that polyploidization would increase meiotic recombination frequency and
result rapid creation of genetic diversity (Pecinka 2011, Wang 2011). To investigate the
underlying genetic mechanism, we would like to understand the dynamic change of crossover
events during meiosis after polyploidization. One aspect is to compare the meiotic crossover rate,
defined as the expected number of crossover events occurring on a chromatid, between diploids

and autotetraploids.

Crossovers are essential for reciprocal exchange of genetic material during meiosis in most
eukaryotes, which would result in the outcome recombination events. This process increases
genetic diversity and is tightly regulated. In diploids, high-resolution mapping of crossover
events can be achieved by monitoring recombination between closely located markers along a
chromatid based on sequencing data (Mancera 2008). However, it is impractical to observe all

the recombination events in autotetraploids due to the existence of multiplex alleles.

In the context here | first proposed a likelihood-based method to predict crossover rate in

autotetraploids. Second, we applied next generation sequencing approach to all four spores

Page 243 of 267



Part II: Theory and methods for analysis for crossovers during meiosis in autotetraploids ~ Chapter 11-2

derived from meiosis of both diploid and its related autotetraploid Saccharomyces cerevisiae
and obtained a set of genotype data called from the intensely distributed SNP markers. Using
our statistical inference method, we found that crossover rate significantly increased in

autotetraploid yeast than that in diploid yeast.

2.2. Methods

We assume SNP markers were intensely distributed on a chromosome and at most only one
crossover event may occur within a marker interval due to the high resolution. To make it
comparable between diploids and autotetraploids, the crossover rate, p, is defined as the
probability of occurring one crossover on a chromatid within the marker interval. Consider a
marker interval and we focused here gametogenesis of a diploid individual with genotype,
AB/ab, and an autotetraploid individual with genotype, AB/ab/ab/ab, with A and B
corresponding to s288c (SK1) alleles, and a and b to SK1 (or s288c) alleles in the autotetraploid

strain s288¢c/SK1/SK1/SK1 (or SK1/s288c/s288c/s288c).

2.2.1. Counting crossover events in diploids

In diploids, it is directly to observe crossover events according to the SNP marker genotypes of

all spores in the tetrad called from sequence data. There are only two two-locus genotype
categories for the tetrad: AAaa/BBbb for non-crossover and AAaa/BbBb for crossover. For a

particular chromatid, it can get involved into two different crossovers among the total four
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distinct crossovers. To make it comparable, the expected number of crossover events on a

chromatid equals to half of the number of marker intervals with crossover occurring.

2.2.2. Predicting the average number of crossovers in

autotetraploids

In autotetraploids, although we can observe the genotype of tetrad on each marker locus from
sequence data, we do not know whether alleles on consecutive markers are linked in coupling or
in repulsion in the diploid spore. Assume there are N marker intervals intensely distributed on a
chromosome. The coefficient of double reduction at the flanking marker locus, which is nearer
to the centromere, is denoted as « and the probability of occuring a crossover event within a
marker interval is p’. We considered the crossover occurring between all possible non-sister
chromatids and all possible configurations of diploid gamete generation under a tetrasomic
model, and worked out distribution of possible tetrads at the two marker loci in terms of e and p’

as follows:

During meiosis in autotetraploids under quadrivalent pairing, crossovers may occur between any
two non-sister chromatids, which lead to twenty-four different crossovers as shown in Figure I1-

2.1.
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Figure 11-2.1. Twenty-four different crossovers between any two non-sister chromatids in

autotetraploids with quadrivalent pairing
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Here the eight solid lines with different colours represent four duplicated chromosomes in autotetraploids,
flanking by markers A and B. The black forks in dotted lines indicate twenty-four different crossovers

involving any two non-sister chromatids.

1. No crossover occurs within the marker interval

1.1. Double reduction occurs on locus A of the first chromosome

In the case of no crossover occurring within the marker interval and double reduction occurring

on locus A of the first chromosome, the outcome tetrad would be
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Sporel A B
A B
Spore 2 a b
a b
Spore 3 a b
a b
Spore 4 a b
a b

and the corresponding probability is (1— p')a .

