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Chapter 1

General Introduction

The availability of molecular markers and DNA sequences is no longer a
limiting factor for genetic studies of economically important crop species
(Varshney et al., 2005). Genotyping of many individuals with a large number
of markers is routinely conducted in applied maize plant breeding programs
(Bernardo and Yu, 2007). Genotyping of individuals is promising to (i) detect
genes and alleles underlying important agronomic traits (Mackay and Powell,
2007), (ii) predict hybrid performance based on marker data from parental
lines (Vuylsteke et al., 2000), and (iii) select desirable plants in marker-
assisted backcrossing programs (Frisch and Melchinger, 2005). Bioinformatic
tools for data analyses and simulation of entire plant breeding programs are
urgently required to facilitate the integration of the above applications in

applied plant breeding programs (Peleman and Rouppe van der Voort, 2003).

The first concepts for stochastic simulation of population genetical
problems were developed with the advent of computers (Fraser, 1957) and ap-
plied, for example, to simulate the long-term selection response in reciprocal
recurrent selection with different selection schemes (Cress, 1967). However,
until recently, the available computing resources strongly restricted the com-
plexity of the investigated scenarios. The first simulations of marker applica-
tions in plant breeding investigated marker-assisted backcrossing (Hospital et
al., 1992) and marker-assisted selection (Gimelfarb and Lande, 1994). These

simulations were carried out with software, written especially for the problem
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under investigation, because a generic software for carrying out complex sim-
ulations was not available. The programs QU-GENE (Podlich and Cooper,
1998) and Plabsim (Frisch et al., 2000) were simulation tools targeting at a
more flexible approach to simulate plant breeding programs. They provided
an interface for describing the scenarios to be investigated and did not require
knowledge of the underlying programming language. Both were employed in
several studies (QU-GENE: Wang et al., 2003, 2005; Plabsim: Frisch et al.,
1999; Frisch and Melchinger, 2001), but their functionality was restricted to
only a few predefined types of breeding schemes, such as the pedigree and
bulk method in wheat breeding (QU-GENE) or marker-assisted introgression

of one or two target genes (Plabsim).

In conclusion, the optimization of conventional and molecular marker-
based plant breeding programs demands a powerful and user-friendly sim-
ulation platform that allows to model complex breeding plans and various
genetic architectures of the traits under consideration. A tight integration of
the simulation platform with data analysis tools is required to guarantee an
efficient integration of marker-based selection schemes into applied breeding
programs. The development of such a simulation software was the subject of

my thesis work.

1.1 Data analysis

1.1.1 Hardy—Weinberg Equilibrium

The assumption of Hardy—Weinberg equilibrium (Hardy, 1908; Weinberg,
1908) is the basis of many concepts in population genetics and quantitative
genetics (Crow, 1988). Therefore, tests for Hardy—Weinberg equilibrium are
of crucial importance in plant, animal and human genetics as well as evo-
lutionary studies. Tests for Hardy—Weinberg equilibrium are employed to

(i) gather information on the mating system and genetic structure of wild
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and breeding populations (e.g., Semerikov et al., 2002; Reif et al., 2004), (ii)
detect population admixture (e.g., Deng et al., 2001), (iii) reveal marker phe-
notype associations (e.g., Nielsen et al., 1999), and (iv) identify systematic

genotyping errors (e.g., Xu et al., 2002).

Asymptotic goodness-of-fit tests or exact tests based on the probabil-
ity of occurrence of genotype arrays can be used to test for Hardy—Weinberg
law (Weir, 1996). If the contingency table of observed genotype counts has
sparse cells or the sample size is small, it is known that asymptotic goodness-
of-fit tests have poor statistical properties. Exact tests are computationally
demanding, but they are to be preferred over asymptotic goodness-of-fit tests,
because they do not require large sample assumptions. Exact p-values can
be calculated for small population sizes via computationally demanding enu-
meration methods (Louis and Dempster, 1987) and approximated for large
population sizes via Monte Carlo methods (Guo and Thompson, 1992; Huber
et al., 2006).

Aoki (2003) proposed a network algorithm for an incomplete enumer-
ation method to reduce the computational efforts of Hardy-Weinberg tests.
However, it is still not possible to carry out exact tests for many molecular
marker data sets with Aoki’s (2003) algorithm, because the required comput-
ing time is still to long. It is of great importance to extend the computational
feasibility of exact tests to data sets commonly available in plant breeding.

Therefore, faster tests need to be developed and implemented in software.

1.1.2 Linkage disequilibrium

Linkage disequilibrium (LD) is the non-random association of alleles at dif-
ferent loci within a population, i.e., the alleles at two loci are occurring
together more often than it is expected under random mating. The amount
and distribution of LD across the genome depends on the genealogy of a pop-

ulation sample. Moreover, mutation, random genetic drift, selection within
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populations, and migration resulting in admixture between populations can
also cause LD, while in random mating populations LD is reduced in each

generation through recombination.

LD mapping (often also called association mapping) is an approach
to detect genes and alleles of interest in breeding populations (Lynch and
Walsh, 1997). The resolution of LD mapping studies depends on the extent
and distribution of LD in the population. A prerequisite for LD mapping
are chromosome segments in LD, which ideally harbor a molecular marker
and a locus responsible for the trait of interest. LD mapping studies were
suggested as a strategy for a systematic exploitation of the diversity present
in breeding populations (Jannink et al., 2001). To successfully implement
LD mapping studies in plant breeding programs, two prerequisites need to
be met: (1) a software for determining and comparing the LD present in
plant breeding populations with different population sizes, and (2) detailed
knowledge about the amount and distribution of LD in the breeding program

under consideration.