1.2.  No double reduction occurs on locus A of the first chromosome

In the case of no crossover occurring within the marker interval and no double reduction

occurring on locus A of the first chromosome, the outcome tetrad would be

Sporel A B
a b
Spore2 A B
a b
Spore 3 a b
a b
Spore 4 a b
a b

and the corresponding probability is (1-p')(1-a).
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2. One crossover occurs within the marker interval

2.1. Double reduction occurs on locus A of the first chromosome

In the case of one crossover occurring within the marker interval and double reduction occurring
on locus A of the first chromosome, there will be two different outcome tetrads depending on

which two strands involved into the crossover. The first one is generated as

1 4 B
2 A B
3 a YT EYEE b
i i1 [ | 11
4 a Moowohd b b
- L B B B B B
AT Y A
iV A A 'H' H
5 a L 1T T T b
mn 1 A ARV
6 a P AU T T b
P T S Y AR T
N vn N Y
!II ll! Lo [ n I\ ‘I'
7 a . T 1 - b
i i i\ 1
Sa i1 § i i b

l 12 possible crossovers

Sporel A B
A B
Spore 2 a b
a b
Spore3 a b
a b
Spored a b
a b

and the corresponding probability is p'a/2.
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The second one is generated as

LA T T B
24 ¥—H— B
1 u (¥ ir i [} L T ] [ }
A T VT SR T AR Y T
SR T Y oA Y M
3a SRR ’
it n n 1 " [ ] u u
4a oon i 1 :|| ; I I
R AN
] n n 1 I n n b
> a N i
6a bbet—Ht S n b
i o
P Pt
7a ! = b
8 a H HI b
l 12 possible crossovers
Sporel A B
A b
Spore2 a B
a b
Spore 3 a b
a b
Spore 4 a b
a b

and the corresponding probability is p'a/2.

2.2.  No double reduction occurs on locus A of the first chromosome

In the case of one crossover occurring within the marker interval and no double reduction
occurring on locus A of the first chromosome, there will be four different outcome tetrads

depending on which two strands involved into the crossover. For illustration purpose but without
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loss of generality, we consider that strand 1 and strand 3 would enter into the same spore, and

strand 2 and strand 4 would enter into the same spore. The first one is generated as

14 =7 b
2A Vi B
i'l' LY
lrl‘l. l"‘
3a A b
4a Iy b
S5a b
6a b
7a b
8a b
l 2 possible crossovers
Sporel A b
a b
Spore2 A B
a B
Spore 3 a b
a b
Spore 4 a b
a b

and the corresponding probability is p'(1-a)/12.

The second one is generated as
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o T

14 TR YRTERE B
'IRBRVRYATRIEY
34 R R I IR b
9 ?.I!;z“;'“ b
R EIRE
5a T T b
6a R i b
RR o
AN AR
7a ! 3 b
8{1 [] 11 b
lSpossiblecrossovers
Sporel A
a
Spore2 A B
a b
Spore 3 a B
a b
Spore 4 a
a

o

and the corresponding probability is p'(1-«)/3.

The third one is generated as
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1A B
24 B
3a AEoNE o Ed b b
4a VoA A L b
- R R Y Y AR I
” I w l.ll V] (Y]
I n I [ [ 1{ u Iill
5a A R W B AR TAY b
rvor n [ T Vi
6a A Yy ’
i o nd ALY
I ;3 ]
7a i T ’
8a L ‘4 £
l 12 possible crossovers
Sporel A B
a b
Spore2 A B
a b
Spore 3 a b
a b
Spore 4 a b
a b

and the corresponding probability is p'(1-«)/2.

The fourth one is generated as
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14 = B
24 =177 B
n LR}
Ay
3a ,*, b
4 a !l‘l. b
5a b
6a b
7a b
8a b
i 2 possible crossovers
Sporel A b
a B
Spore2 A B
a b
Spore 3 a b
a b
Spore 4 a b
a b

and the corresponding probability is p'(l—a)/12.

Based all the above possible configurations of tetrad generation under a tetrasomic model, |
worked out distribution of phenotype of five possible tetrads at the two marker loci in term of «
and p’, which was listed as Table I1-2.1. In the distribution, a tetrad phenotype was presented as
two sequential integers representing two chromosomes. A non-zero integer in the sequence

represented the number of A or B alleles and the four integers referred to the four spores.
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Table 11-2.1. Distribution of tetrad phenotype of two linked SNP markers generated from

an autotetraploid parental strain AB/ab/ab/ab.