Available software for carrying out LD analysis such as Arlequin (Ex-
coffier et al., 2005), Powermarker (Liu and Muse, 2005), and other (c.f.,
Excoffier and Heckel, 2006) lack a significance test for commonly used LD
r? and R (Maurer et al., 2006). However, such

a test is of particular importance, because the size of the LD coefficients

measures such as D', D! |
depends strongly on the allele frequencies in the investigated population.
Therefore, the absolute values of LD coefficients are typically less informa-
tive than information about their statistical significance. Assessment of the
prospects of LD mapping approaches in applied maize breeding programs
requires a detailed knowledge about the amount and distribution of LD in

modern breeding germplasm and this knowledge is entirely lacking.
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1.1.3 Haplotype blocks

Due to linkage, alleles at adjacent loci are mostly inherited together. There-
fore, allele frequencies at linked markers are often highly correlated. This can
result in an overestimation of QTL effects and in a reduced power of QTL
detection. Combining adjacent markers to so-called haplotype blocks can
reduce this problem because (1) haplotype blocks correspond directly to the
biologically functional unit, (2) population genetics has shown that sequence
variation is structured into haplotypes blocks, and (3) haplotype blocks of-
ten have the statistical advantage of reducing the dimension of statistical
tests involved (Clark, 2004). Alternative approaches have been proposed
for finding haplotype blocks (Anderson and Novembre, 2003; Gabriel et al.,
2002; Jansen et al., 2003; Patil et al., 2001; Zhang et al., 2002). However,
the usability of haplotype block-based approaches for LD mapping or hybrid
performance prediction in the context of applied plant breeding programs

has not yet been investigated.

A first prerequisite to implement haplotype block-based methods in
plant breeding is the availability of suitable algorithms and software to deter-
mine the haplotype structure of breeding material with alternative methods.
Before starting this thesis work, no such algorithms and software were avail-
able. A second prerequisite are investigations on the relative advantages
of haplotype-based methods compared with single marker-based methods.
An important problem in hybrid breeding is the prediction of the hybrid
performance of potential hybrids not tested in field trials. In this context,
prediction methods based on haplotype blocks of parental inbred lines are
regarded as a promising alternative to single marker-based methods. How-
ever, no studies investigating haplotype block-based prediction methods in

hybrid breeding were available.



6 General Introduction

1.2 Simulation

1.2.1 Software development

Random mating, infinite population size, and absence of selection are of-
ten assumed in the derivation of analytical solutions for population genetical
problems. However, in plant breeding, finite populations are derived from
planned crosses, and selection is carried out to achieve breeding progress.
Therefore, population genetical problems for which no suitable analytical so-
lutions are available oftentimes occur in plant breeding. Examples comprise
the expected LD decay under planned crossing schemes such as chain-crossing
or the development of the additive genetic variance under recurrent full-sib se-
lection (Falke et al., 2007b). Computer simulations can be employed to solve
such problems and to obtain approximate solutions. Several software pro-
grams for population genetical simulation have been developed such as GRE-
GOR (Tinker and Mather, 1993), QU-GENE (Podlich and Cooper, 1998),
SIMCOAL (Laval and Excoffier, 2004), but they lack functions required for
modeling applied plant breeding programs and interfaces to suitable data

analysis software.

For a successful integration of molecular marker-based selection
schemes in plant breeding, a software is required that allows to simulate
entire applied plant breeding programs with and without marker-assisted se-
lection and to determine the cost relevant parameters for alternative experi-
mental settings. Furthermore, integrated routines are required for analyzing
the simulated data. Before starting this thesis work such a software was not

available.

1.2.2 Validation with experimental data

Simulation studies are used to draw conclusions on the optimum design of

marker-assisted plant breeding programs. In particular, they were often em-
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ployed to determine the optimum design of marker-assisted backcrossing pro-
grams (c.f., Hospital, 2005; Frisch and Melchinger, 2005).

The results of computer simulations depend on the model of meiosis
employed in developing the simulation software. In Plabsoft, the absence of
interference in crossover formation (Stam, 1979) was assumed, resulting in
a model mathematically equivalent to that underlying Haldane’s mapping
function (Haldane, 1919). Only if the model employed in the software is
in good accordance with reality, the simulation results are relevant for op-
timizing applied breeding programs. However, studies comparing simulated
with experimental datasets, and hence, validating whether the models imple-
mented in the software are met to a sufficient degree in reality, are entirely

lacking, particularly in the area of marker-assisted backcrossing programs.

1.3 Integrated simulation and data analysis

1.3.1 Recurrent selection

Recurrent selection is a breeding method designed for obtaining long-term
selection response by increasing the frequency of favorable alleles in a breed-
ing population while maintaining the genetic variance. A constantly high
additive genetic variance is required to obtain long-term selection response,
but the extent of the additive variance is reduced by strong LD. Therefore,
Johnson (1982) suggested three generations of random intermating before
starting with the selection process of a recurrent selection program to reduce
the strong initial LD present in Fy populations. For random intermating,
theoretical concepts exist that describe the LD decay due to intermating.
However, for mating schemes such as chain-crossing no theoretical results on

the LD decay are available.

In a long-term study at the University of Hohenheim, two recurrent

selection programs with maize were conducted (Flachenecker et al., 2006a,
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b, ¢; Falke et al., 2007a), in which the Fy base population was three times
intermated with the chain-crossing method before starting selection. To de-
termine the theoretical expectation of the LD decay in the intermating gen-
erations of this breeding program, a software was required which would allow
to (1) simulate the breeding scheme repeatedly as carried out in practice and
(2) analyze the data generated in each simulation replication for LD. Before

starting this thesis work such a software was not available.

1.3.2 Linkage disequilibrium in a breeding program

Knowledge about the amount and distribution of LD in a plant breeding
population is an important factor to draw conclusions on the possible se-
lection response and on the prospects of LD mapping methods. However,
in addition to the information on the amount of LD in an applied breeding
program, it is of utmost importance to determine the underlying causes for
the observed results. Only if breeders are aware of the factors causing LD in
a breeding population, they can influence the extent of LD by adapting their

breeding schemes.

Conducting large breeding programs repeatedly for scientific reasons
is not possible due to high costs. Therefore, simulation studies are the only
possibility to investigate the forces generating and conserving LD in breeding
programs. Before starting this thesis work no simulation and data analysis

tools were available to start such a simulation study.
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1.4 Objectives

The goal of this thesis was to develop an integrated computer program for

population genetic simulation and data analyses and apply the software to

problems occurring in applied genetics research and plant breeding. In par-

ticular, the objectives were to

(1)

develop and implement in software an incomplete enumeration algo-
rithm for an exact test of Hardy—Weinberg proportions, which is faster

than existing algorithms (Chapter 2),

implement in software the computation of several LD coefficients, de-
velop and implement significance tests for LD coefficients D! and
R, and employ these by analyzing a commercial hybrid maize breed-

ing program to draw conclusions about the prospects of LD mapping
(Chapter 3),

develop and implement in software methods for haplotype block detec-
tion and employ these by determining the haplotype block structure
in a hybrid maize breeding program to predict hybrid performance
(Chapter 4),

develop algorithms for simulation of plant breeding programs and im-
plement these in an integrated software, comprising also the data anal-

ysis routines of objectives (1) to (3) (Chapter 5),

compare the agreement between results from computer simulations and
those of experimental plant breeding programs by the example of a
marker-assisted backcrossing program for transfer of a submergence
tolerance QTL in rice (Chapter 6),

determine with simulations the expected LD decay in the intermating

generations of two recurrent selection programs in maize (Chapter 7),

investigate with computer simulations the forces generating and main-

taining the LD in a hybrid maize breeding program (Chapter 8).
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An incomplete enumeration algorithm for an exact test of
Hardy-Weinberg proportions with multiple alleles
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Abstract

Testing of Hardy—Weinberg proportions (HWP) with asymptotic goodness-of-fit tests is problematic when the
contingency table of observed genotype counts has sparse cells or the sample size is low, and exact procedures
are to be preferred. Exact p-values can be (1) calculated via computational demanding enumeration methods
or (2) approximated via simulation methods. Our objective was to develop a new algorithm for exact tests
of HWP with multiple alleles on the basis of conditional probabilities of genotype arrays, which is faster
than existing algorithms. We derived an algorithm for calculating the exact permutation significance value
without enumerating all genotype arrays having the same allele counts as the observed one. The algorithm
can be used for testing HWP by (1) summation of the conditional probabilities of occurrence of genotype
arrays with smaller probability than the observed one, and (2) comparison of the sum with a nominal Type I
error rate a. Application to published experimental data from seven maize populations showed that the exact
test is computationally feasible and reduces the number of enumerated genotype count matrices about 30%
compared with previously published algorithms.
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Abstract

Detailed knowledge about the patterns and distribution of linkage disequilibrium (LD) is of fundamental
importance for mapping of genes by whole-genome association studies. In this study, we (i) analyzed the
molecular genetic diversity, (ii) investigated the patterns and distribution of LD in elite maize inbreds, and
(iii) assessed the prospects of association mapping methods in breeding materials. Six germplasm pools with
a total of 497 elite lines of a commercial breeding program in Europe were fingerprinted by 81 SSR markers
covering the entire maize genome. The extent of LD among marker loci was estimated by different measures
of LD. Across all germplasm pools, the SSR markers were highly polymorphic, and four groups of inbred
lines were detected by principal component and Bayesian cluster analysis. We detected genome-wide LD
among pairs of loci. LD between linked markers decreased not only with distance but also with a smaller
number of alleles and lower gene diversity. In conclusion, association mapping via a genome-wide scan may
be applied to detect associations between marker and traits, but LD between unlinked loci will most likely
result in high rates of false positives.
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Abstract

Marker-based prediction of hybrid performance facilitates the identification of untested single-cross hybrids
with superior yield performance. Our objectives were to (1) determine the haplotype block structure of ex-
perimental germplasm from a hybrid maize breeding program, (2) develop models for hybrid performance
prediction based on haplotype blocks, and (3) compare hybrid performance prediction based on haplotype
blocks with other approaches, based on single AFLP markers or general combining ability (GCA), under a
validation scenario relevant for practical breeding. In total, 270 hybrids were evaluated for grain yield in four
Dent x Flint factorial mating experiments. Their parental inbred lines were genotyped with 20 AFLP primer
enzyme combinations. Adjacent marker loci were combined into haplotype blocks. Hybrid performance
was predicted on basis of single marker loci and haplotype blocks. Prediction based on variable haplotype
block length resulted in an improved prediction of hybrid performance compared with the use of single
AFLP markers. Estimates of prediction efficiency (R?) ranged from 0.305 to 0.889 for marker-based prediction
and from 0.465 to 0.898 for GCA-based prediction. For inter-group hybrids with predominance of general
over specific combining ability, the hybrid prediction from GCA effects was efficient in identifying promising
hybrids. Considering the advantage of haplotype block approaches over single marker approaches for the
prediction of inter-group hybrids, we see a high potential to substantially improve the efficiency of hybrid
breeding programs.
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Abstract

Computer simulations are a useful tool to solve problems in population genetics for which no analytical
solutions are available. We developed Plabsoft, a powerful and flexible software for population genetic sim-
ulation and data analysis. Various mating systems can be simulated, comprising planned crosses, random
mating, partial selfing, selfing, single-seed descent, double haploids, topcrosses, and factorials. Selection can
be simulated according to selection indices based on phenotypic values and/or molecular marker scores.
Data analysis routines are provided to analyze simulated and experimental datasets for allele and genotype
frequencies, genotypic and phenotypic values and variances, molecular genetic diversity, linkage disequilibri-
um, and parameters to optimize marker-assisted backcrossing programs. Plabsoft has already been employed
in numerous studies, we chose some of them to illustrate the functionality of the software.
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Abstract

Computer simulations are useful tools to optimize marker-assisted breeding programs. The objective of our
study was to investigate the closeness of computer simulations of the recurrent parent genome recovery
with experimental data obtained in two marker-assisted backcrossing programs in rice (Orzya sativa L.). We
simulated the breeding programs as they were practically carried out. In the simulations we estimated the
frequency distributions of the recurrent parent genome proportion in the backcross populations. The simu-
lated distributions were in good agreement with those obtained practically. The simulation results were also
observed to be robust with respect to the choice of the mapping function and the accuracy of the linkage map.
We conclude that computer simulations are a useful tool for pre-experiment estimation of selection response
in marker-assisted backcrossing.
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Abstract