Underlying Spore Genotype
Phenotype  n; Probability
Sporel Spore?2 Spore3 Spored

2000/2000 m AA/BB aa/bb aa/bb aa/bb a(l-p'/2)
1100/1100  n Aa/Bb Aa/Bb aa/bb aa/bb (1-a)(1-5p'/12)
2000/1100 n3 AA/Bb aa/Bb aa/bb aa/bb ap'/2
1100/0200  ng4 Aa/bb Aa/BB aa/bb aa/bb (1-a)p'/12
1100/0110 ns Aa/bb Aa/Bb aa/Bb aa/bb (1—a) p'/3

Scoring on the four spores of the two loci tetrad follows the rules: 2 represents AA (BB), 1 represents
Aa(Bb) and 0 represent aa(bb). Here « is the coefficient of double reduction on locus A and p' is the

probability of occurring a crossover event within the marker interval.

For a sample of N two-locus tetrad phenotypes, let n, (i :1,...,5)be the number of two-locus

tetrad with the i marker phenotype. Then the log-likelihood function of the model parameters

o and p can be written as

L(ea, p|n;) e ini log(f;)=n log{a(l—p/2)}+n,log{(l-a)(1-5p/12)}+n,log{ap/2}+

i n,log{(1—-a)p/12}+n,log{(l-a) p/3}

(11-2.1)
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The derivative of likelihood with respect to p equals to

, 1 1 1 5 1
log'(L)=n, 1 [—EJ+n2 = (—Ej+(n3+n4+n5)—l
1-=p 1-—p' P
2 12

n on, 1
= + +(n,+n,+n)— 1-2.2
. IUNTRISE (122)

Let log'(L)=0 , the likelihood function reaches to maximum and we can get the most likely

5
estimates of p’. Since Zni =N, the normal equation is given by
i=1

5Np“—2(1IN —5n, —6n,) p'+ 24(N —n, —n,) =0 (1-2.3)

There are two roots for the equation above,

_ 1IN -5n, - 61, +N?+2N (5n, - 6n,) + (5n, +6n,)?
=
5N

Al

(11-2.4)

5 _ LIN=5n,—6n, —N?+2N(5n, —6n,) + (5n, +6n,)?
=
5N

(11-2.5)

Since a meaningful estimate of crossover rate should be fallen in the range of [0, 1], the most

likely estimate of p’equalsto P, .

In autotetraploids, there are two different kinds of two-locus tetrads: from the phenotype of the

first one we can directly observe a crossover, which has a number of N1, and from the phenotype

of the second we can only expect a crossover occurring underlying with a probability of p',

which has a number of (N — N, ). The expected number of crossover events occurring among the
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N

total N marker intervals should equal to Nl+(N—N1)p2. For a particular chromatid in

autotetraploids, it can get involved into six different crossovers among the total twenty-four

distinct crossovers. So the expected number of crossover events occur on a chromatid in

autotetraploids equals to (N, +(N—N,) ;) /4.

2.3. Real data analysis

The statistical method proposed was used to analyse a set of sequence data for all four meiotic
products of diploid and autotetraploid yeast. Firstly, our collaborator used a haploid strain to
construct diploid and autotetraploid strains. Diploid or autotetraploid strains were then
sporulated in the way detailed as: Freshly created diploid and autotetraploid cells were streaked
out to create single colonies on the YPD plate. After 2 days of colony development, 3 large and
healthy colonies were patched on a new YPD plate and grew for 13.5 hours, then transferred to
the SPM plate (1% KAC) and incubated at 30 °C. Genomic DNA was then extracted from
single-colony cultures of the tetrads and sheared into fragments with an average length of 200
bp using the Covaris S220 (Duty Factor =10%, Intensity Peak Incident Power =140W, Cycles
per Burst = 200, Processing Time = 180 seconds, Volume = 130 ul in microtubes). The DNA
fragments were then purified by use of the QIAGEN minelute gel extraction Kkit. Sequencing
library was prepared using the NEBNext Ultra DNA Library Prep Kit designed for illumine and
whole genome sequencing was performed using an illumina Hiseq-2000 sequencer with a design

to generate 2*100 bp paired reads.
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We achieved a detailed characterization of recombination outcomes by calling 30,000~60,000
SNP marker in all four spores derived from four meiosis of diploid yeast and seven meiosis of
autotetraploid yeast. To make them comparable, we have to consider the common markers
among all the individuals, which reached to 8653. Since we assume that there is at most one
crossover event occurring within the marker interval, effective marker intervals were selected
with length between 2500 to 10000 bp and we got 1950 effective marker interval totally.
Parental genotype on the markers can be represented by HS for all the diploid individuals and by

HSSS (four samples) or HHHS (three samples) for the autotetraploid individuals.