According to quantitative genetic theory, linkage disequilibrium (LD) can hamper the short- and long-term
selection response in recurrent selection (RS) programs. We analyzed LD in two European flint maize pop-
ulations, KW1265 x D146 (A x B) and D145 x KW1292 (C x D), under modified recurrent full-sib selection.
Our objectives were to investigate (1) the decay of initial parental LD present in F, populations by three gen-
erations of intermating, (2) the generation of new LD in four (A x B) and seven (C x D) selection cycles, and
(3) the relationship between LD changes and estimates of the additive genetic variance. We analyzed the F;
and the intermated populations as well as all selection cycles with 104 (A x B) and 101 (C x D) simple se-
quence repeat (SSR) markers with a uniform coverage of the entire maize genome. The LD coefficient D and
the composite LD measure A were estimated and significance tests for LD were performed. LD was reduced
by intermating as expected from theory. A directional generation of negative LD between favorable alleles
could not be observed during the selection cycles. However, considerable undirectional changes in D were
observed, which we attributed to genetic sampling due to the finite population size used for recombination.
Consequently, a long-term reduction of the additive genetic variance due to negative LD was not observed.
Our experimental results support the hypothesis that in practical RS programs with maize, LD generated by
selection is not a limiting factor for obtaining a high selection response.
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Abstract

Knowledge about the forces generating and conserving linkage disequilibrium (LD) is important for drawing
conclusions about the prospects and limitations of association mapping. The objectives of our research were to
examine the importance of (1) selection, (2) mutation, and (3) genetic drift for generating LD in a typical maize
breeding program. We conducted computer simulations based on genotypic data of Central European maize
open-pollinated varieties which have played an important role as founders of the European flint heterotic
group. The breeding scheme and the dimensioning underlying our simulations reflect essentially the maize
breeding program of the University of Hohenheim. Results suggested that in a plant breeding program of the
examined dimension and breeding scheme, genetic drift and selection are major forces generating LD. The
currently used population-based association mapping tests do not explicitly correct for LD caused by these
two forces. Therefore, increased type I error rates are expected if these tests are applied to plant breeding
populations. As a consequence, we recommend to use family-based association tests for association mapping
approaches in plant breeding populations.
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Chapter 9

General Discussion

Many population and quantitative genetic problems arising in the context
of DNA marker applications in plant breeding programs cannot be answered
by classical population genetical theory, which is based on simplifying as-
sumptions to obtain mathematically tractable models. The most important
assumptions are random mating, infinite population size, and an infinite
number of genes with small effects underlying the phenotypic traits under
consideration. However, these assumptions are often not fulfilled. Therefore,
efficient use of molecular markers in plant breeding requires a software envi-
ronment that integrates data analyses routines and simulation modules. In
my thesis work, I developed the computer program Plabsoft, which integrates
population genetic analyses routines for gene diversity, Hardy-Weinberg equi-
librium (HWE), linkage disequilibrium (LD), and haplotype block finding
algorithms with simulation tools allowing to model and analyze entire plant
breeding programs. Application of Plabsoft in a large number of research
projects, of which a considerable number would not have been possible with-
out the software, corroborates the usefulness of this powerful and flexible

software environment.

9.1 Hardy—Weinberg Equilibrium

The Hardy—Weinberg law is a cornerstone of diploid population genetics

and the basis of many concepts in quantitative genetics (c.f., Falconer and
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Table 9.1. Tests for Hardy—Weinberg equilibium implemented in Plabsoft.

Procedure

Description

hwe.chi

hwe.ce.louisdempster

hwe.ce

hwe.ie

hwe.network

hwe.ie.network

hwe.monte.guo

hwe.monte.huber

Pearson’s x? test (Weir, 1996)

Complete enumeration algorithm for up to four al-
leles per marker locus based on Fisher’s exact test
(Louis and Dempster, 1987)

Complete enumeration algorithm based on Fisher’s
exact test (Weir, 1996)

Incomplete enumeration algorithm based on
Fisher’s exact test by adopting the concept of
Pagano and Taylor Halvorsen (1981)

Network algorithm based on Fisher’s exact test
(Aoki, 2003)

Hybrid algorithm of network and incomplete enu-
meration algorithm for an arbitrary number of al-
leles per marker locus based on Fisher’s exact test
(Maurer et al., 2007)

Monte Carlo test based on Fisher’s exact test (Guo
and Thompson, 1992)

Monte Carlo test based on Fisher’s exact test (Hu-
ber et al., 2006)
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Mackay, 1996). For a correct interpretation of experimental results, it is,
therefore, of crucial importance to check whether the assumptions of HWE
are met or not. Consequently, I implemented a broad range of test statistics
and testing strategies for HWE in Plabsoft (Table 9.1). Furthermore, a novel
incomplete enumeration algorithm to test for HWE with multiple alleles was
developed (Maurer et al., 2007) by combining the network algorithm (Aoki,
2003) with an adapted incomplete enumeration concept of Pagano and Taylor
Halvorsen (1981).

To compare different algorithms for conducting exact HWE tests, the
number of enumerated genotype count tables was employed, because this
statistic is independent from the used programming techniques, which is not
the case, for example, for the required computing time. The tests were ap-
plied to an experimental data set of maize (Reif et al., 2003a). For this
dataset, the new incomplete enumeration algorithm required less enumer-
ations than all algorithms described previously. Our results indicate that
asymptotic goodness-of-fit tests are not necessary with todays computing re-
sources. For an exact HWE test the newly developed algorithm can be carried
out directly or its p-value can be estimated with Monte Carlo methods. In
conclusion, the newly developed algorithm has considerable computational
advantages over algorithms described previously and extends substantially

the range of problems that can be tested.

9.2 Linkage Disequilibrium

Knowledge about the patterns and distribution of LD in breeding populations
is required to investigate the additive and dominance genetic variances of
quantitative traits and for applying association mapping methods (Lynch
and Walsh, 1997). Therefore, I implemented in Plabsoft a broad range of LD

measures and tests (Table 9.2).
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Table 9.2. Routines for analyzing linkage disequilibrium implemented in

Plabsoft.

Procedure

Description

Id.pw.gametic.chi

ld.pw.genotypic.chi

ld.pw.gametic.monte

ld.pw.genotypic.exact

ld.pw.genotypic.monte

ld.multi.genotypic.monte

ld.matrix.plot

1d.versus.distance

Pearson’s x? test for gametic data based
on linkage disequilibrium coefficient D (Weir,
1996)

Pearson’s x? test for genotypic data based on

the composite linkage disequilibrium coefficient
A (Weir, 1996)

Monte Carlo test for gametic data based on
Fisher’s exact test (Weir, 1996)

Complete enumeration algorithm for genotypic

data based on Fisher’s exact test

Monte Carlo algorithm for genotypic data
based on Fisher’s exact test with or without as-
suming Hardy—Weinberg equilibrium (Zaykin
et al., 1995). In the case of homozygous in-
bred lines, the LD measures (D? D', r?, D!
and R) and p-values for the LD measures D],

and R are calculated via Monte Carlo methods

Monte Carlo algorithm for multilocus geno-

typic data based on Fisher’s exact test

Plot the results (A2, D? D', r? D! R, or p-
values of D! | R, and Fisher’s exact test) of a
linkage disequilibrium analysis in a matrix plot
Plot the results (A2, D? D', r? D! R, or p-
values of D! | R, and Fisher’s exact test) of a

linkage disequilibrium analysis as a function of

recombination frequency or map distance
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The suitability of these alternative measures for assessing LD in plant
breeding populations was not yet investigated. In the case of bi-allelic loci,
D' measures only recombinational history, while 72 summarizes both recom-
binational and mutational history (Flint-Garcia et al., 2003). The analysis
of our dataset from a hybrid maize breeding program (Maurer et al., 2006)
indicated one main drawback of D], . For small sample sizes or rare alleles,
the estimates of D! can be highly inflated. r? can be interpreted as the
squared correlation coefficient between allele frequencies at two bi-allelic loci
(Devlin and Risch, 1995) and is proportional to Pearson’s x? test statistic
to detect LD (Balding, 2006). Hence, a low value of r? means that a large
sample size n is required to detect the LD between the markers. The results
of our maize data set based on multi-allelic simple sequence repeat (SSR)
markers (Maurer et al., 2007) indicate that the values of D!, and R strongly
depended on the sample size, the number of alleles, and the allele frequency
distribution at each locus. In consequence, comparisons between D! and R

values of the same loci in different populations are problematic.

Due to the difficulty in comparing absolute values of D! and R be-
tween different populations, it is often more important to know whether the
observed LD is statistically significant rather than how large the disequilib-
rium coefficients are (Weir, 1996). To test for statistical significance of D,
and R, an algorithm was developed and implemented, which is analogous to
the estimation of the p-value with Fisher’s exact test via Monte Carlo meth-
ods. The algorithm determines with a permutation method the probability
p of occurrence of contingency tables with larger D! or R values and the
same marginal totals as the observed one. In conclusion, Plabsoft is the first

software that provides significance tests for the most important LD measures.

9.3 Haplotype Blocks

Strong LD between marker loci was detected in populations from an

applied maize breeding program, which results in correlations between alleles



36

General Discussion

Table 9.3. Routines for analyzing haplotype blocks implemented in Plab-

soft.
Procedure Description
haploblock.fixed Determines haplotype blocks by a fixed
block length of n adjacent and consecutive
marker loci (HB1; Schrag et al., 2007)
haploblock.find Determines an optimum haplotype block

haploblock.statistic

haploblock.boundary.add

haploblock.boundary.remove

ggt.plot

solution with the lowest chromosome-wise
haplotype allele number using pairwise and
multi-allelic LD measures (HB2 and HB3;
Schrag et al., 2007)

Returns a summary statistic about the hap-

lotype block partition

Adds a haplotype block boundary between

two adjacent loci on the same chromosome

Removes a haplotype block boundary be-
tween two adjacent loci on the same chro-

mosoime

Plots the graphical genotype of the individ-
uals of a population. Blocks are visualized
via vertical lines. Different coloring modes

are available: locus / haplotype block
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at two loci (Maurer et al., 2006). These correlations can further result in an
overestimation of quantitative trait loci (QTL) effects in association studies
(Wang et al., 2003), inaccurate prediction of hybrid performance, and in
problems to estimate the parameters in multiple linear regression (Schrag
et al., 2006). To address the multicolinearity of marker alleles, I developed
three algorithms for detecting haplotype blocks in breeding material and
implemented these in Plabsoft (Table 9.3).

The algorithm HB1 uses a fixed block size of four markers as suggested
by Jansen et al. (2003). The data-driven approaches HB2 and HB3 determine
the block boundaries by minimizing the number of haplotype alleles for each
chromosome with alternative constraints on the LD within blocks (Schrag et
al., 2007) using Dijkstra’s (1959) shortest path algorithm.

The haplotype block finding algorithms were applied to predict het-
erosis and hybrid performance in four factorial crossing designs of a hybrid
maize breeding program (Schrag et al., 2007). We found that missing geno-
type data is a major problem for haplotype block analysis. In future studies,
this problem could be tackled by replacing missing genotypes with predicted
values that are based on the observed genotypes, which results in a bet-
ter use of the observed data and simplified analysis (Balding, 2006). The
haplotype blocks resulted in an improved prediction of hybrid performance
compared with predictions based on single-marker methods, especially when
the data-driven algorithms HB2 and HB3 were used (Schrag et al., 2007).

In conclusion, the haplotype finding algorithms were successfully em-
ployed in prediction of heterosis in maize hybrid breeding. Further promising
applications, where haplotype blocks can replace single-marker models, are

association mapping approaches in crops (Mackay and Powell, 2007).

9.4 Simulation of plant breeding programs

The designs and selection decisions in plant breeding programs are complex

and can be analyzed only under simplifying assumptions with closed math-
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ematical models. Often, computer simulations are the only possibility to
model plant breeding programs. Therefore, I developed and implemented a

comprehensive simulation module in Plabsoft (Maurer et al., 2008).

The core of the genetic simulation is an algorithm which allows to
model the recombination process during meiosis. The algorithm implemented
in Plabsoft is based on the count location process (Karlin and Liberman,
1978). From genotypes generated by the simulation of meiosis, genotypic
values are obtained using a quantitative genetic model suggested by Bulmer
(1985). Phenotypic values can be obtained by modeling masking variances
and the error variance for arbitrary experimental designs. In addition to
meiosis of diploid species (Maurer et al., 2008), I developed a module for
simulation of meiosis for autotetraploid crops such as potato, adopting the
meiosis model without double reduction as described by Gallais (2003). An
illustration of the principle employed for simulation of meiosis is given in

Figure 9.1.