Crossover counting estimation under the model above was carried out on all the fifteen
chromosomes (except chromosome 3 which has large DNA segment missing in some

autotetraploid tetrads) of each individual and summarized in Table 11-2.2. Applying general
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Table 11-2.2. Crossover rate estimation for both diploid and autotetraploid samples

Effective HS1 HS2 HS3 HS4 HS5 HSSS1 HSSS2 HSSS3 HSSS4 HHHS1 HHHS2 HHHS3
Chr Common marker

marker intervals | n.  n, M on2 Mmoo M N N MmN | Mm Ny ny nz Ny ny Ny ny N ny N ny N ny
1 128 28 1 05 2 1 2 1 5 25 3 151 0829 2 1614 O 0 0 0 2 1565 1 0829 3 2357

2 637 154 3 15 1 05 3 15 3 1.5 2 1 5 4129 2 1684 3 2515 4 3338 | 3 2443 3 2447 6 4.96
4 1137 284 5 25 7 35 6 5 7 35 8 4 6 5024 5 4197 3 2531 5 4197 | 7 5723 7 5846 3 2503

5 547 109 1 05 3 15 3 15 2 1 2 1 0 0 5 4112 2 1678 1 0844 | 3 25 2 1678 3 25
6 446 62 2 1 3 15 1 05 O 0 1 05 | 0 0 2 1661 2 1661 2 1661 | O 0 0 0 3 2463
7 797 186 4 2 6 3 5 25 3 1.5 6 3 3 2521 3 2521 3 2521 3 2521 | 7 5792 7 5734 7 5622
8 466 103 0 0 1 05 1 05 2 1 5 25 | 2 1677 5 4104 3 2498 1 0844 | 0 0 2 1677 2 1677
9 425 84 3 15 1 05 2 1 1 05 2 1 2 1671 1 0843 3 2411 3 248 | 6 4843 6 4843 1 0.822
10 344 90 0 0 1 05 2 1 3 1.5 3 152 1673 4 3293 3 2.49 3 2.49 1 0843 4 3277 2 1673
11 405 103 2 1 4 2 2 1 1 05 2 1 2 1677 1 0.82 2 1677 O 0 2 1661 3 2498 1 0.843
12 707 175 2 1 5 25 6 3 4 2 5 25 | 9 7341 3 2493 4 3345 2 1587 | 5 3999 5 4164 5 4.164
13 774 171 4 2 5 25 6 3 4 2 2 1 1 0846 2 1686 2 1686 3 2518 | 4 3344 2 1636 3 2518
14 137 25 1 05 O 0 2 1 0 0 0 0 0 0 1 0826 O 0 1 0826 | 0 0 1 0826 3 2334
15 911 205 5 25 4 2 5 25 6 3 5 25 | 6 499% 9 7413 5 4177 2 1688 | 3 2524 7 5807 4 3.353
16 792 171 3 15 3 15 5 25 8 4 6 3 6 4974 5 4162 5 4162 3 2518 | 5 4162 4 3221 6 4974
sum 8653 1950 36 18 46 23 49 245 49 245 52 26 |45 3736 50 4143 40 3335 33 2752 |48 3940 54 4448 52 4276
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Here n1 represents the observed number of crossover events on the chromosome and n. represents the estimated average number of crossover events occurring on a
chromatid.
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linear model analysis to the data indicates significant effects of chromosomes (p-value is 0.000),
ploidy (p-value is 0.000) and their interaction (p-value is 0.049) on the outcome crossover
events. Here R? equals to 66.73%. According to Bonferroni method, there was no difference
between two autotetraploid parental genotypes but they are different to diploids. From the real
data analysis, we can see that crossover rate is statistically higher in autotetraploids than that in

diploids.

2.4. Discussion

This chapter presents a likelihood-based method for estimating the crossover rate in
autotetraploids using dense genetic marker data collected from all four products of meiosis,
which takes properly account of essential features of tetrasomic inheritance. This method was
designed specific to the data with parental genotypes of AB/ab/ab/ab in autotetraploids. I
demonstrated the method by analysing the datasets of all meiotic products of diploid yeast and
autotetraploid yeast. This method provides a way to compare crossover rate between diploids
and the corresponding autotetraploids. The analysis result reveals obvious increase of crossover
rate in autotetraploid yeast compared with that in the related diploid yeast, suggesting a new
hypothesis that the overall crossover rate would increase after polyploidization. Subsequently, it
could have effects on genetic diversity and promote adaptive evolutionary change. Although this
method presented here was developed to analyse the current dataset, we can also expand the
basic idea of the method to analyse various datasets with any parental genotypes of