Using the above core functionality, I developed a broad range of sim-
ulation functions (Maurer et al., 2008, Table 1). These functions for the
simulation of individual breeding steps can be used to model entire breed-
ing programs. This software design provides a high level of flexibility for
the advanced user. To make the software also applicable for non-expert
users, | designed and implemented an alternative set of high-level interfaces
for Plabsoft (Table 9.4). These high-level routines allow to describe entire
breeding programs, which follow standardized designs, with only a few lines
of program statements without being too much involved with details of the
software. The modules are employed in ongoing studies investigating marker-

assisted backcrossing programs (Prigge et al., in preparation).

A key question in the application of simulation studies is “How good
do the simulations reproduce reality?”. We investigated this question with
a dataset of a marker-assisted backcrossing program for introgression of the

submergence tolerance QTL Sub! (Xu et al., 2006) into the widely grown rice
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Simulation of meiosis in diploids

(1)

count = 2 (2) location = (0.24 , 0.67)

12 12

Simulation of meiosis in autotetraploids

(1) (2)

1234 23 14 23

count=1,2

(3) ‘l_L location = (0.72) , (0.35, 0.42)

Figure 9.1. Illustration of simulation of recombination during meisosis in
dipoid and tetraploid species. In the count location model employed for
diploid species, a two-step random process is employed. In the first step,
a Poisson distributed random variable determines the count of crossovers
on a chromosome. In the second step, the position of each crossover on
the chromosome is determined with a uniformly distributed random vari-
able. The figure illustrates this with the example of a chromsome on
which two crossovers at 0.24 M and 0.67 M from the telomere occurred.
In tetraploid species, a further random process determines which homolo-
gous chromosomes are pairing for the recombination process. In the above
example, chromosome 1 is paring with chromosome 4 and chromosome
2 with chromosome 3. Subsequently, for each pair of chromosomes the

count-location process is modeled.
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Table 9.4. High-level interface function to simulate marker-assisted back-

crossing programs following standardized designs.

Procedure

Description

genotype.construction.begin
genotype.construction.end

genotype.construction.statistic

population.select

watch.batch

watch.gc

watch.marker.score

watch.mdp

Begin of a simulation run
End of a simulation run

Summary statistic about successful and

failed simulation runs

Function for conducting selection ex-
periments with an arbitrary number of
stages and selection strategies. A selec-
tion strategy is defined by the arguments
batch, stage, condition, effect, strategy,
x, and MDP.count

Collects information about marker-
assisted backcrossing programs with
increasing population size up to a
point where the simulation run can be

successfully continued

Collects information about the genome
contribution of a specified ancestor to a

population

Collects information about the marker

score for a specified effect

Collects information about the required

number of marker data points

For each of the four implemented watch functions, further functions

are implemented to visualize (watch.plot), compute a summary statistic

(watch.statistic), return (watch.get), or save/load from a file the collected

information.
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lines ‘Swarna’ and ‘Samba Mashuri’ (Prigge et al., 2007). A high agreement
with simulated and observed proportions of the recurrent parent genome in
backcross individuals was observed. Therefore, we concluded that the results
obtained with Plabsoft are highly transferable to applied plant breeding pro-

grams.

9.5 Application of Plabsoft

Applications of Plabsoft for investigating (a) LD in recurrent selection pro-
gram in maize (Falke et al., 2007) and (b) the development of LD in the
breeding history of maize (Stich et al., 2007b) were used to define the func-
tionality required for modeling applied breeding programs and the require-
ments of the users with respect to the interface and function calls of the

simulation and data analyses routines.

Falke et al. (2007) simulated with Plabsoft three generations of inter-
mating in a recurrent selection program of maize. We carried out an inte-
grated analysis, in which we analyzed genetic distances and LD of simulated
and experimental data with Plabsoft. With the simulations, we were able to
determine confidence intervals for the expected LD decay under intermating
with a chain crossing scheme, a research question for which no theoretical
concepts are available. This application demonstrates that Plabsoft can be
employed to solve complex population genetical problems for which analyti-

cal solutions are not available.

Stich et al. (2007b) simulated the breeding history of the hybrid maize
breeding program of the University of Hohenheim. The simulations were
based on experimental data of European open pollinated varieties, from
which the inbred lines were developed for establishing the hybrid breeding
program. Subsequently, eight breeding cycles were simulated, comprising
inbred line development, multi-stage selection for general combining abil-

ity, and crosses between superior inbred lines. With an integrated analysis,
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employing the simulation routines of Plabsoft and the routines for the assess-
ment of LD, we found that random genetic drift and selection are the major
forces generating LD. Consequently, association studies in plant breeding
programs are best carried out with family-based association tests (Stich et
al., 2006b). This application demonstrates that the developed simulation
functionality is capable of modeling complex, long-term breeding programs

as carried out in practice.

In addition to the publications of this thesis, the development of Plab-
soft was further promoted by its use in eight studies, on which I was involved
as a co-author. Reif et al. (2005d, e) used the data analyses routines to inves-
tigate population genetical parameters in maize. Heckenberger et al. (2005¢)
simulated breeding schemes to derive concepts for plant variety protection.
Stich et al. (2005, 2006a) analyzed LD in European maize to assess the
prospects of association mapping in plant breeding. Stich et al. (2006b)
conducted simulation studies to evaluate the power of a new family-based
association test. Heckenberger et al. (2008) developed a database interfaced
for Plabsoft. Stich et al. (2007a) investigated with simulations the power and

proportion of false positives in association mapping.

The software was also used in about thirty studies, in which I did not
participate, but which underline its broadly usability by applied geneticists
and breeders. Plabsoft was used to assess population genetic parameters in
maize (Andersen et al., 2005; Reif et al., 2003a, b, 2004, 2005¢, 2006; Xia
et al., 2004, 2005), triticale (Tams et al., 2005, 2006), celeriac, cornsalad,
and radish (Muminovi¢ et al., 2004a, b, 2005), and wheat (Dreisigacker et
al., 2004, 2005a, b; Reif et al., 2005a; Zhang et al., 2005, 2006). Reif et
al. (2005b) conducted simulations to compare genetical and mathematical
properties of similarity and dissimilarity coefficients applied in plant breeding
and seed bank management. Heckenberger et al. (2005a, b, 2006) conducted
genetic diversity studies in the context of plant variety protection. Frisch
et al. (2004) used simulations to investigate the effects of incorrect locus

orders caused by duplicate marker loci. Frisch and Melchinger (2006) used
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simulations to investigate the extent of systematic prediction errors in the
context of marker-based prediction of the parental genome contribution to
inbred lines derived from biparental crosses. Frisch and Melchinger (2007)
used simulations to verify theoretically derived formulas for the variance of
the parental genome contribution to inbred lines derived from biparental

Crosses.