A1B1/A2B2/A3B3/AsB4 using a computer-based approach. This method also has some limitations
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in real data analysis. For example, to compare crossover rate among different individuals, we
have to choose common marker intervals among these sample. Thus as the sample size increases,
it is more difficult to ensure sufficient common marker intervals distributing uniformly in the
whole genome and it would require much higher sequencing depth in the samples. Even more, it
is difficult to get perfect data set in practice, such as Chromosome 3 in current dataset analysis.
Due to different large segments of DNA sequence missing during polyploidization, we can
hardly find common marker intervals among all the individuals and have nothing to do but to
discard data analysis for Chromosome 3. Such kind of missing data would probably causes bias

in the comparison result and requires further consideration.
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Overall Discussion: Progress in the theoretical basis for statistical genetic analysis in autotetraploids

1.1. Summary of the project

Polyploidy occurs widely in the evolutionary history of nearly all angiosperms (Jiao et al, 2011).
Much evidence suggests that polyploidization of a genome could have profound long-term
effects on genetic diversity and evolutionary success (Otto and Whitton 2000; Soltis and Soltis
2000; Blanc and Wolfe 2004; Chen 2007; Otto S.P. 2007; Christian 2010). Besides playing an
evolutionarily important role in many species, polyploidy is present in several economically
important species, in both agriculture and aquaculture, such as cultivated potato, alfalfa, Atlantic
salmon and trout. However, in contrast with diploid species, progress in statistical genetic
analysis in polyploid species lags far behind due to much more complicated patterns of
inheritance in polyploids, which create a significant challenge. Throughout the entire project, |
developed several theoretical methods to accelerate progress in statistical genetic analysis in
autotetraploid species. To give some insight into these fundamental questions in autotetraploids,
I divided the thesis into two parts: Part | aimed to develop theory and methods in QTL analysis
in autotetraploid species, which would provide tools for breeding programmes of the world’s
third most important food crop, cultivated potato; Part Il established methods of statistical
analysis of crossover events in autotetraploids, giving some insight into the evolutionarily

important role played by autotetraploidy.

In Part | of the thesis, | first proposed and developed an orthogonal contrast scales based genetic
model in Chapter I-1, for decomposing quantitative genetic effects into independent monogenic,
digenic, trigenic, quadrigenic and various epistatic effects independently under tetrasomic
inheritance. This quantitative genetics model outperforms its rivals in several aspects: first, this

model properly takes account of the key features of tetrasomic inheritance, especially the
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phenomenon of double reduction; second, it is general in its use for populations with various
genetic structures; third, the bi-allelic model substantially reduces the number of parameters to
allow fundamental analysis of genetic effects; finally, this quantitative genetic model has taken
the existence of epistasis into consideration in both populations with linkage equilibrium or
linkage disequilibrium. The property of orthogonality ensures that the various genetic effects
can be estimated independently for any number of loci, which is essential for a model to be
consistent and comparable across multiple loci. In addition, to solve the practical problem
caused by the finite sample size in QTL mapping experiments, especially for the analysis of two
or more loci, | proposed a reduced model to select a subset of statistically significant genetic
effects. This progress provides a solid basis for QTL analysis by linking genetic effects of genes

at QTL to phenotypes of quantitative traits.

With the development of various high throughput technologies, several recent genome projects
have been launched in economically and strategically important autotetraploid species, creating
an urgent need for analytical tools to integrate genome sequence information collected from
such projects with phenotypic data of quantitative traits. In Chapter I-2 of Part I, | proceeded to
develop an interval mapping method for QTL analysis in autotetraploids. This method properly
takes account of the key features of tetrasomic inheritance, including the phenomenon of double
reduction and multiplex allele segregation. It is worthy of note that this work contributes the first
method to successfully taking into account quadrivalent pairing during meiosis in QTL mapping
for autotetraploids, which is an essential feature of tetrasomic inheritance. The quadrivalent
pairing method was demonstrated to be more robust in the real data analysis than the
corresponding bivalent pairing method. This advancement in the theoretical methods provides

analytical tools to the recently launched genome projects in autotetraploids, which can be used
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to improve breeding efficiency for economically important autotetraploid species, such as
cultivated potato. To further investigate the application of this method in QTL mapping in
cultivated potato, | also simulated QTL analysis in whole potato genome. Using this single QTL
mapping method, we can see that QTLs on different chromosomes can be adequately detected.
However, this method still has some limitations when QTLs are closely linked on the same
chromosome or if large amount of epistasis existing among QTLs. Thus it would be worthy of

future work to develop methods to inferring multiple QTLs simultaneously.