9.6 Prospects for future developments

Unraveling of the genetic architecture of complex agronomically important
traits is very promising through the integration of genomics, metabolomics,
and phenomics (Keurentjes et al., 2006). The integration of such information
into applied breeding programs requires a paradigm shift from phenotype-
to genotype-based selection (Bernardo, 2001; Peleman and Rouppe van der
Voort, 2003). To realize this shift, new breeding concepts and strategies are

required. These can be investigated and developed with Plabsoft.

In particular, application of Plabsoft is promising in the following
areas: (i) investigations of the statistical properties of new QTL mapping
methods, (ii) optimizations of breeding programs for an optimal use of the
available information about epistatic and genotype X environment interac-
tions (Walsh, 2005), and (iii) fine-tuning of existing breeding strategies for
an optimum use of resources in phenotype- and molecular-based selection
approaches (Dekkers and Hospital, 2002).
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Chapter 10

Summary

Marker-assisted breeding approaches are promising tools for enhancement of
the conventional plant breeding process. They have been successfully applied
in many areas such as plant variety protection, classification of germplasm,
assessment of genetic diversity, mapping of genes underlying important agro-
nomic traits, and using the mapping information for selection decisions. Pow-
erful and flexible bioinformatic tools are urgently required for a better inte-
gration of molecular marker applications and classical plant breeding meth-
ods. The objective of my thesis work was to develop and apply Plabsoft, a
computer program for population genetic data analyses and simulations in

plant breeding.

The assumption of Hardy—Weinberg equilibrium is a cornerstone of
many concepts in population and quantitative genetics. Therefore, tests for
Hardy—Weinberg equilibrium are of crucial importance, but the assumptions
underlying asymptotic x? tests are often not met in datasets from plant
breeding programs. I developed and implemented in Plabsoft a new algo-
rithm for exact tests of Hardy—Weinberg equilibrium with multiple alleles.
The newly derived algorithm has considerable computational advantages over
previously described algorithms and extends substantially the range of prob-

lems that can be tested.

Knowledge about the amount and distribution of linkage disequilib-

rium (LD) in breeding populations is of fundamental importance to assess
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the prospects for gene mapping with whole-genome association studies. To
analyze LD in breeding populations, I implemented various LD measures in
Plabsoft and developed a new significance test for the LD measures D/, and
R. The routines were employed to analyze LD in 497 elite maize lines from
a commercial hybrid breeding program, which were fingerprinted by 81 sim-
ple sequence repeat (SSR) markers covering the entire genome. Strong LD
was detected and, therefore, whole-genome association studies were recom-
mended as promising. However, LD between unlinked loci will most likely

result in a high rate of false positives.

The prediction of hybrid performance with DNA markers facilitates
the identification of superior hybrids. The single marker models used so
far do not take into account the correlation between allele frequencies at
linked markers. To overcome this problem, the concept of haplotype blocks
was proposed. I developed and implemented in Plabsoft three alternative
algorithms for haplotype block detection suitable for plant breeding. The
algorithms were applied for the haplotype-based prediction of the hybrid
performance of 270 hybrids, the parents of which were fingerprinted with 20
amplified fragment length polymorphism (AFLP) primer combinations. Em-
ploying haplotypes resulted in an improved prediction of hybrid performance
compared with single marker models. Consequently, haplotype-based predic-
tion methods have a high potential to improve substantially the efficiency of

hybrid breeding programs.

Computer simulations can be employed to solve population genetic
problems in plant breeding, for which the simplifying assumptions underly-
ing the classical population genetic theory do not hold true. However, before
the start of my thesis no flexible simulation software was available. T de-
veloped algorithms for simulation of single breeding steps and entire plant
breeding programs and implemented these in Plabsoft. The routines allow

the simulation of plant breeding programs as they are conducted in practice.

The simulation routines of Plabsoft were validated by simulating two

marker-assisted backcross programs in rice conducted by the International
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Rice Research Institute (IRRI). In the simulations, the frequency distribu-
tions of the proportion of recurrent parent genome in the backcross popu-
lations were assessed. The simulation results were in good agreement with
the experimental data. Therefore, computer simulations are a useful tool for

pre-test estimation of selection response in marker-assisted backcrossing.

The application of Plabsoft was exemplified by two studies in maize.
In the first study, the expected LD decay in the intermating generations of
two recurrent selections programs was determined with simulations. This
application demonstrates the use of Plabsoft to solve problems for which
analytical results are not available. In the second study, the forces generating
and maintaining LD in a hybrid maize breeding program were investigated
with computer simulations. This application demonstrates the capability of

modeling complex long-term breeding programs as performed in practice.

The studies of my thesis provide an example for the broad range of
possible applications of Plabsoft. In addition to the presented studies, Plab-
soft has so far been employed in about 40 further studies, which corroborates
the usefulness of Plabsoft for integrating new genomic tools in applied plant

breeding programs.



56

Summary



Chapter 11

Zusammenfassung

DNA Marker werden in der Pflanzenziichtung zum Erkennen von Sorten-
plagiaten, zur Gruppierung von Zuchtmaterial, zur Uberwachung der geneti-
schen Diversitét, zur Kartierung von Genen, die fiir die Auspragung wichtiger
agronomischer Merkmale verantwortlich sind, sowie zur marker-gestiitzten
Selektion eingesetzt. Um die Markertechnologie in die Methodik der klas-
sischen Pflanzenziichtung zu integrieren, werden dringend flexible und lei-
stungsfahige bioinformatische Konzepte und darauf basierende Computer-
programme benotigt. Das Ziel dieser Arbeit war es, Plabsoft, ein Compu-
terprogramm zur populationsgenetischen Datenanalyse und Simulation von

Pflanzenziichtungsprogrammen, zu entwickeln und anzuwenden.