In Part Il of the thesis, | developed statistical methods to investigate the process of
recombination in autotetraploids, which is the key event in meiosis and enables generation of
new combinations of chromosomes segments or alleles at different loci. In Chapter 11-1, |
established methods for statistical inference of crossover interference in autotetraploids under
bivalent pairing and quadrivalent pairing during meiosis, properly taking account of the essential
properties of tetrasomic inheritance. Theoretical analysis of crossover interference has been a

historically challenging topic and very little work has been done in autotetraploids. | extended
the C, (C,)" model developed by Zhao et al (1995) to analyze three-locus gamete/zygote data for

autotetraploids in terms of the genetic distances of the two marker intervals, the coefficient of
crossover interference and the coefficient of double reduction. This work has therefore filled a
longstanding theoretical and methodological gap in the genetic analysis of crossover
interference in autotetraploid species. By comparing crossover interference in a real dataset
collected from gametes of yeast, we found a decrease in the strength of crossover interference
after polyploidization on one of three chromosomes studied, suggesting a new hypothesis
worthy of future exploration to explain the observed increase of recombination in autotetraploids

compared with diploids (Pecinka 2011, Wang 2011).
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To further investigate the crossover events during meiosis in autotetraploids, in Chapter 11-2 1
proposed a likelihood-based method to predict crossover rate based on whole genome
sequencing data collected from tetrads of autotetraploid meiosis. Taking advantage of the next
generation sequencing approach, we can implement this method to analyze phenotype data
collected from densely distributed SNP markers and estimate crossover rate at the genome level
in autotetraploids. By analyzing a real dataset collected from diploid and its related
autotetraploid Saccharomyces cerevisiae, we found that the crossover rate significantly
increased in autotetraploid yeast compared with diploid yeast, providing further evidence that
the increase of recombination frequency in autotetraploids may be partly due to an increase in

crossover events at the genome level after polyploidization.

All of the above progress in developing the theoretical basis for statistical genetic analysis will
bring us closer to understand the genetic architecture of complex traits in autotetraploids. To
facilitate widespread application, the methods developed have been implemented as R packages

or Fortran programmes freely available upon request.

1.2. Possibilities for future work

In the future, a number of aspects of the methodology for statistical genetic analysis in
autotetraploids need to be improved to increase applicability. For example, one prominent
feature of autotetrasomic inheritance, the occurrence of mixed bivalent and quadrivalent
chromosome pairing during meiosis, has important implications for QTL analysis and breeding
schemes of autotetraploid species. The theoretical methods presented here assume complete

quadrivalent chromosome pairing or complete bivalent chromosome pairing during meiosis. It

Page 265 of 267



Overall Discussion: Progress in the theoretical basis for statistical genetic analysis in autotetraploids

would be desirable to properly incorporate different pairing patterns of homologous

chromosomes during meiosis into the statistical genetic analysis.

To solve the problem of unknown parental QTL genotypes in the QTL mapping method, the
strategy presented here is to use a computer-intensive search method, which is obviously a time
consuming calculation procedure. This is the key step which determines the rum time of the
method and could be improved by developing a more efficient strategy. In addition, it is very
likely that the genetic variance of a quantitative trait would be contributed by the segregation of
multiple QTLs in practice. Therefore when a test reveals a QTL within a marker interval, the
effect observed may be due to two or more loci. In this case, methods dealing with single QTL
would be biased and simultaneously dealing with multiple QTLs would be required to improve

the estimates of mapping positions and genetic effects.

The method of statistical inference of crossover interference assumes that the amount of
crossover interference does not vary in different regions within the chromosome. However, this
would not necessarily be upheld in practice. A local coefficient of crossover interference would
be more desirable than a global coefficient of crossover interference. Moreover, the model could
be improved to include both gene conversions and crossovers, helping us understand more about
the process of crossing over during meiosis. The method presented here for predicting crossover
rate in autotetraploids was designed specifically for data with a particular parental genotype. A
more general method would be desirable for analysing tetrad datasets with various parental

genotypes in autotetraploids.
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