Die Annahme, dass sich eine Population im Hardy—Weinberg Gleich-
gewicht befindet, liegt vielen Konzepten der Populationsgenetik und der
quantitativen Genetik zugrunde. Deswegen sind statistische Tests auf Hardy—
Weinberg Gleichgewicht von grofler Bedeutung. In Datensédtzen aus Pflan-
zenziichtungsprogrammen treffen die statistischen Annahmen, welche den
oft verwendeten y2-Tests zugrunde liegen, hiufig nicht zu. Aus diesem
Grund wurde in dieser Arbeit ein neuer Algorithmus fiir einen exakten Test
auf Hardy—Weinberg Gleichgewicht mit multiplen Allelen entwickelt und in
Plabsoft umgesetzt. Der neu implementierte Algorithmus ist deutlich schnel-
ler als alle vorher beschriebenen Algorithmen und erlaubt somit eine be-
deutende Erweiterung fiir den Anwendungsbereich exakter Hardy—-Weinberg
Tests.
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Die genaue Kenntnis der Hohe und Verteilung von Gametenphasen-
ungleichgewicht (linkage disequilibrium, LD) in pflanzenziichterischen Popu-
lationen ist von grofler Bedeutung, um die Erfolgsaussichten genomweiter
Assoziationsstudien abschéitzen zu konnen. Zu diesem Zweck wurde die Be-
rechnung der wichtigsten LD Mafle in Plabsoft implementiert und ein neu-
er Signifikanztest fiir die Mafie D/ und R entwickelt. Die neu entwickel-
ten Routinen wurden zur Analyse des LD in einem kommerziellen Hybrid-
maisziichtungsprogramm verwendet. Hierzu wurden 497 Inzuchtlinien mit 81
SSR (simple sequence repeat, Mikrosatelliten) Markern genotypisiert und ein
hohes Ausmafl an LD detektiert, so dafl genomweite Assoziationskartierungs-
anséitze vielversprechend erscheinen. Jedoch ist zu erwarten, dass aufgrund
des hohen Ausmafles an LD zwischen ungekoppelten Markerloci viele falsch

positive Assoziationen beobachtet werden.

Eine markergestiitzte Vorhersage der Hybridleistung vereinfacht die
Identifizierung iiberlegener Kreuzungskombinationen. Bisher wurden hierfiir
nur Vorhersagemodelle verwendet, die auf einzelnen Markerloci basieren und
die Korrelationsstruktur zwischen Allelen an benachbarten Markerloci nicht
beriicksichtigen. In der Humangenetik wurde vorgeschlagen, benachbarte
Markerloci zu sogenannten Haploblocken zusammenzufassen, um das Pro-
blem der Multikolinearitét zu losen. Im Rahmen dieser Arbeit wurden drei
unterschiedliche Algorithmen zur Detektion von Haploblocken im Zuchtma-
terial erarbeitet und in Plabsoft umgesetzt. Die Routinen wurden fiir eine
haplotyp-basierte Vorhersage der Leistung von 270 Hybriden verwendet, de-
ren Eltern mit 20 AFLP (amplified fragment length polymorphism) Primer-
kombinationen untersucht wurden. Die Vorhersage der Hybridleistung konnte
durch die Verwendung von Haploblocken verbessert werden. Folglich haben
haplotyp-basierte Vorhersagemethoden ein grofles Potential, die Effizienz von

Hybridzuchtprogrammen zu steigern.

Computersimulationen kénnen in der Pflanzenziichtung zur Losung
populationsgenetischer Fragestellungen auch dann angewendet werden, wenn
die Annahmen, welche der klassischen populationsgenetischen Theorie zu-

grunde liegen, nicht erfiillt sind. Vor Beginn dieser Arbeit stand je-
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doch keine Software zur Verfiigung, welche auf flexible Art und Weise
Simulationen pflanzenziichterischer Fragestellungen ermoglicht héitte. Aus
diesem Grund wurden Algorithmen entwickelt, die die Simulation ein-
zelner Ziichtungsschritte sowie kompletter Pflanzenziichtungsprogramme
ermoglichen. Die entwickelten Algorithmen wurden im Computerpro-
gramm Plabsoft umgesetzt, so dass es jetzt moglich ist, komplexe Pflan-

zenziichtungsprogramme praxisnah zu simulieren.

Die Simulationsroutinen von Plabsoft wurden an einem experimen-
tellen Datensatz zur markergestiitzten Introgression eines Uberflutungstole-
ranzgens in Reis validiert. Hierzu wurde das gesamte Zuchtprogramm, wie
es in der Praxis durchgefithrt wurde, simuliert. In den Simulationen wurde
die H&ufigkeitsverteilung des rekurrenten Eltergenomanteils in den Riick-
kreuzungspopulationen erfasst. Die Simulationsergebnisse stimmten nahezu
vollsténdig mit den experimentell beobachteten Daten iiberein. Dies belegt,
dass Computersimulationen ein duflerst effektives Hilfsmittel sind, um den

Selektionserfolg bei der markergestiitzten Riickkreuzung abzuschétzen.

Die Anwendung der Simulations- und Analysesoftware Plabsoft wurde
exemplarisch an zwei Studien dargestellt. In der ersten Studie wurde mit Hilfe
von Simulationen der zu erwartende Abfall an LD in den Durchkreuzungs-
generationen bei zwei rekurrenten Selektionsprogrammen in Mais bestimmt.
Diese Studie demonstriert die Anwendung von Plabsoft zur Losung von Fra-
gestellungen, fiir welche keine analytische Losung zur Verfiigung stehen. In
der zweiten Studie wurden mit Hilfe von Computersimulationen die Ursa-
chen untersucht, welche in einem Hybridmaiszuchtprogramm LD generieren
und aufrecht erhalten. Hiermit wurde gezeigt, dass mit Plabsoft komplexe

praktische Zuchtprogramme modelliert werden konnen.

Die Studien dieser Arbeit geben einen Uberblick iiber das breite
Anwendungsspektrum der entwickelten Simulations- und Analysesoftware
Plabsoft. Dariiber hinaus wurde Plabsoft bis jetzt in vierzig weiteren Studi-
en verwendet, womit die Niitzlichkeit von Plabsoft fiir die Integration neuer
genomischer Werkzeuge in die angewandte Ziichtungsforschung zweifelsfrei

belegt wird.
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